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observed flow rates through the casing. Model results with heat
exchanger included show the substantial influence of thermosyphon-
ing on heat transfer rates and indicate several promising approaches

to maximizing output.



Because of the importance of scaling and corrosion on the
success of a downhole heat exchanger installation, a study of
available literature on scaling and corrosion relevant to down-
hole heat exchangers in low temperature geothermal systems was
made and recommendations for corrosion control were developed.
Scaling was not deemed severe enough to justify available con-

trol measures.
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NOMENCLATURE

A - total area of DHE under water

AC - surface area of cas ing

Ai - cross sectional area inside the casing

A0 - cross sectional area of outer annulus

Aw - well wall temperature gradient

Cij - constant relating pressure and mass flow rate (network
model)

Cp - specific heat at constant pressure

Dh - diameter of heat exchanger pipe

DHE - downhole heat exchanger

Di - inside diameter of casing

Dw - diameter of wellbore

Dei - hydraulic diameter of inside the casing

De0 - hydraulic diameter of annulus outside the casing

ffi - Fanning friction factor for inside of casing

ffo - Fanning friction factor for outer annulus

g - acceleration due to gravity

HRij - heat flux to path ij

k - thermal conductivity

L - Length of well between perforation levels

LMTD - 1log mean temperature difference

m - mass flow rate through casing

hh - mass flow rate through heat exchanger

Mij - mass flow rate from node i to node j (network model)

P. - pressure on node i (network model)

C .
Pr - Prandtl number = Eﬂl



thermal output of heat exchanger

fraction of flow through casing that is recirculated
flow rate of source

mass flow rate of source at node i (network model)
temperature of source (reservoir)

water tempefature inside the casing

water temperature outside the casing

water temperature in entering leg of heat exchanger
for differential equation model

water temperature in leaving leg of heat exchanger
for differential equation model

water temperature at node j for network model

overall heat transfer coefficient through heat exchanger

overall heat transfer coefficient through the casing
overall heat transfer coefficient to well wall

constant in network convection equation

2

P 29 A$De18

constant in network convection equation

foo

2 .2
) gAODeOB

thermal expansion coefficient
viscosity

density



GEOTHERMAL WELL DOWNHOLE HEAT EXCHANGER
DESIGN ANALYSIS

1. INTRODUCTION

The low temperature geothermal resource of Klamath Falls,
Oregon is widely used. (ylver, Lund and Svanevik (1974) state
that there are approximately 400 hot water wells in the Klamath
Falls area which are used to heat approximately 500 buildings,
including homes, churches, and schools. The principal technique
for geothermal energy recovery at Klamath Falls is the downhole
heat exchanger (DHE) using city water in the Tloop.

Figure 1.1 shows a typical DHE installation. The important
parts of the installation are: (i) the wellbore, generally 15-36 cm
in diameter; (ii) a casing, which extends the full depth of the
well and is approximately 5 to 10 cm smaller in diameter than the
wellbore; and (iii) the DHE, which consists of a U-shaped loop of
black iron pipe, usually 3 to 5 cm in diameter, extending to near
the well bottom. The hot water in the well comes from a porous
layer of rock near the well bottom. Slots are cut in the casing
at two or more levels to allow circulation of hot water into the
casing. These slots allow thermosyphoning between the inside and
outside of the casing which has a major effect on heat transfer
and will therefore be examined in detail in this thesis. Wells
range in depth from 30 to 550 meters. Wells for heating residences

are typically 60 to 90 meters deep. The deeper wells are primarily



used for heating schools and commercial establishments.

The DHE has several advantages over other methods of geo-
thermal energy recovery: (i) no environmental problems due
to disposal of geothermal water since the water never leaves
the ground; (i1) corrosion problems are minimized since corrosive
geothermal waters come in contact only with the heat exchanger;
and (iii) depletion of groundwater supplies is not a problem
since the water is not removed. The primary disadvantage of
the DHE is that the thermal output of the well is generally less
when a DHE is used that if hot geothermal water is pumped directly
to the point of use.

Improvements in hot well techno]dgy have occured through
trial and error since the first wells were dug about 1900. Early
wells were cased only for a short distance near the surface to
prevent caving and the influx of cold surface water. Extension
of the casing has resulted in greatly increased 1life and increased
output due to thermosyphoning through the casing. Between 1920
and 1932 plunger pumps were used on wells. In 1929 the first DHE
relying on thermosyphoning for f]ow through the Toop was installed,
which is now a widely used technique. The difference in density
between the cold entering water in the inlet leg of the DHE and
the hot water in the outlet leg induces motion in the water:
rates of 57 to 95 liters/min have been reported (Culver, Lund
and Svanevik, 1974). This makes a pump unnecessary for many

applications. The analysis here models the heat transfer in the



well and investigates the effects of varying parameters and methods
of increasing DHE output.

Corrosion and scaling are of major importance in many geo-
thermal applications. Scaling severity with some brines can result
in blockage of pipes in 50 hours (Owen, 1976). Luckily, corrosion
and scaling are much Tess of a problem at Klamath Falls and in
other low temperature systems. However, it is still a significant
factor in the economics of geothermal heating, and becomes more
important as attempts are made to increase the effectiveness of
geothermal heat exchangers. Because of the importance of these
topics, this thesis includes a discussion of corrosion, scaling,

and recommendations for corrosion control.
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2. THERMOSYPHONING MODELS

Three thermosyphoning models are developed. The first model
is for thermosyphoning in the cased well with no DHE. This thermosy-
phoning is due to conduction through the wall. Conservation of
energy results in two simultaneous ordinary differential equations
and momentum considerations Tead to an algebraic equation. These
equations lead to a single equation which is solved for the mass
flow rate. Once this is known, all other quantities of interest
can be calculated.

The second model includes a DHE. An energy balance leads
to a two point boundary value problem with four simultaneous
ordinary differential equations. Parameters of the differential
equation are dependent on the unknown mass flow rate through the
casing. Momentum considerations lead to an equation for the mass
flow rate in terms of the integral of the unknown temperature
difference between the inside and outside of the casing. This
problem was solved numerically using the computer program listed
in Appendix A.

The differential equation model gives reasonably good results
but is rather cumbersome. Since several questions dealing with
the limitations of DHEs require coupling the DHE to other systems,
an effort was made to develop a much simpler model suitable for
this purpdse as well as to investigate the effects of mixing at

the bottom of the well, which is ignored in the other models.



The result of this effort is a set of simple models which model
the fluid flow and heat conduction as a network of paths and
nodes, the paths for fluid flow being modelled as flow through
éonduits. The result of this formulation is a set of simultaneous
algebraic equations. The author believes that this approach can
be readily extended to include the effects of the aquifier flow
and thefmosyphoning in the DHE, though that is beyond the scope of

this thesis.

2.1 THERMOSYPHONING IN THE WELL WITHOUT DHE

The direction and rate of fluid flow in the wells and
aquifers at Klamath Falls is unknown, Well drillers helieve
that there are substantial horizontal flows through the aquifers
(Churchill, Culver, and Reistad, 1977). Sass and Sammel (1976)
state that vertical flows in -the weils are probable. An experi-
mental program is underway to make measurements in the wells to
determine bulk fluid flows. Preliminary measurements (Churchill,
et al., 1977) show substantial vertical flows in the cased wells
(one to five cm/s) while vertical flows in the uncased wells are
generally insufficient to activate the vane anemometer used for
measurements, which has a sensitivity of approximately .2 cm/s.
These results lead to the question of whether thermosyphoning
between the inside and outside of the casing due to the tempera-
ture gradient of the wall is sufficient to account for the large

observed flow rates.



A mathematical model was constructed to answer this question
and to determine the effects of various parameters on the mass
flow rate.

The driving force for this thermosyphoning comes from the
temperature gradient of the well wall. The casing apparently
serves to isolate the upward and downward flows. This results
fn greatly increased flow rates and a nearly uniform tempera-
ture profile inside the casing after the well is cased (Figure 2.1).

The simplified physical model consists of two concentric
vertical impermeable cylinders representing thewell and casing.
The bottoms of the two cylinders are assumed to open into a
relatively open reservoir. Near the top of the cylinders,
which corresponds to the water level in the well, the inner cylinder
has perforafions that allow fluid to flow either to or from the
outer cylinder.

The model was analyzed by assuming fluid properties and
velocity to vary only in the vertical direction for both the inner
pipe and for the annulus. Application of mass continuity, energy,
and momentum laws then leads to the two simultaneous ordinary
differential equations below, which can be solved in terms of
the unknown mass flow rate assuming that the wall temperature is

known:
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FIGURE 2.1. Measured temperature profiles of cased and uncased wells. (Values are inside
the casing for the cased wells.)
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where the subscripts i, o, and w refer to inside, outside and wall

respectively. The boundary conditions are:
(1) T;(0) = T, (3)
(1) T (L) = T, (L) | (4)

The heat transfer coe%ficients are eva]uatedkby the Prandtl
analogy. The mass flow rate is determined by equating the head result-
ing from the density differences between the outside and the inside of
the casing to the losses due to friction. This results in an alge-

braic equation which is solved iteratively for the mass flow rate*
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The wall temperature profile for this analysis is taken to be
approximately that of the water temperature profile of the uncased
well (assumed Tinear). The validity of this assumption depends on
the location of aquifers, variations in thermal conductivity, and
time. It is felt that the approximation accurately indicates trends
and gives reasonable estimates of temperatures and flow rates.

The thermal conductivity of the surrounding rock is considered by
introducing an annular ring outside the well through which the
energy must diffuse, and calculating an overall heat transfer co-

efficient based on this and the film coefficient.
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The model ignores any mixing of the hot upgoing center fluid
and the colder fluid moving downward in the annulus outside the
casing that may take place at the bottom of the well. A model to
examine mixing effects is discussed later.

The model results for vertical mass flowrate through the
well of varying: (i) D/e (1/ the relative roughness) for the
annulus; (ii) inside diameter; (iii) wall temperature gradient;
and (iv) conduction distance, the thickness of the annual ring
outside the well at which point the wall temperature gradient is
assumed to exist (and through which the energy entering or leaving
the well at the walls must be conducted) are illustrated in
Figure 2.2. The results are presented for parameter variations
about two standard values. The standard parameter sets, I and
II are tabulated in Table 2.1 and denoted by solid and broken Tlines
respectively in Figure 2.2. These curves show that the flow rate
is quite dependent on the inside diameter and the assumed values
of D/e, conduction distance, and the wall temperature gradient.
The conduction distance has the greatest influence of these
assumed values.

The conduction distance effectively shows the effect of
time. As the conduction distance increases, conditions approach
steady state. The one-dimensional conduction model is no longer
valid for a conduction distance of more than a few meters, since
the vertical temperature gradient is then of the same magnitude

as the horizontal temperature gradient.
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TABLE 2.1. Test well characteristics and standard parameters sets.

GENERAL CHARACTERISTICS

D,

0.254 m

les)
i}

0.0508 m

Static Water Level - 14 m

Performation Levels: [;; Eg gg $ and

Temperature at bottom of well = 100°C

STANDARD PARAMETER SET
WITHOUT DHE

D, =

D/e for outer annulus =

D/e inside casing =
Conduction Distance =

Wall Temperature Gradient =
L for cased well

STANDARD PARAMETER SET
WITH DHE

As above except for:
Conduction Distance = 1m

Inlet Temperature to DHE = 50°C

0.203m
50

3000

0
0.525°/m

40m

I1
0.203m
50
3000
0.1m
0.525°C/m

40m
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FIGURE 2.2. Mode]l results, no DHE. Mass flow rate for various

parameter variations about standard set I, )
and standard set II, ---; (see Table 2.1) — — —
Experimental value for actual well with physical
characteristics of well specified in Table 2.1.
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The two standard sets of parameters give results on both
sides of the observed mass flow rate which supports the validity
of the model. The vertical temperature profile on the inside of
the casing is nearly constant as experimentally observed.

(Figure 2.3)

2.2 THERMOSYPHONING WITH DHE

Early wells at Klamath Falls were not cased except for a
short length near the ground surface. Later it was discovered
that casing the well appreciably extends its life. Some wells
that were not originally cased have been cleaned out and a casing
installed. This resulted in significantly increased heat exchanger
output but it was not clear how much of this was due to the casing
and how much was due to the cleaning (Culver, et al., 1974). The
preliminary measurements shown in‘Figure 2.4 indicate that the out-
put of a well can be nearly doubled by the installation of a slotted
casing. Thus the slotted casing plays a major role in efforts to
increase the effectiveness of downhole heat exchangers for these
applications.

The model for the cased well was extended to include a
downhole heat exchanger. This results in four differential equa-
tions rather than two equations as in (1) and (2) above:

dT UwﬂDw U.mD,

e =xl F 0T, ¢ gp1 (T,-T) 1/ (8)
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Figure 2.3. Temperature profile comparison, model and experimental results.
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FIGURE 2.4. Measured well output.
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I =+ [ (T -T.) - A_h (T, + T, - 2T.)]/m (9)
dx C - C 1 2 T '
p p

dT U.mD

& Ty (o
Cpmh

dT U.mD

oo Ty ()
c,

where subscripts are as above and subscripts 1 and 2 refer to the
entering and leaving legs of the heat exchanger, and subscript h
refers to the heat exchanger.

The boundary conditions are

—
-
s
|
—
(=]
s
n

T, or Ti(O) = Tb

(111) T,(0) = T,(0)
(iv) Ty(L) =T,

These correspond to: (i) the temperature of the reservoir
(assumed known); (ii) temperatures of the water inside and out-
side the casing are equal at the top of the well; (iii) the
temperatures in the two legs of the heat exchanger are equal at
the bottom where they join; and (iv) the temperature of the water
entering the downhole heat exchanger (assumed known). These

equations were solved numerically, iterating on the mass flow rate.

(see Appendix A).
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The mass flow rate is again determined by setting the head due to
the density differences between the outside and the inside of the
‘casing equal to the frictional loss, which resylts in an intecral
equation. The heat transfer coefficients are deteririned by the
Prandt]l analogv.

An interesting result of the model is shown in Figure 2.5.
This figure shows the results of varying the length between per-
forations in the casing. Note that the maximum output occurs
for a length of approximately 45 meters when other parameters
are as in the standard parameter set, Table 2.1. The output
is small for short lengths, as expected because of the small heat
transfer area. As the length increases, area increases, which
increases output. When the length becomes sufficiently great,
however, the friction effects on the fluid column become more
important and the vertical mass flow rate through the casing
decreases, decreasing the thermal output.

In a real we]],‘this effect would be less pronounced, since
a significant part of the DHE is in contact with water outside
the region between slots, and this would tend to flatten the curve
somewhat. The actual location of the maximum depends strongly
on the assumed value of D/e for the outside annulus and the flow
area of the outside annulus.

In Figure 2.6, the effect of the conduction distance is
shown. As previously discussed, the conduction distance
essentially shows the effect of time as the region surrounding

the well comes into thermal equilibrium with the well water.
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It can be seen from the diagram that the effect of the conduction
distance is negligible beyond 0.1 meters. After an initial
startup period, the effect of conduction through the wall is
negligible.

The effect of the assumed value of D/e for thevoutér
annulus is shown in Figure 2.7. The smoother the surface, the
greater the mass flow rate through the casing and the greater
the thermal output. This parameter is important because it has a large
effect on model results and is difficult to estimate accurately, since
it depends on the "roughness" of the sediments and rock that compose
the well walls. The "standard" value of 50 for D/e is estimated
from values for rough concrete. This value is expected to change some-
what with time as material sToughs off the well walls. Changes in this
parameter do not appreciably influence the trends predicted by the model,
however.

The casing diameter has considerable influence on DHE out-
put and mass flow rate through the casing, as indicated in
Figure 2.8. For maXximum output it is important to provide
sufficient cross sectional area for the flow outside the casing.
For the standard set of parameters, the output is relatively
independent of the casing diameter when it is in the range of
.14 to .18 meters, but it falls off quickly for a casing dia-
meter greater than .19 meters. If caving of the well wall is
not a serious problem it is clearly advantageous to use a cas-

ing somewhat smaller than is usual.
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Figure 2.9 shows the effect of changing the mass flow rate
through the heat exchanger. It can be seen that increasing the
mass flow rate increases the output, but the output temperature
decreases, as expected. Values of one or two kg/s through the
DHE are typical for thermosyphoning DHEs (no forcing pump).

The inlet temperature naturally has an effect on the out-
let temperature and mass flow rate -through the casing as shown
in Figure 2.10. The relationship is essentially linear in the
region shdwn.

When results of the model are compared to the experimental
test results shown in Figure 2.11, it can be seen that the model
tends to give results that are somewhat Tow. Some discrepancy
is to be expected because of the neglect of the portion of the
DHE not between perforations. This could account for much of the

difference. Overall, the agreement is good considering the number

of estimated parameters.

2.3 Network Models

Experience gained with the differential equation model above
shows that many nonlinearities can be neglected and this leads to
the simple models of geothermal well systems discussed below.

These models are based on modelling the DHE-well-aquifer
system as a network. There are two types of flow in the network:
fluid flow (which also transports thermal energy), and heat flow

(conduction) alone. Nodes are connected by paths through which
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fluid flows. These paths may be connected by heat flow paths.
See Figure 2.12 for notation.

The governing equations for these networks are derived by
applying cohservation of mass, momentum, and energy to nodes
and paths. The definition of the overall heat transfer co-
efficient is also used for conductive paths. There are three possible
equations of motion, depending on the type of flow path being modelled.
The three types are: (i) a convective loop; (ii) pressure forced con-
duit flow; and (iii) pressure forced porous media flow. Only the
convective Toop equation is used in the models presented here; the
others are included for comp]efeness. The general form of the govern-‘
ing equations is shown in Figure 2.13.

The models discussed below all include the following
assumptions: (i) conduction is negligible except through the
casing and into the DHE; (i) the source temperature is known;
(i1i) the source mass flow rate is unrestricted; (iv) fluid
properties are constant except for density changes in the con-
vective motion equation; (v) temperature differences are assumed
small; and (vi) constant heat transfer coefficients. The last
assumption restricts the model validity to small changes in mass
flow rate through the casing.

The network model corresponding to the differential equation
model for the cased well with DHE previously discussed is shown
in Figure 2.14. The thermal output of the DHE is Q, TOut is the
outlet temperature and HRZ] is the heat transfer through the casing.
W

1 and w2 relate the mass flow rate to the average temperature

difference. Other symbols are as'previous1y used. T, is assumed
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Conservation of Mass:

iy = 3
where hij = mass flow rate from node i to node j.
Si = source strength at node i
Motion:
<2 _ .
(w]+w2)m 'ATavg Convection
m1J = Cij(Pi_PJ) Conduit Flow
ij - Cij(Pi_Pj) Porous Media Flow
where
L 2F ¢
1 2 2
o gAi DeiB
W = foo
’ 2 A 2De R
P gA, ve,
Cij = constants of proportionality
‘3Tav = average temperature difference between
g sides of convection loop
Energy:
HRij
; mijTJ = I C + SiTi
J J p

Figure 2.13. General Form of Governing Equations.



to be at Tb’ the source temperature. The governing equations

are:
- . .2

Convective motion: 2(w] + W2)m =T, - T3 (12)
Energy: T,-T, = Q/Cpm (13)

T]-T3 = Q/Cpm + HRZ]/Cpm (14)
where

UiAc
Q= th(Tout_Tin) (16)
2f .
Wooo fi (17)
RIS 8
P g i e'i
2f
Wy = ——10 (18)
2
P gAO DeOB
- UhA

Q= —§_'(T1 tTy- Ty - Tout) (19)

Combining these equations to give a single equation for m
gives:
2C ' U.A T,.-T.
p+1 3,2, 1¢c. b in _
[ UK mh] m° +m -+2Cp m T 0 (20)

After m is obtained from this equation, the other unknowns

are determined by:
_ 2
Q = ZCp(w]+w2)m

Tout N Tin+Q/thp
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T3 = TZ-Q/Cpm
UA
_ ic
T] T2— > Q
2m-C
™ %p

These equations allow a relatively simple investigation of the
effects of varying parameters. Shown in Figure 2.15 are the results
of this model for various combinations of Tength and casing dia-
meter. The conclusions reached with the differential equation
model are confirmed by the network model. Although the quantities
differ somewhat, the effect of changes in length and casing dia-
meter is the same. The figure shows that proper sizing of the
casing is even more important as the length becomes greater. Not
shown on the diagram is that maximum output occurs with Di approximately
.16 m.

Until this point the effect of mixing at the bottom of the
well has been ignored. Perforations at the bottom of the well
allow part of the field from inside the casing to mix with fluid
outside the casing and be recirculated up the outside of the cas-
ing. No provision is made for this occurrence in the previously
discussed models. The following model provides a means of estima-
ting the effect of this mixing on the mass flow rate through the
casing and on DHE output.

The mixing model considered is shown in Figure 2.16. In
this model the temperature at node 2 (T2) is no longer fixed at
T2=Tb but is determined by the mixing of flow from the source

and recirculated fluid. The flow rate of the source is S and
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the fraction of flow through the casing that is recirculated is r.
Other parameters are as previously indicated.

The governing equations then consist of previous equations
(12) - (19) and the following:

Mass conservation: S + km = m

Energy: T2 = rT3 + (1?F)Tb

If this system of equations is reduced to an equation for
the single unknown m, the following equation results:

[;B s Lyl M2y e oo s
m

h P

n
= 0 (21)
Wy,

where the terms are as previously defined. When equation (21) is
solved for m, the other unknowns can be determined from the follow-
ing:

- -3
Q = ZCp(w1+w2)m

Tout - T1'n+Q/thp

. r
Tp = Tg - (Q/m ¢ ) (15

U]AC
T, =T, - =& (1,-T,)
1 2 2Cpm 2 '3

Some results of this calculation are shown in Figure 2.17.
The graph shows that moderate recirculation and energy extraction
rates do not have a large effect on energy output. When greater
amounts of energy are withdrawn, the recirculated fluid becomes

increasingly colder and its effect becomes somewhat greater.
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2.4 Increasing DHE Output

Downhole heat exchanger output can be increased by three basic
methods: (i) increased film coefficients; (ii) increased heat transfer
area; and (ii1) increased 1og mean temperature difference (LMTD).

The film coefficient can be iﬁcreased by increasing the flow
velocity and installing turbulence promoting devices. The flow veloc-
ity can be increased by the following methods: (i) proper sizing of
the casing and wellbore to provide a low resistance path for the flow
of liquid up the outside of the casing; (ii) slots of adequate size;
and (i11) pumping fluid past the DHE. Turbulence promoting devices
have the unfortunate effect of increasing friction which tends to
decrease the velocity since the flow is due to thermosyphoning only
and is therefore sensitive to flow resistance.

The importance of making the outer annulus sufficiently large
when the DHE consists of a single loop is very evident from Figure
2.8 and Figure 2.15, which show that the DHE output is very sensitive
to the casing diameter. When multiple loops are present, the output
becomes Tess sensitive to casing diameter and the optimum diameter is
larger than when only a single loop is present. The optimum diameter
for the casing becomes smaller as the distance between perforations
increases.

Pumping fluid past the DHE appears to add considerable com-
plication and expense, and was therefore not considered in this work.

Area can be increased by: (i) adding more tubing to the heat

exchanger; (i1) using multiple small diameter tubes; (iii) adding fins;
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and (iv) providing a high conductivity path from the heat exchanger
to the casing to use the casing as a fin. Fins are attractive if
there is a significant difference in the film coefficients between
the inside and outside of the heat exchanger tubes. Fins are added
to the outside of the heat exchanger tubes, which is the side with
the lower heat transfer coefficient. If the heat transfer coeffi-
cients are approximately equal, the gain from fins is slight and
additional area of plain tubing is generally the most economical
method of increasing the area. Multiple small tubes have a greater
surface area than the same capacity using a large tube, but would
be somewhat more expensive and difficult to install.

An interesting but rather impractical method of increasing the
surface area is to have a good thermal connection between the casing
and the DHE so that the casing functions as a large fin for the DHE.
This could be very effective but would make installation and replace-

ment of the DHE very difficult.
Figure 2.18 shows the effect of adding fins to the DHE. It

is evident from Figure 2.18a that with a mass flow rate through the
DHE of 2 kg/s, approximately the rate measured for thermosyphoning
DHEs (Culver et al., 1974), there is only a small increase in output
possible, as the fluid in the DHE is already heated nearly to the
maximum possible temperature.

With a higher flow rate through the well, Figure 2.18b shows
a significant improvement for a finned DHE. An increase of about

40% is indicated by the network model. The model shows 24 fins

about .0127m by .0064m to be optimal for the well dimensions indicated.
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The use of multiple small diameter tubes can result in
significantly higher output than a finned tube, as shown in Figure
2.19. For a m~ss flow rate of 4 ka/s, the network model with 12
Toops of .0254m pipe results in an increase in output of anproximate-
ly 100%. Increasing the number of loops beyqnd 12 resulted in de-
creased output. While fins can sianificantly increase output, mult-
iple Toops are necessary for really larae increases. These results
are for flow in parallel loops and with friction factors and heat
transfer coefficients assumed constant. The effect of allowing the
friction factors and heat transfer coefficients to vary results in
a decrease in the optimum number of tubes and fins.

The log mean temperature difference (LMTR) depends on the
direction of flow in the well. If flow is down inside the casina, the
hottest point will be at the top. If there is free thermosyphoning
with Tittle mixing at the well bottom, the ideal arrangement 1is to
have the fluid taken quickly to the well bottom. Then, after it has
been warmed, give it a final heating at the top before leavina the
well. This arrangement is not particularly attractive, however, since
caving may occur. If appreciable caving does occur, thereby hlocking
the outer annulus, this method will be considerably inferior to having
additional area at the well bottom where it would be more accessible

to the hot fluid flowing in the aquifer,
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3. CORROSION AND SCALING

Consideration of corrosion and scaling is important to the success
of a DHE because: (i) the cost of replacement of a corroded DHE;and (i7)
the reduction of thermal output from a DHE caused by scale and corro-
sion products. Figure 3.1 shows a photograph of several DHE pipes that
have been removed from a geothermal well after failure. Scale and cor-
rosion products cover much of the surface and the pipe wall has been
perforated.

This chapter considers the corrosion and scaling of the DHE. Since
the fluid inside the DHE itself is in a closed system, scaling and corQ
rosion can be controlled by the usual methods for closed systems such
as hot water heating systems. Thus the corrosion and scaling problems
to be addressed here concern the outside of the DHE which is exposed
to the geothermal fluid. The specific composition of the geothermal
fluid strongly influences both scaling and corrosion. Consequently
the several topics covered here include; (i) composition of the geo-
thermal f]uid;((ii) scaling; (ii1) aqueous corrosion; and (iv) cor-

rosion control methods.

3.1 Composition of Geothermal Fluid

Marshall and Braithwaite (1973) list common impurities in geo-
thermal fluids as: silica, chloride, fluoride, borate, sulphate, car-
bonate, sodium potassium, Tithium, calcium, magnesium, hydrogen sul-
phide, carbon dioxide, and hydrogen chloride. The significant impuri-

ties at Klamath Falls are: carbonate, sodium, potassium, silica, and
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Table 3.1 Composition of Water and Corrosion Rates

System Reykjahlio |Reykir |Bolholt Seltjarnarnes Husavik Hvammstangi Mogilsa
Temperature at
testing site, °C 98 96 83 84 80 80 70
Corrosion rate
um/year 2.8 0.7 1.0 0.6 1.2 4.8 40
Max. pitting depth
um/year 60 50 50 0 120 105 510
pH 9.75 9.70 9.55 8.50 9.55 9.45 8.05
Oxygen (02), ppm 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Silica (SiOZ), ppm 91 74 128 117 186 98 124
Calcium (Ca++), ppm 2.0 2.8 2.4 105 9.1 27.8 10.6
Sodium {Na+), ppm 46.4 44.0 53.6 337 47.0 160 81.0
Magnesium (Mg++), ppm <0.1 <0.1 0.0 0.2 0.0 0.0 0.1
Chloride (C17), ppm 14.3 15.2 27.2 528 10.1 141 28.5
Sulphate (50:1'), ppm 20.2 15.0 17.1 180 27.8 137 50.2
Bicarbonate, (HCO;), .
ppm 30.0 30.0 27.0 20.0 46.0 17.0 130
Carbonate (CO, ), ppm 11.0 10.0 7.0 0.6 9.6 3.0 0.9
Dissolved solids, ppm| 228 194 280 , | 336 ] 617 367

Data from Lindal (1974) and Lund et al. (1976)

Ob



Table 3.1 Continued
Selfoss Dalvik A of GC Wendling Crane Thexton

System KF KF KF KF
Temperature at testing
site, °C 82 55 90 94 75 73
Corrosion rate
um/year (waterline/below) 16 55 236/7.6 /7.6 /6. /19
Max. pitting depth
pm/year 320 275 914 (WL) 100
pH 8.75 10.25 7.80 8.06 8. 8.0
Oxygen (02), ppm <0.1 1.2 2.60 3.1 2. 1.4
Silica (S.Oz), ppm 69 90 111 119 90 93
Calcium (Ca++), ppm 25.5 4.5 30 36 28 32
Sodium (NO+), ppm 170 42.0 212 231 180 207
Magnesium (Mg++), ppm 0.1 0.0 .2 2 0 0
Chloride (CI'), ppm 245 8.8 55 61 47 55
Sulphate (50;1'), ppm 51.4 13.8 402 484 370 408
Bicarbonate, (HCO%), ppm 40.0 13.7 56 51 48 53
Carbonate (CO;_), ppm 1.0 13.7 0 0 0
Dissolved solids, ppm 603 224

Ly
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chloride. Culver, Lund and Svanevik (1974) found geothermal water
from Klamath Falls wells characterized by Tow total alkalinities (40
mg CaCO3), silica typically 70-90 mg/1, Langlier saturation index in
the range +.02 to +.75, and sulphate the principal negative jon on a
mass basis. There is a significant variation from well to well, how-
ever.

Composition of the water in some Klamath Falls geothermal wells is
compared to water from geothermal wells in Iceland in Table 3.1, which
also compares the corrosion rates of mild steel in the wells (discussed
later). Carbonate is particularly important because of its influence
on scaling and the Targe influence of carbonate scale on corrosion.
Sulphate and chloride concentrations are very important in determining

corrosion rates.

3.2 Scaling

High temperature geothermal systems often have severe scaling
problems. An example is the geothermal brine in the Salton sea area
of California which contains 25 percent solids and can plug a pipe in
a matter of days (Owen, 1976). Scaling problems in low temperature
systems such as Klamath Falls are generally much Tess severe.

Scale in both types of systems is composed primarily of silica
and calcium carbonate (Lindal, 1974), though silica is much less impor-
tant in the low temperature systems. The rate of scale formation
(precipitation) is a function of temperature, concentration, pH, solu-

bility and the nature of the surface.
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Scaling and corrosion are interdependent. The scaling rate is

dependent on factors which are influenced by corrosion: Lindal (1974)
states that the corrosion products of copper and steel, and coatings of
zinc, tend to increase the deposition rate of silica. The corrosion
rate is greatly affected by a layer of scale coating the surface: if
the coating is thin, dense, adherent and complete, the corrosion rate
will be greatly reduced. If the scale tends to be patchy, pitting is
likely due to differential aeration (discussed in Section 3.3). The
corrosion rate of mild steel in water is greatly reduced by the forma-
tion of a thin adherent layer of calcium carbonate scale and this is
the reason why soft waters tend to be much more aggressive than hard

waters.

Prediction of Scaling

The amount of information on scaling in the literature that is
directly relevant to DHEs is rather Timited. Most of that available
is concerned with boilers which have rather different operating condi-
tions than those in geothermal wells. The DHE is heated by the sur-
rounding fluid and hence is colder than the fluid, whereas in a boiier,
the tubes are warmer than the fluid.

A widely used indicator of the scale forming tendencies of natural
waters is the Langlier saturation index (Langlier, 1936). This index
shows the tendency for water to form calcium carbonate scale by denot-
ing how close the water is to saturation with respect to calcium car-
bonate. A negative value of the Langlier saturation index indicates

a tendency to dissolve scale and-a positive value indicates a tendency
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to deposft scale. A value of about +.5 is considered most desirable to
minimize corrosion. For very large positive values scale tends to be

a problem and the scale tends to be less adherent. The Langlier sat-
uration index is not always accurate in predicting corrosive tendencies
of waters, since certain ions can cause the carbonate scale to lose its
protective properties and result in pitting. Lime and sodium carbon-
ate are often added to closed systems to adjust the Langlier saturation
index to the desired value.

Attempts are underway to find analytical and empirical equations
that more completely describe fouling behavior. A general program of
this type is that at HTRI (Taborek, Aoki, Ritter, Palen and Knudsen,
1972). Several models for the scaling rate, generally of the form:
scaling rate equals deposition rate minus removal rate, have been
proposed, but all require many experimentally determined parameters
and so are of Timited use in this study. The goal of a project under-
way at Battelle Northwest is to develop a computer model to predict
scaling rates as a function of time as part of a large project related
to geothermal electricity generation (Shannon, Walter and Lessor, 1976).
Experimental studies to provide the necessary data are included. If
the model 1is successful and is general enough to be applicable to Tow
temperature systems as well as high temperature systems, it could be a
very useful tool in further analysis of scaling problems at Klamath

Falls.

Scaling Control

Scaling can be controlled by changing the environment. This is
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very effective in closed systems, but is difficult in an open system
such as a geothermal well. The substrate has an effect on scaling, but
only during the initial stages since once a film of scale has formed
all the solution sees is scale surface regardless of what surface is
under neath. A substrate such as teflon will tend to reduce scale
buildup, but even teflon is not immune to scaling.

The flexibility of certain materials tends to break up the brittle
layer of scale. This can be accomplished by using flexible tubes of
plastic for DHE tubes, or by allowing differential expansion of a metal
heat exchanger tube to Toosen some scale. This occurs to some extent
with Tow fin heat exchanger tubes (Kern and Kraus, 1972).

It seems that a nucleation process is important in some types of
scaling. Taborek et al. (1972) found that incompletely cleaned mater-
ial fouls much more rapidly than thoroughly cleaned material.

The most effective method of controlling scale is to mechanically
remove the scale. Other methods, such as electrolytic descaling (Cook,
et al., 1954) and cavitation (Thiruvengadam, 1976) have been proposed,
but are experimental at this time.

The most effective means of scale control is mechanical removal of
the scale. Since this involves removing the DHE, cleaning it and re-
placing it, there would be a great deal of labor involved. The evidence
of scaling that I've seen is not severe enough to warrant such meas-
ures. The other control techniques, such as relying on differential
expansion, would only partially help the situation, and do not seem to

be very economic alternatives. Corrosion control should influence a
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beneficial effect on scale, and cathodic protection tends to cause some
descaling (Cook et al., 1954), and this seems to be all that is war-

ranted with present information.

3.3 Aqueous Corrosion

The waterline was found to be the most aggressive environment in
the wells in corrosion tests (Lund et al., 1976) and failure of DHEs
occurs most commonly at the waterline (Culver et al., 1974). Corrosion
consists of both general rusting and localized corrosion which leads to
leaks in the DHE that eventually render it unusable. Stray current
corrosion is also believed to be a factor in the failure of DHEs at the
bottom of the loop (Newcombe, 1976).

The most common method of corrosion control is to pour a small
amount of paraffin or used motor oil into the well (Lund et al., 1976).
This apparently coats the pipe near the waterline and provides a bar-
rier for oxygen diffusion into the water. The effectiveness of this
procedure is unknown.

It is not surprising that corrosion occurs in these wells, since
most metals are thermodynamically unstable in a geothermal well envi-
ronment, as indicated by the negative change in Gibbs free energy be-
tween the metal and its compounds with elements found in the environ-
ment. Thermodynamic instability alone, however, does not make a
material unfit for use: the reaction rate is of overwhelming import-
ance. The mechanism of aqueous corrosion is electrochemical in nature

and an understanding of this basic mechanism is fundamental for
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predicting of corrosion rates and understanding corrosion control

methods.

Electrochemistry

Four things are necessary for corrosion to occur by an electro-
chemical process: (i) an anode;(ii) a cathode;(iii) an electrolyte;
and (iv) an electrical connection between anode and cathode. The anode
is where oxidation of the metal takes place and the metal is corroded
away. At the cathode, reduction takes place. Although no metal is
corroded away at the cathode, it is still of great importance in corro-
sion control methods. During corrosion the rate of oxidation at the
anode must equal the rate of reduction at the cathode (otherwise the
metal would become spontaneously charged). Since these two rates must
be equal, the rate can be controlled at both anode and cathode. The
electrolyte in the well consists of water containing various impurities.
The metal itself usually furnishes the necessary electrical connection
between anode and cathode.

Uhlig (1963) lists three main types of electrochemical cells res-
ponsible for corrosion in an aqueous environment:

1. Cells with electrodes of different materials, such as two
types of metals, different alloys or phases, impurities, and even dif-
ferent amounts of cold work. When placed in contact with an electrolyte
these different materials exhibit a potential difference and corrosion
will occur at the anode if current is allowed to flow.

2. Cells which have identical electrodes, but each electrode is

in contact with a different solution.
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3. Cells whose electrodes are at different temperatures can also
exhibit a potential difference and result in corrosion. To these I add
another:
4. Cells due to an externally impressed voltage.
In general, corrosion will be the result of a combination of two

or more of the above types of cells.

Types of Corrosion

These cells occur in many different forms. Particular manifesta-
tions of corrosion can be grouped into the following categories:

(1) Uniform corrosion, in which the surface corrodes at essen-

tially the same rate all over. This is thought to be due to micro-
scopic cells arising from impurities, grain boundaries, different
crystal orientations, etc.

(2) Pittingvis the result of severe Tlocal corrosion, leading to
deep pits and penetration of the metal. There is an autocatalytic
effect as the pit deepens and provides protection from the surrounding
environment for the accumulating ions resulting from corrosion. A type
of pitting common in DHEs is tuberculation, in which the corrosion
products form a shell over the deepening.pit. This protects the inside
of the pit from the environment and allows Tocal conditions of pH and
concentration in the pit to develop that differ substantia11y from the
conditions outside the tubercule.

Pitting is also related to area effects. A large cathode coupled

to a small anode can lead to severe localized corrosion at the anode.
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This is an important consideration with coatings for corrosion protec-
tion, since few éoatings are perfect. A few small holes in a coating
over an anode can lead to rapid pitting when coupled to a large cathode.

Halide ions, especially chloride ions, break down or prevent pas-
sivity in iron and stainless steels. Breakdown occurs locally rather
than over the entire surface. The result is a small anodic area sur-
rounded by a large cathodic area. The combination is known as a
“paésive-active cell" and it leads to severe pitting.

(3) Crevice corrosion is related to pitting, but begins with a

crevice such as that formed between two parts bolted or riveted
together. The resulting crevice forms a pocket which is partially
shielded from the external environment. This can result in changes in
the Tocal environment (in the crevice) sufficient to result in severe
local corrosion, deepening the crevice with the same autocatalytic
effect found in pitting.

A major cause of this type of corrosion is differential aeration,
which was discovered by Evans in 1923 (Evans, 1960). The oxygen con-
centration in contact with a metal varies from one location to another.
Inside the crevice the oxygen concentration will be lower than outside.
The differing local environments are sufficient to set up a corrosion
cell capable of producing severe corrosion in the deaerated region
which is the anode. The difference in chloride concentration between
the interior of the crevice and outside the crevice is also an impor-
tant factor in crevice corrosion.

(4) Stray Current Corrosion is due to externally applied currents,
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such as those due to power plants, welders, cathodic protection systems,
or other sources of current. These stray currents cause corrosion where
they leave a metallic structure and may be of great importance in the
early failure of some DHEs. Ewing (1948) states that direct current
causes much more damage than alternating current.

The amount of metal corroded can be approximately calculated by
Faraday's law. ‘Iron, for example, will be corroded at the rate of 9.1
kg per year for a current of one ampere. The accuracy of the calcula-
tion decreases for very large and very small currents because other
mechanisms become important. |

(5) Other types of corrosion, which will be discussed only brief-

ly because they are unlikely to be important in the corrosion of DHEs,
are: (i) intergranular corrosion, in which the corrosion takes place
between grains of metal in the grain boundary causing the metal to fall
apart; (ii) erosion corrosion, in which erosive action combines with
corrosion to produce much Targer metal losses than either corrosion or
erosion alone would be expected to produce; (iii) selective leaching,
in which some components of an alloy are leached away leaving a sponge-
like mass of the remaining components behind; and (iv) stress corrosion,
in which the combination of stress and a corrosive environment results
in catastrophic failure at stresses far below those usually necessary
for catastrophic failure and with 1ittle or no visible evidence of
corrosion. Stress corrosion is primarily a problem with high-strength

alloys.
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Pourbaix diagram

Many factors are involved in determining the severity of corrosion.
A Pourbaix diagram, as shown in Figure 3.2, can be very useful for
examining corrosion behavior (Pourbaix, 1974). This diagram shows the
conditions of electrode potential and pH for which iron (in water at
25°C) is: (i) thermodynamically stable (immunity); (ii) protected by an
insoluble adherent layer of corrosion products (passive); and (iii)
corroded. The diagram is completely accurate only for water of a spe-
cific composition under specified conditions, but it will help to show
the influence that pH and electrode potential have on corrosion.

Lines a and b on the diagram show the 1imits of thermodynamic sta-
bility for water. Outside these 1imits water can decompose into hydro-
gen and oxygen. In water and nonoxidizing solutions, iron will corrode
with the evolution of hydrogen. This reaction will be most vigorous
in acid and will nearly stop between pH 10-13. 1In this pH range the
iron is covered by a thin layer of oxide. This layer of oxide controls
corrosion of the iron by controlling the diffusion of oxygen to the
iron surface. The process of protection by a layer of corrosion pro-
duct is known as passivation. Many metals owe their usefulness to
passivation.

The electrode potential of iron increases in the presence of oxi-
dizing agents, including oxygen, depending on the particular reactions
involved. The diagram indicates that this can tend to passivate the
metal or increase the corrosion rate, depending on the pH - potential

region considered. Passivation will be much easier when the corrosion
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Figure 3.2. Pourbaix diagram for iron at 25°C.
(Pourbaix,1974)
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range of potential is small, such as‘for pH 10-12. Below a pH of 8
passivation will be difficult or impossible. For this reason closed
systems are often buffered to a pH of 10-12.

The presence of oxygen will shift the 1ine a to position ¢ so.that
in the pH range 7-10 a current flowing between an aerated region and a
nonaerated region will tend to passivate the aerated region and corrode
the deaerated region.

Some approaches to corrosion control are also evident from the dia-
gram (Pourbaix, 1974): (i) cathodic protection, which lowers the poten-
tial of the metal into the immunity region; (ii) anodic protection or
protection by passivation, which encourages the growth of a protective
film on the metal; and (iii) protection by alkalinization, which
changes the pH into the region where the metal is easily passivated,
pH 10-13. Cathodic protection is a promising method of corrosion con-

trol in DHEs and will be discussed in detail later.

Polarization

A key concept in determining corrosion rates is polarization.
Polarization is the difference in electrode potential between current
and no current conditions. It has a very large effect on corrosion
rates.

Uhlig (1963) 1ists two types of polarization: (i) concentration

polarization, which is due to changing the activity of the surface ions,



54

resulting in a change in potential as shown by the Nernst equation*
(ii) activation polarization, which is caused by a slow electrode re-
action. An important example of activation polarization is hydrogen
reduction at the cathode, H = %Hé - e . The polarization introduced
by this reaction is known as hydrogen overvoltage, and it is often the
corrosion rate controlling factor for metals in deaerated water and
nonoxidizing acids.

Figure 3.3 shows some polarization diagrams, where ¢a and ¢C are
the open-circuit potentials of the anode and cathode respectively. In-
creasing po]arizatfon decreases the current and hence the corrosion
rate.

Corrosion is said to be anodically controlled if most of the polar-
ization occurs at the anode. The corrosion potential is then near the
open circuit cathode potential.

Cathodically controlled corrosion is when most of the polarization
occurs at the cathode. Iron in natural waters corrodes under cathodic
control.

When electrolyte resistance is very high so that neither anode nor
cathode polarizes significantly, corrosion is under resistance control.

This occurs when a porous insulating coating covers a metal surface.

(ay)(a,)?
"

* The Nernst equation is E=E° - .059

log » where

(a,;)"(ay)
ay is the activity of Y, etc. for the hypothetical reaction
wh + xX - yY + zZ

see Mortimer (1967).
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The resistance of the electrolyte in the pores then controls the
reaction rate.

When both anodic and cathodic polarization are important, corrosion
is said to be under mixed control.

The extent of polarization depends very much on the area of cathode
and anode. A very small anode W111 tend to polarize more than a large
one because of the very high currént densities. In addition, the dia-
grams in Figuré 3.3 indicate total corrosion current rather than current
density, so that the current density and hence corrosion rate will be

locally very high if the anode is much smaller than the cathode.

3.4 CORROSION CONTROL METHODS

There are several approaches to corrosion control, including the
use of a more corrosion resistant material. One can interpose some
inert substance between the object to be protected and the environment.
Some coatings work this way. Another method is to make the object to
be protected the cathode and some cheap, easily replaced object fhe
anode. These methods are discussed below. A fourth method is to change
the environment by altering pH or concentration or by adding inhibitors
to increase polarization. Inhibitors can be effective for closed sys-
tems but are rather impractical for an open system Tike a geothermal

well and so will not be discussed in detail.

3.4.1 Material Selection

Iron and Steel

Iron and steel are of particular importance because of their low
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pfice and availability. Mild steel is most widely used materiaT for
DHE construction.

In the range of pH 4-10, which includes the pH of geothermal waters
at Klamath Falls, the corrosion rate of iron depends only on the diffu-
sion rate of oxygen to the metal surface. The corrosion product,
hydrous ferrous oxide, presents a diffusion barrier to oxygen diffu-
sion. The presence of other films on the metal surface, such as car-
bonate scale, can have a major influence on the corrosion rate by pre-
sentihg a diffusion barrier for the oxygen. In this pH range small |
variations in composition and processing of the steel make very little
difference in corrosion rates in water. (This is not the case for at-
mospheric corrosion and corrosion in acids). However, additions which
introduce galvanic effects can increase the corrosion rate in water.

Increasing the velocity of natural water tends to first increase
the corrosion due to additional oxygen supplied to the surface. As the
velocity increases further, sufficient oxygen may be present to par-
tially passivate the metal.

The corrosion rate of steel in an open system increases with temp-
erature to a maximum at about 80°C. At higher temperatures the solubil-
ity of oxygen decreases rapidly which decreases the corrosion rate.

Table 3.1 shows that corrosion rates for mild steel in geothermal

wells at Klamath Falls are similar to those 1n_Ice1and.

Stainless Steel

Stainless steel gets its corrosion resistance from a thin layer of
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chrome oxides on the surface. These give it very good corrosion resis-
tance in an oxidizing environment, but it is susceptible to corrosion in
reducing environments. Corrosion field tests in Klamath Falls indicate
that stainless has good corrosion resistance in the geothermal wells
tested, though incipient pitting and crevice corrosion were noticed on
some specimens. There are two main types of stainless steel, austenitic
and martensitic. Austenitic stainless steel has generally better cor-
rosion resistance and is the type meant here by "stainless steel".

The thermal conductivity of stainless steel is about half that of
mild steel, but the effect on output would be negligible compared to
the effect of a coating of rust on the mild steel. A much more impor-
tant consideration is that stainless steel is five to ten times as
expensive as mild steel.

A possible means of corrosion control in the vicinity of the water-
lTine is to use a section of stainless steel. This should not cause much
problem with galvanic corrosion if the area of the stainless steel is
small compared to the area of the mild steel, though some increased cor-
rosion might occur at the interface of the stainless steel and the mild
steel. The severity of pitting of stainless steel in the wells need
to be further investigated before the use of stainless steel can be

recommended unequivocally.
Copper

Copper alloys are excellent from the standpoint of thermal conduc-

tivity, but are unattractive because of a tendency toward pitting and



59

crevice corrosion, as shown by the OIT tests (Lund, et al., 1976).
Copper generally exhibits good resistance to corrosion by natural waters
but is susceptible to corrosion in the presence of sulphides, ammonia,
and carbon dioxide. Sulphides may be responsible %or the observed pit-
ting. Another problem with copper is that copper ions will be deposited
on other metals in contact with the solution. These jons then form Jocal
“cathodes which accelerate corrosion of the other metal. This is a very

serious problem with aluminum and can also be a problem with steel.
ATuminum

Aluminum pitted severely when tested in the wells by Lund, et al.
(1976), but the only type of aluminum tested was a copper containing
alloy (type 6061), a poor choice for an aqueous environment. Strong
galvanic cells are set up with copper as the cathode and aluminum as
the anode which leads to pitting of the aluminum. This effect is so
strong that even running water through a copper pipe and then into an
aluminum container can result in pitting of the aluminum container due
to the copper ions transported by the water and deposited on the alum-
inum (Butler and Ison, 1966).

It is possible that a more suitable alloy (such as type 3003 or
5052) wou1d prove serviceable, at feast in wells with Tow chloride con-'
tent. Aluminum tends to pit in the presence of chlorides. Pure alum-
inum has better corrosion resistance than alloys under most conditions,
but is rather soft. The high thermal conductivity of aluminum would be

a slight advantage.
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Overall, aluminum cannot be recommended without proper testing to
find alloys free of pitting problems. The greater cost of aluminum
compared to steel and possible galvanic corrosion due to the steel cas-

ing are two other considerations.
Plastics

Plastics are attractive for their corrosion resistance, but other
characteristics make them unattractive for use in heat exchangers. The
two major problems are Tow thermal conductivity and loss of mechanical
properties due to high temperature.

The effect of the thermal conductivity can be seen by considering
the effect of a change in pipe material from steel to plastic. Using
typical film coefficients from the computer model (see Appendix A) and
assuming that the film coefficients are unaffected by the change in
material, we find the overall heat transfer coefficient is 770 w/mZK
when made of 1/8th inch thick steel and 60 W/mZK when made of 1/8th
inch thick plastic (conductivity .2W/mK). Although this simplified
analysis neglects the effect of different friction factors and a coat-
ing of rust on the steel pipe, etc., it is clear that a very substan-
tial increase in area is required for a polymer DHE.

Aggrevating this problem is the fact that many polymers, espec-
ially the common thermoplastics, lose considerable strength when used
at temperatures of 100°C. The plastic DHE would then have to be con-
siderably thicker than the steel DHE to limit stresses and this greatly

increases the problem of low thermal conductivity.
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3.4.2 Control of Stray Current Corrosion

In controlling stray current corrosion the objective is to elec-
trically isolate the DHE from the surrounding pipes so that a much
greater resistance is presented to current flowing through the DHE.
Increasing the resistance will decrease the current and hence corrosion.
This can be done by the use of insulating couplings to connect the DHE
to other pipes. Damage can also be controlled by increasing the thick-
ness of metal at the bottom of the DHE. This serves to.de1ay failure
by stray current corrosion if it leaves through the bottom of the loop,
which is said to be common (Newcombe, 1976). This would have the addi;
tional benefit of increasing the life of the DHE against failure by
erosion by the water inside the DHE as it makes the 180° turn at the

bottom. Cathodic protection also helps control stray current corrosion.

3.4.3 Coatings

Coatings function by three mechanisms: (i) prevent or restrict
contact between the environment and the object to be protected; (ii)
release inhibitive substances to decrease the rate of attack; and (iii)
act as a sacrificial anode. The coatings considered here have been
broken down into two categories: metallic and nonmetallic.

Metallic coatings are deposited by electroplating and other tech-
niques and serve to prevent contact between the metal to be protected
and the environment. The coating functions vary differently, though,
depending on whether the coating metal is anoidc or cathodic to the

base metal. If the coating is cathodic to the base metal, any small
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imperfections in the coating will allow the base metal to rapidly cor-
rode at the break, since the small exposed anode area is surrounded by
a large cathode area (see discussion of pitting).

If, however, the coating is anodic to the base metal, any small
defects in the coéting are protected by the large surrounding area of
sacrificial coating, which must corrode before the base metal. The
maximum area protected by the anodic coating depends on the conductiv-
ity of the electrolyte.

Galvanized iron is iron with a sacrificial coating of zinc. This
combination can be very effective, but is unsuitable for use in the
geothermal wells, since at temperatures of about 80°C the relative
nobility of the two metals can change so that the zinc becomes cathodic
to the iron. This would lead to rapid 16ca1 pitting of the steel.
Corrosion test data in geothermal applications substantiate that zinc
coatings are not attractive (Marshall and Braithwaite, 1973).

Cadmium is used for sacrificial coating of steel and could prove
useful for protection of DHEs. Cadmium is about ten times as expensive
as zinc, and so the cadmium plated steel is more expensive. The thick-
ness of the coating is the primary factor determining the life of the
coating and so a relatively thick coating is desirable. One undesir-
able effect of cadmium is that cadmium ions are more toxic than zinc.
Testing is necessary before cadmium coatings can be recommended.

Nonmetallic coatings of interest include paints and plastic coat-
ings. The difference is not always clear, but paints function primarily

through the release of inhibitive substances as well as providing a
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protective barrier, while most plastic coatings provide no inhibitive
effect.

Paints have been tried on DHEs at Klamath Falls with generally
poor results (Newcombe, 1976). It is not known which types of paints
have been tried, but the usual Tinseed-tung 0il paints have a lifetime
measured in minutes when placed in hot water and so would not be ex-
pected to prove satisfactory. Requirements for underwater paints are
very different from requirements for structural paints so that struc-
tural paint (even an anti-corrosion type) is likely to fare poorly in
the wells.

Epoxy coatings have been used on mild steel in condensor systems
for geothermal electricity generation and have provided adequate pro-
tection against corrosion by aerated geothermal fluids (Marshall and
Braithwaite, 1973; Einarsson, 1961). Pipe (0D 3/4 through 42 inches)
coated with epoxy is commerciaT]y available (Berger, 1976).

Several other organic coatings appear promising also. Phenolics
have excellent resistance to hot water and can be applied in somewhat
thinner coatings than epoxy (Hamner, 1970). A thinner coating is an
advantage because the coating is essentially insulation over the DHE,
so a thinner coating will result in less loss of thermal output from
the DHE. Urethane coatings would also probably perform well in the
hot geothermal water, but are less desirable because thicker coatings
are necessary.

Both phenolic and urethane coatings suffer from being considerably
more expensive than epoxy coatings and so epoxy coatings have the over-

all advantage unless phenolic or urethane coatings prove to last longer
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(Hamner, 1970).

Newcombe (1976) has suggested plastic coatings as a possible cure-
for heat exchanger corrosion and plastic coated pipe is readily avail-
able since it is widely used for pipelines (Berger, 1976). It is pos-
sible that a thin coating of phenolic, urethane or perhaps epoxy
(Hamner, 1970), especially near the waterline where the most severe
corrosion generally takes place, could prove effective in controlling
corrosion, but the type of coating suggested by Newcombe is unattrac-
tive for two reasons. One reason is the low thermal conductivity of
the plastic coating which would greatly reduce the energy output of the
heat exchanger. A polyethylene coating 40 mils thick (over a tar-Tlike
subcoating) as suggested by Newcombe would reduce the overall heat
transfer coefficient for a 1/8th inch thick steel pipe from 770 w/mzK
for the bare pipe to 154 W/mZK for the pipe with polyethylene coating.
This is a very significant decrease and does not include the effect of
the undercoating.

An additional problem is that the type of plastic suggested (poly-
ethylene) is significantly affected by the temperature and would creep
and distort significantly with time. Any scraping together of the DHE
and the casing would tend to scrape away some of the plastic coating
allowing water to get underneath it. This could lead to localized cor-
rosion and subsequent rapid perforation of the pipe by the mechanisms
previously discussed.

Use of a plastic coating over only a small area will have little
effect on the output of the well but should increase the life of the

DHE. It is important to choose the proper coating, however. The
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coating must be capable of withstanding immersion in water at nearly
boiling temperature for many years without harm. Also important is
that any opening between the plastic and the steel substrate will act
as a crevice and may lead to crevice corrosion, nullifying the gain
from the coating. The types of coatings previously mentioned should
be able to withstand the exposure to hot water, but only experiment
can show whether the second problem can be successfully avoided. Even
if the entire DHE is coated the problem can arise because of damage to

or flaws in the coating.

3.4.4 Cathodic Protection

A properly designed cathodic protection system could virtually
eliminate corrosion of DHEs and casings even in the more aggressive
wells. There are two basic approaches to cathodic protection, depend-
ing on the source of the protective current. In one method an anode
of a more electropositive metal is used aé a sacrificial anode. In the
other method the protective current is supplied by an external source,
so the anode may be either some inexpensive material such as scrap iron
or some special material such as platinized titanium which lasts a very
long time.

The amount of protective current required from the power supply or
by dissolution of the protective anode, depends on the severity of the
environment. It is necessary that all parts of the object to be pro-
tected be polarized sufficiently to stop corrosion. This usually re-
quires multiple anodes to obtain a reasonably uniform current distribu-

tion and to avoid the effect of part of the structure shielding another
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part from protection. It is important that the downhole heat exchanger
and the casing be electrically connected and both protected, since
otherwise protection of the downhole heat exchanger alone can lead to
increased corrosion of the casing. The cathodic protection system
suggested by Newcombe (1976) is an excellent example of how not to de-
sign a cathodic protection system: there a diagram shows a single
anode outside the casing electrically connected to the DHE. If the.
path of the current is traced, it becomes obvious that the interior of
the casing has been made the anode in the protection circuit inside the
casing, so that the DHE is protected (probably inadequately from the
single anode) at the expense of the casing, a much more expensive and
difficult to replace item than the DHE!

The correct procedure for complete protection of the DHE is to
place multiple anodes inside the casing to obtain reasonably uniform
protection of the outside of the DHE and the inside of the well casing,
as shown in Figure 3.4. If desired, another anode could be added on
the outside of the casing (buried in the surrounding soil) to protect
the outside of the casing. Cathodic protection of the inside of the
DHE requires anodes inside the DHE and is probably not practical.

The current required is important to the economics of the protec-
tion system, but is difficult to estimate accurately without field
measurements. Current requirements are approximately 0.15 amp/m2
(.015 amp/ftz) (Applegate, 1960; Shreir, 1976) depending on the cor-
rosiveness of the environment and other factors. If we consider a well
that is 40 m below the waterline with a DHE .0508 m in diameter and a

casing .203 m in diameter, the total current requirement to protect
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casing and DHE is about 18 amps at approximately 2 volts (depending on
anode placement). The power requirement would then be about 20 watts
or 180 kw hr/year, a minor expense compared to installation costs and
the expense of replacing anodes. If a suitable insulating coating
could be found, this current requirement could be reduced appreciably.
Current should be kept close to the minimum value required, since cur-
rent greater than the minimum required increases expense and may damage
the metal or a coating. The damage is the result of changes in pH and
evolved hydrogen that occur at a cathode. Mild steel is relatively
insensitive to this type of damage.

A promising approach is to use a sacrificial anode attached to the
DHE in the vicinity of the waterline. This should extend the life of
the DHE near the waterline, though it would be effective only for that
part of the DHE in contact with the water and so would be ineffective
above the waterline. This would entail little additional effort and
expense and a minimum of changes in procedures for installing DHEs.

The protection afforded by the sacrificial anode depends on the conduc-
tivity of the water and its aggressiveness as well as the type of sac-
rificial anode.

There are two important considerations in the design of this Tocal
cathodic protection system. One concerns selection of the anode.
Sacrificial anodes are made of three basic materials: aluminum, mag-
nesium and zinc. Magnesium sacrificial anodes are characterized by; (i)
high potential, which means increased coverage especially in environ-
ments of high resistance; and (ii) higher cost per output than the

other two types. Aluminum js the most economical, but has a tendency
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to passivate. Passivation of aluminum sacrificial anodes can be decreas-
ed by alloying with mercury, which is toxic, or indium. Aluminum is not
suitable for use in mud and sand. Zinc is preferred for some conditions
and has a higher potential than aluminum, but the reversal of the rela-
tive nobility of zinc and iron which can occur at about 80°C (as pre-
viously diséussed) could make the zinc useless. The most important
consideration for sacrificial anodes in the wells is the relatively

high resistivity of the water, which dictates the use of magnesium

anodes (Shreir, 1976).

The other consideration is stray current corrosion in the casing
caused by the cathodic protection system, known as "corrosion inter-
action" (Shreir, 1976). This is much less a problem with sacrificial
anodes than with impressed current anodes, and a good electrical con-
nection between the DHE and the casing at the top should help eliminate

the trouble.

3.5 Recommendations for Corrosion Control

Corrosion control will be most cost effective where it is most
badly needed. For this reason corrosion control methods that extend
the lTife of the DHE at the waterline and protect it from stray current
corrosion are most important. Culver, Lund, and Svanevik (1974) found
that the average lifetime of a DHE in Klamath Falls is 14.1 years, with
a range from a few years to over 30 years (based on limited data).

They report average replacement costs to be approximately $560. If

these figures are accurate, there are very few methods of corrosion
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control that are economically attractive. Even doubling the life of

a DHE has a present value of at most a few hundred dollars. Since
stainless steel costs five to ten times as much as mild steel, this
means that a stainless steel DHE is prohibitively expensive and even
stainless steel would not be entirely free from corrosion. More exotic
alloys are even more expensive.

Because of the large variation in life of the DHEs, what is eco-
nomic for one we]]bmay not be for another. For a DHE with a lifetime
of fourteen years or more, the economically attractive methods of corro-
sion control are essentially limited to continued use of steel with pro-
tection at the waterline.

In aggressive wells which require frequent replacement of DHEs
(say every few years) additional options are available. The entire DHE
can be made from stainless steel, though further testing to determine
the severity of pitting and crevice corrosion for long exposures would
be helpful. Alternately, a much more complete cathodic protection
system, as previously discussed, (possibly including the use of an
insulating coating over part or all of the DHE to reduce current re-
quirements) could be used.

The following is a summary of recommendations for corrosion control
in geothermal wells in Klamath Falls (see Figure 3.4):

(1) Insulating couplings applied at the connection to the

DHE to control stray current corrosion.
(2) One or more of the following for wells of average aggressive-

ness:
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(i) a sacrificial anode of magnesium (one or more) attached
to the DHE near the waterline and a good electrical
connection between the DHE and the casing to cathodi-
cally protect the DHE near the waterline.

(ii) a coating of epoxy to isolate the section of DHE near
the waterline from the environment.
(iii) a section of stainless steel to replace mild steel in
the DHE near the waterline.
(3) 1In highly aggressive wells, a more complete cathodic protec-

tion system or a stainless steel DHE.



72
4. CONCLUSTONS

Mathematical models of thermosyphoning in cased geothermal
wells both with and without a downhole heat exchanger have been
developed, and computer programs developed for solution of the
resulting equations when necessary.

The thermosyphoning model without DHE shows that thevmo-
syphoning is sufficient to account for observed vertical mass
flow rates through the casing.

Results of the thermosyphoning model with the DHE compare
fayorably with experimental data. Investigations with the model
showed that the most promising approaches to maximizing DHE out-
put are the following:

(1) Spacing between perforations should be at least

30 to 40 meters, as output falls off rapidly below
this range. Very 1argebspacing should also be avoided.

(2) Use a somewhat smaller than usual casing if possible

to allow sufficient flow area between the casing and
the wellbore. Too small an area will severly limit
-output by restricting thermosyphoning through the
casing. For a .254m wellbore, the casing should not be
larger than ,19m if the distance between perforations is
large or a single loop is used. If multiple loops are
used, the casing should be somewhat larger, especially
if the distance between perforations is short.

(3) Slots should be of adequate size.
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(4) Both fins and multiple small diameter tubes can lead to

a significant increase in output, but the use of multiple
tubes has greater potential. The appropriate technique
must be decided on an economic basis.

(5) Corrosion control methods, especially in aggressive

vells, will tend to keeb performance from degrading.

Corrosion and scaling are important considerations in any
geothermal system and hecome more important as attempts are made
to maximize DHE output. Aqueous corrosion and corrosion control
methods were investigated and methods suitable for controlling
corrosion in geothermal wells at Klamath Falls were presented.

The aggressiveness of the wells varies considerably and the
best approach is dictated by the severity of the environment. For
a moderately corrosive well, the most promising approach consists:
of electrical jsolation of the DHE to control stray current
corrosion and local protection in the vicinity of the waterline hy
the use of a sacrificial anode and epoxy coating, or a section of
more corvosion resistant material such as stainless steel. Conditions
at the waterline are considerably more corrosive than elsewhere.

In agaressive wells, electrical isolation of the DHE is
again called for to control stray current corrosion, and a complete

cathodic protection system or stainless steel construction.
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Scaling is not perceived to be severe enouah to justify
the use of available technology for scalina prevention and removal.
Corrosion control measures may decrease scaling somewhat by reducina
the number of nucleation sites for scaling and minimizing the chemical
changes due to corrosion which increase scalina.

Although no detailed economic analysis is included in this
work, possible solutions which are clearly uneconomic have not heen

considered in any detail.
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APPENDIX A

Computer program to solve the

differential equation model with DHE
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This program solves the differential equations in chapter 2.
The program is designed to be run interactively from a time-sharing
terminal. The results of the program are written onto tape6. Inter-

mediate results are written onto tape 7 in order to check convergence.
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o0

QOO0 000 o000

e NeXy)

OO0 ONNOINNOOONIOMODNODN

PROCRAM MAIM INPUT,OUTFUT,TAPEE,TAPESL=0UTPUT)
IMPLICIT REAL (M)
COMMON/ZR/MNOTH, TIN,THA 00T, TCH
CONMON/CHE/ZXU2) oY (2] 4SU2Y,FX,FY
CO4MCN/PR/IP, ITHAX

COMMON/TST/IFLAGZ,CONNT

THIS PROGRAM SOLVES THE TWO-POTINT AJOUNDARY VALUE
PROALEM CF A OCWNFCLE HEAT EXCHAMGER IN A
GEQTHERMAL WELL. THE JCHNHOLE HZAT EXCHANGER
CCNSISTS OF U SHEFEC PIECE(S) 0F FIPE. FINS “AY
BE ANOED YO THE HEET EXCHANGER IF DESIRED.

THE SOLUTINN TECHNIGQUE USED IS A SHOOTING METHOO
AQJUSTING ASSUMEQ INITIAL CONOITIONS UNTIL THE
AOUNIARY VALUES ARE SUFFICIENTLY WSLL SATISIFIEZO.

A NNNLINFAR PPNGREMMING RCUTIN®, SUBROUTINE PHL,
WHICH USES FOWELL®S METHCC, IS H3ZD TO ARJUST THE
INITIAL VALUE GUESSES. THEZ USER MUST SUPPLY THE
INITIAL GUEZSSES,

IF THE INITIAL GLFSSSS ARE NOT SUFFICISATLY ACCURATE,
THE PROCZOURZ MAY FAIL TC CCNVERGE, OR

CCNVERGEMNCE MAY PE VERY SLOW.

TOLERANCES USED IN CHECKING FOR FONVERGENCE SHCULO NOT
BE TOO SHMALL AS EXCESSIVE COMPUTATION TIME MAY BE REOQUIREOD.

S CONTINVE

IP=PRINT OFTION. 1IF IP={%, THE TEMPERATURE
PROFILE IS PRINTEC.

1P=0
CONVY IS USED TO TYEST FCF CONVEXIGENCE.

CONVT=0.1
QEANL REAOS THE QATA
CALL REaO1L
X(1)=z708
X(21=TH8
ITRAX LIMITS THS ALMIER CF FUNCTION EVALLATIONS
ITMAX=250
SUBROUTINE FWL IS A NCNLINEAR PROGRAMMING ROUTINE
WHICH TS USED TO SATISFY THE BOUNDARY
CONDITIONS.
CALL PHL
X(1)=708
X(2)=THB
PRINT®*, 2 MOOT= #,M007
Ip=1
SUBROUTINE OUTPUT! WRITES THE RESULTS ON TAPESG

CALL OUutTPUTYL
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WRITE(E, 159
FORMAT(/,T25,2TZMPERATLRE PROFILEZ, /)

WOTITE(E.16)

FORMAT (1X, £OTSTANCE 2, 6%, 8TCt EX, 2T12,10K, 2 THL,9X, 2THZ 2}
PRINT® o2 X(11= #,X(1) .7 X(2)= 2,X(2)

SUPROUTINE FUN IS CALLEO AGAIN WITH THE FRINT OFTION IN
EFFECT SO THAT THE TEMPERATURE PROFILE CAN BE WRITTEN
ON TaPESE, .

CaLL FUNIX,F)
stop
ENTD

SUIRCUTINE FUNIXX.F)
INPLICIT REAL (4)

REAL KoL

DIMENSICN XX(2)

COMMCN/A/DO4DI OPsRLRFCLRLRFI,FLRFH
COM4ON/AA/A L NTSCOND, TELTAT
COMMON/8/MOOTH,TIN,THA,¥OOT,TCR
COMMCON/C/DENGDET yA0 4 AT LAHE , TN
CCMMCN/D/ANULPHO,K,CPLEETA,G
COMMCN/F/2EQWPETWRIH,FFCLFFI,FFH

CO4MCN/FIN/FMN,3 ,0LN,FEFF

COMMON/S/SF4SO,FT

COMMCN/H/HO JH I, HH
COMMCN/THREE/NN,NFUNC T oNCRV, ITERLINQIC, IPRNT
COMMCN/V/VO, VI, VKE

COMMCN/W/UH,UT,UH
COMMCN/MN/MIOTHN,TOBMN THIMN, ERRIMN +ERRZMN, FEASHN,F 4N
COMMON/C/TOUT

COMMCN/FR/IPRINT ,ITMAX

CIMENSICN T(4),0T(4)

OATA ANUGRHNG K, CPy3ETA 4G/ u294E=6496%4 4504 y42054 97 S5E~4+94817
DATA EPS+TBySCONOJRCONC/.001,100.9470y0787

PI= 4 0*ATAN(1.0)

THIS SUBROUTINE SCLVES THE CIFFERENTTIAL EQUATIONS FCR & OOWNHOLE
HEAT EXCHANGER,

NFUNCT COUNTS THE NUMBER OF FUNCTION EVALUATIONS

NFUNCT =NFUNCT +1
IF(NFUNCT,GT,TTMAX)CALL MAXTY
TO8=XxX{1)

THR=XX(2)

CONTINUE

CALCULATE FLOW VELCCITIES
VO=M00T/ (RHO*A0)
VI=HMCOT/ (RHO®AI)
VHE=MOOTH/ (RHOYAHE*TN)
CALCULATE REYNOLDS NUMBEFRS
REQ=DE0*VO/ANU

REI=DEI*VI/ANU
REH=0P *VHE 7 ANU
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20
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CALCULATE FRICTICHM FACTOSS

FFO2FRF(PE0,RLRFO)
FFI=FRF(PET,RLRFII
FFH=FRF {REH,RLRFH}

CALCULATE HEAT TRANSFER CCEFFICIENTS

HO=RHO®CP*YO*ST (FFO)
UW=1,/7(1./HO+NI*ALOG(1.42.%31ISCOND/0O) 7{2.*RCCNOY)
CALL HTCOEF(FFO,.FFI,FFF,UI)

CALCULATE FIN EFFICIENCY

FEFF=FIN EFFICIENCY
SF=AREA OF FIN/UNIT LENGTH
SO=ARPEA WITHOUT FINJUNIT LENGTH

IF(FN.EC.0.010,20
EM3=RESCRT (2. *HI/SCONC/CLN)
FEFF=TANH{EMBI/ZNA
IF(FN.EC.O.VFEFF=0.

CALCULATE AREAS AMND UM
SF=FN*(2.*B+0LN)

S0=PI*0OP-FN*OLN
UH= (SF*FEFF+S0) /(HH*P I CP4SFPFEFF*HI+SO%HI)

UH= UH® FH*H] —

COMPUTE COEFFICTIEMNIS FOR CIFFERENTIAL EQUATION

f1=UI®PI®0I/CP
C2=UW®PI®DO/CP
CX=UN®FI*0P*TN/CP

PREPARE TO IMTEGRATE CIFFERENTIAL EQUATICNS

N=4 % E=,01 % H=0.2 % 1II=t § x=0.
Ti1y=T8 £ T(2¥=T08 ¢ T(3)=THA $ T(u)=THA
TOFSM=0. $§ TOL=T(1)~T(2)

INTEGRATE OIFFERENTIAL ECUATIONS
CONTINUE

OT(1)==-(C2%(TU1)~100.42"*X24CL12UT(1)~-T(2)))/M00QT
OT(2)=={CL (T (LI=-T (2143 UT (I TG =2, 2T (2)))/NDOT
OTE2)=CY*UT (3¥y=-TH2¥ /¥ (CTH
OT(uI=C3*(T(2)-TH{u))/MCCTH

IF(II.GT.2) GO TO 300

IFCIFRINT .€0. O) GO TC 250

CK=IFIXtX/5.)
TF(ARStX=5,*CX).GT.1.E~-3)GC TC 250
HRITELES1II X TUL)aT (20,7130, T (4}
EORMAT TG, F3,0.4(5X,F7.7))

250 IF(X.GE.LIGO TO 500

SUBROUTINE HPCG INTEGRATES THE OIFFERENTIAL EQUATIONS.
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CALL HPCGUX T,0TyNyH,E,II)
IF(TII.GT.2)60 TO 200

THE FOLLNWING 3 LINES INTEGRATE THE TEMPERATURE OIFFERENCE
FOR USE IN FINDING THE KEAQ OUR TO SUOYANCY.

T0=T(1)=-T(2)
TOFSH=(TOL+TOY*H/2. ¢ TCFSN
ToL=T0

GO To 200

CONTINUE

TOUT=T (&)

IF(IPRINT.NELGYRETURN

FEAS=0.

HEAD=RHO®RETA®G*TNIFSN
PLOSF=FFI/{RHO*ATI*AT*CET)¢FFC/(RHO*AO®AD*0EOQY
FLOSS=2.*L*FLOSF*MO0T*¥COT

IF(HEAOD JLT. 0.)7774888

THE HEAO IS NEGATIVE. ACD PENALTY TO F ANO INCFEASE
MOOT

PRINT® .2 HFAD NEGATIVE ¢
FEAS=100."(FLOSS+HEAOI **2
MDOT=2.%*MOOT

GO TO teoo0

THE HEAO IS POSITIVE. CHECK TO SES IF HCAND=HEACLOSS.
IF IT DCE5, RETU&GN., OTFEFWISE, CHANGE MLOT AND TRY
AGATIN,.

CONTINUE

»00TL=MOOT

MOOT=SQRT(HEAOQ/ (PLOSF*2.%L))
ERRM=(¥DOTL-M00TY/2.
IFCARSUERRM) LLTLEPS)IGC TO 100C
GO TOo 150

CALCULATE VALUE CF F=VvaLlE OF ERROR

CONT INUE

ERRL{=TI2)1-T(1) % ERFZ=TI(N-TIN
F=EPRL*ERRL +ERR2*ERR2

F=F+FEAS

VALUSS AKE PRINTEC EVERY 25 ITERATIONS

IF(MODINFUNCT +25).EQ.CY1025,10%0

PRINT®  sNFUNCT= 2£,NFUNCT,2 H0CT= #,400T,2 TOB= £,T0Q,2 THKA= 2,
1TH3, ¢ F= 2,F

PRINT®*,2 ENTER 1 TO CONTINUE 2

REAC®*, IC

IF(Ir.NELLVSTOP

CONTINUE

FI=F

STORE MINIMUM VALLES IN CASE A RESTART IS NECESSARY

IFI(NFUNCT.ET.1)60 TO 1200

IF(F.GT FMNIRETUPN

FMN=F 8 MO0TMN=MDOT 3 TOBMN=TO08 ¢ THIMN=THB
ERRIMN=ERR1 ¢ FERR2MM=ERR2 § FEASHN=FEAS
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RETURN
END

SUARQUTINE READ{

IMPLICIT REAL (M)

QEAL KoL
FOMMCN/A/NO,0I40PyRLRFCHRLRFIPLRFH
COMMON/AA/A L 4NISCOND, CELTAT
COMMCN/C/OEO "ET 440, AT 4AHELTN
CCMMEN/N/ANULFHO KPP, FETA LG
COMMON/B/MDOTH, TIN,THA,FOCT, TCA
COMMON/FIN/FN,2,DLN, FEFF
CCMMON/FR/IP

PI=L,*ATAN(L,)

THIS SUBROUTINE KEAQS THE DATA INPUT ANO INITIAL GUESSES,

T8z TEMPERATURE CF RESERVOIR
TH=CASING THICKNFESS

NO=HWFLLBOPE DIAMETER
OI=CASING INSINE CTAMETER
OP=CHE OUTSIOE OIAMETER

L=LENGTH OF WELL

RLFFO=0/F FCR OUTE] ANNULUS
RLRFI=D/E FOR INSICE CASING
RLRFH=N/E FOR HEAT EXCHANGER

OISCOND=CONOUCTICN DISTANCE

MOCTH=HEAT EXCHANCER MASS FLOW RATE

TIN=HEAT EXCHANGESR INLEST TEMPEQATURE

OELTAT=TEMFERATURE ODIFFERENCE JETWEEN TOP ANO A0TTOM
OF WaLL

FN=NUMBER OF FINS
B=LENGTH OF FINS
OLN=THICKNESS OF FINS

T8=102, $ TH=,0079
REAf} DATA

PRINT®*,# ENTER NO,OT,0FE,L,TN2

REATD*,00,01,0P4L TN

IF(N0.EGC.0.)STQP

POINT® .2 FLOFOWRLRFILRLRFH2

READ®*RLRFOLRLRFILRLRFHK

PRINT®y2 ENTER OISCONC*O0OTH,TIN,OELTFATE

REAC®, CISCONN,MCOTH, TIN,QELTAY

PRINT®, ¢ ENTER NUM3TR CF FINS,LENGTH,AND THICKNESS?
READ®,FNyA,DLN

INITIAL GUESSES

TOB=TEMPERATURE AT BOTTCH OF WELL INSIOE CASING
MCCT=MASS FLO4 RATE THROUGH CASING
THI=TENPERATURIE AT THE ECTTOM OF THE OHE LOOP

FRINT*,2 T08,M00T, THAZ
READ®*, TOA,MNOT, THI
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DO

s Ne)

DOOHO

a0

OO0

CALCULATE AODITICAAL PARAMETERS

A=WALL TEMPFRATUFRE GRADIENT

DC=0UTSINS DNIAMETER CF CASING

NPI=NHE INSINDE CILFATER

DFO=CNUIVALENT QIA8METER CF OUTER ANNULUS
AT=CF0SS SECTIONAL AREA INSIOE CASING
FEI=FERIMITER INSIZE CASING
OEI=FNUIVALENT OIZMETER INSIDE CASING
A0=CP0SS SFCTIONAL &REA CF OUTER ANNULUS
AHE=CPOSS SFCTICOMEZL AREA INSIOE OHC
TH=NUMAE® OF OHE LCOFS

A=DELTAT/L 8 OC=0T+TH4TH § CPI=7WP-.00% § NEO0=00-0C
AI=PI*(CI*DI=-",*TN®DF*CP}/4,~FN*B*OLN®*2.*TN
PET=PI*(CT42,*THN*JP) +2 ., *TN*FNY(2.%B +NLN)

DEI=4.*AI/PET

AO=PI*(CC*N0-0C*DCY /N,

AHI=FI*QPI*0OPI/4,

RETURN

END

SUIROUTINF MAXITY

IMPLICIT REAL ()

COMMON/B/400THs TIN, THB8COT, TCB

COMMCN/S/SF4SOF
COMMCN/MN/MDOTHN,TOBMN ,THRFN,ERRIMN ,ERR2MN, FEASHYN, FMN

THIS SURBROUTINE GIVES THE QESULTS AT THE PIINT
AT WHICH EXECUTION IS TERMINATED IF THE ITERATION
LIMIT IS EXCESOEO

PRINT® 2 EXCESIEO TTHBY ITERBTIONS. (LAST VALLESSZ
PRINT*,2 MOOT= 2,MO0T,3% TOB= #,708+s2 TH3I= 2,THB
PRINT*, 2 FUNCTION VALUE= #,F

PRINT®*,2 REST VALUE! F= 2,FMA

FRINT® .2 MDOT= 2,MD0TMh,2 TOB= £,TOBMN,Z THB= #,THOYN
ST0P

END

FUNCTION STY(FF)

THIS FUNCTION COMFUTES THE STANTON NUMBER BY
THE PRANOTL ANALOCY

PR=1,75

CF2=FFr2.
ST=CF2/11.0+5.,3°SARTI{CF2I*(PR-1.0})
RETURN

END

SUBRQUTINE MTCOEF{FFO,FFILFFH,UI)
CONMCN/V/VO VI VHE
COMMON/C/ANULFHOWX4CPLEETA LG
COMMON /H/HOJHI 4 HH

COMMON/H/UW ’

THIS SURROUTINE CBLCULATES MEAYT TANSFER COEFFICIENTS
AND THE OVERALL HEAT TRAMSFER COSFFICTIENT THROUGH THE
CASING,y UI.
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HIZRHO®CP*VI®*ST(FFI)

NNTE-CASING THICKNESS IGMORED
UI=HO*HI/(HO+HT)
HH=RHO*CP*VHE*ST(FFH)

RETURN
END

FUNCTION FRF(RE,RLRF)

FUNCTICN FRF OETERMINES THZI FRICTION FACTOR
THE EQUATICAS USED ARE FOM WELTY,WICKS AND WILSON

CHAPTER 14.

FF=,01

I=1

IF(PELLT.2300.0G0 TO 200
IF(PELGT.1.E7)GD TO 200

TRANSITION REGIOM

10 FN=4 *ALOGIO(RLRFY ¢2.2%-4,*ALCGLO(L,

FN=1./ (FN*FN)
IFCABS(FN-FF) ,LT.1.E~5) GO TO 100
I=1¢q

FFzFN

IF(I.LT. 100360 TO 10

PRINT*, 2 FRF FAILS TO CCNVERGE#
sToe

67RLRF/ (GE*SQRT(FFIY+1,0)

100 IF(RLRF/(RE®*SORT(FFI).CT..0t)ICO TO 40O

200 FF=1.0/7 (4. *ALOGIO(RLRF)¢2,283) %%2
GO TO 400

300 FF=16./RE

400 FRF=FF
RETURN
END

SUAROUTINE OUTPUTL

IMPLICIT REAL (M)

REAL #,L
CCMMCN/A/NO0,0I,0DPyRLRFC,RLRFI,RLRFH
COMMON/ZAA/ALL,DISCONN,NZLTAT
COMMCN/B/400TH,TIN,THE (¥CCT,TCH
COMMON/C/NFO,051,40, AT, AHE,TN
COMMUN/O/ANULFHQWK.CP,2ETA,G
CCMMCON/F/REQWRPETREHWFFCLFFILFFN
COMMON/ZFTIN/FN,3 4 OLN, FEFF
COMMCON/F/HO s HI o HH
COMMON/ZV/ZVO, Y], VHE
COMMCNZW/UN 1T, UH

COMMCN/C/TOUT

WRITE RESULTS ON FILE

WRITE(F4501)
EN=CP*MLOTH*(TOUT-TINY

501 FORMAT{IHL /77774730 ,2% wELL CHARACTERISTICSZ,/)

WRITE(64502VL,0ISCUND

502 FORMATUV1S, fLENGTH=2,FC, 1,2 METERS2,5X,2 CONC DISTANCE= ¢,

1F7.342 METERSZ)
IFN=FN b NT=TN
WRITE(EyS11VIFNIBYOLN,FEFF
611 FORMAT(T15,2NUNRER OF FINS= #,12,42

LENGTH= 2,Fb.lUy? THICKNESS= 2
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O000

g7

14Fh.5,2 EFFICIENCY= £,F6,3)
WRITE(6,509)0EL TAT
509 FORMATITIS, tWALL TFMP {(BOTTINM~TOP)= 2,F7,3,2 CEGREES C2)
WRITELE ,SOIMNNTH, TTN,NT
501 FOR™AT(/,7T15, rMNOTH= 7,F5,2,¢ KG/SECE,4Xy2 INLET TEMP= 2,
1F642 42 OEGRFET CrotXolZy2z OHE LOOFSE)
WRITE(E,5064)MDOT ,EN
S04 FORMAT(T15,rMASS FLOW RATE= £,F5,2,42 KG/S%,/,T15, ENERGY RATE= 2,
1€10. 4,42 HATTS2)
WPITE(6,505)
505 FORMATI/4718,3H0TA T X 2H0/E 48X 42HFF 48X 1HY,9X2ZHRE4IX y1HH,
19X, 1 HU)
HRITE(€45061014PLRFIWFFI VIsRELZHI,UI
506 FORMATITS, 2 INSICELsT17,F04bytXsF5.045XsF6a5,UXsF5,3,UX,EB,2,
132, FE QpteX 4 FEL M
WPITE (645071004 RLRFOWFFC4VO,REOHOyUNW
S07 FORPMAT(T5,2 OUTSIOEZT17,FEebstXsF5,0,5XsF6.5,4XyF5,3,4X,EB,2,
13X FBa0,4X4F647} -
WRITE(ESS0R8)I0PPLRFHFFHWHE 4REH,HH,UY
508 FORMAT(TS, 2 HT EXCHE s T17,FEolioliXosF54045XpF0a5,uXyF5.344X,ER,2,
13X FBe0yXyFE,0)
RETURN
ENOD

SUBRCUTINE HPCGUX, Yy OERY NOIM,H,ERR,LIT)
DIMENSICN YANDIM) DERYINDOIMY ,AUX(16,20)

THIS SUBPOUTINE SCLVES CIFFERENTIAL EQUATIONS 8Y USING
A MOOIFIED HAMMIMNC®S METHOO,

GO TO(501,245503¢5044505¢5064567+50%,5099,510,511),1I
508 Xx0=X

0IM=1,/FLOAT(NDIM)

M=1

IHLF=Q

00 1 I=1,NDIM

AUX(1€,I9=0,

AUX(15,11=0IM

AUX (A, I)=0ERY (I)

1 AUX{1,IV=Y(I)

COMPUTATION OF AUX(2,1)
ISw=1
GOTO 100

g X=X#H
00 10 1=1,NOIM
10 AUX(2, 1)=Y ()

INCREMENT H IS TESTED €y MEANS OF BISECTION
11 THULF=IHLF#1

X=X ~H

00 12 I=1,NOIM
12 AUX (4, ID=AUX(2,1)

H=o R*H

“=1

ISH=2

GOTN 100

13 X=X+eH
1126
RETURN
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)

14

15

16

17

13
1000

21

508

22

23

24

25

2¢

27

24

29

30

M=2

DO 14 I=1,NDIM
AUX(2,1)=Y(I)
AUX (9, I1=0ERYII)
ISH=3

GOTO 100

COMPUTATION OF TEST VALUE CELT,
DELT=0.

DN 16 I=1,NDIM
CELT=0FLTHAUX (15, I3 *ABSIY(T)=-AUX (4, I))
NELT=,0€666667%0ELT

IF(NELT-EPR 113,19, 17
IF(IHLF-10)11418,418

NO SATISFACTORY ACCURACY AFTEF 10 BISECTIONS. EQRCR MESSAGE.
WPITE(61,1000)

FORMAT (1X,2EFROR 10 EISECTICNS OF STEP WERE INSUFFICIENTZ)
stoP

THERE IS SATISFACTORY ACCURACY AFTER LESS THAN 11 BISECTICNS.
X=X+H

II=7

RETURN

00 20 I=14NDIM

AUX {3, IV=Y(I)

AUX (10 ,I)=0ERY(T)

M=3

ISH=4

GOTO 100

M1

X=X+H

I1=8

RETUIRN

X=X0

N0 22 I=1,NDIM

AUX (11,11=0ERY (I}

YOI =AUX {1, 1) ¢H*(,375%8UXT8,1)+,791 FRA7*AUX(9,I)
1+,2083333%AUX(10,11¢,0L16EER7*DERY (TN
X=X +H

M=Y+1

I1=2

RETURN

IF (H-4 ) 25,200,211

D0 2& I=1,NNINM

AUX My I) =Y (]}

AUX (M#7 ,TY=0ERY (I}

IF(4-3127,29,200

CO 28 T=1,NOINM

DFLT=AUX (), T)+AUXLI, T

CELT=DELTeOLLT

YD) =AUX(L, I) ¢, 33IIIIITLTCAUXLIB,IINELT+AUX(10,1))
Goro 23

0O X0 I=1.NDIM

DELT=AUX(9, TV +AUX(10, T

DELY=NFLT+NEL THOELT

YUI)RAUX (oI ¢9375%4* (AUX(A, TV40ELTHAUX(11410)
GOTO 23

THE FOLLOWING PAPT OF SLYROUTINE HPCG COMPUTES 1Y NEANS QoF

88



o0 OOOON

ao

(3 N2]

100

101

103

505
106

2064

205

206

207

RUNGE=-KUTTA METHOD STARTING VALUES FOR THE NOT SELF-STARTING
PRENICTCR-CORRECTIR METHOO,

no 101 I=1,NOIM

Z=H* AUX(Me7,1)

AUX (5, 1) =7

YOI)=AUXIM, T ¢, 4°%7

Z 1S AN AUXILIARY STORSGE LOCATION

I=X*es4%H

11=3

RETURN

00 102 I=1,NOIM

7=H*OERY(I)

AUX By I)=Z
Y(IY=AUX(M,I)+,2969776%IUX(5,]1)¢,1577596°%2

72X+ .4557372%H

II=4

RETURN

00 103 I=1.NOIM

Z=H®0ERY(I)

AUX(7+1)=2

YOIV=AUX(MyT) +.2181004%8UX(5,1)=3,050965%AUX(E,T)+3.B32RES®Z

=X +H

II=5

RETURN

DO 104 T=1,NOIM

YOIYZAUX (M I) ¢, 1747603%0UX(5,T1=45514307*%AUX{E,])
141,205536%AUX (7, IV +,17118L8%KH*CERYLTY
GOTO(9,13,15,21),ISK

POSSIBLE BREAK-FCINT FCR LINKAGE

STARTING VALUES ARE CCMOUTED.

NOW START HAMMINGS MCCIFIEC FREQICTOR-CORRECTCR METHOOD,
N=H

ISTEP=3

IF (N-8)204,202,20%

N=4 CAUSES THE ROWS OF AUX TO CHANGE THEIR STCRAGE LOCATIONS
00 203 N=2.7

00 203 I=1,NOIM

AUX IN=1,T1=AUXIN,TI)

AUXIN® By IV TAUX(NST 1)

N=T

N LESS THAN & CAUSES N+i TC GET N
N=N+1

COMPUTATION OF NFXT VYECTOR Y
00 205 I=1,NOIM

AUX (N=1,T)=Y(T)
AUX(Ne €, IV =PEFY (I

X=X +H

ISTEP=ISTEP+4

00 207 I=1,NOIM

OCELT=AUXIN=L,I) +1 433 3III#H* (ALXIN+E T FAUXIN¢E, I ~AUXIN¢5,T) ¢

TAUXIN G, T $AUXINSL, T )Y
YOIV =CELT-.325619%74Ux (16, 1)
AUX (16, I)=0ELTY

FREQICTCR IS NOW GENERETEN IN ROW g% OF AUX, MOOIFIED PREDICTOR

1S GENERATEN IN Y, NELY MEANS AN AUXILIARY STCRAGE.
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II=9
RETHRN
OERIVATIVE OF MOOIFIFC FREQICTOR IS GENSRATED IN DERY

00 208 I=1,NDIM
GOELT=.325'(9.‘AUX(N'1.])-AUX(B-3.I)‘3.‘H‘(OEQV(IlOAUX(NOGquO
LAUXIN®6,T) ~AUXIN45,T)))

AUX (16 T1=AUX (16,11 «BELY

YOIY=0ELT+ 074 TE0L7*ALX(164])

TEST WHETHFR H MUST BE HALVED CR DOURLED
DELT=0, .
00 209 I=t.NOIMY

OELT=DELTSAUX (15, IV *ABSTAUXI1E,1))

TIF(DELT-ERR 1210,2224222

H MUST NOT RE HALVEDN. THAT MEANS Y(I) ARE GOOO.
I11=2

Mz§

RETURN

IF(IHLF=11)215,18,18
IF(OELT-,02%ERR V21€,216,201

H CCULD BE DOU3LED IF B8LL NECESSARY PRECEEDING VALUES ARE
AVATLABLE

IF(IHLFI201,2C01,217
IF(N-71271,218,21%
IF(ISTEF-L)201,219,21¢
IM0D=ISTEP/2
IF(ISTEF-IMND-IMO0)201+220,201
H=H¢H

IHLF=IHLF-1

ISTEP=0

N0 221 I=1,NDIY

AUXEN=1,I) =AUX{N=2,T1)
AUXIN=2,1) SAUX(N=4,T)

AUX (N~ 3,4 T1=AUXIN=6, I)
AUX{N*E, T} =AUX(N*S5,T)

AUX (NS, T) = AUXIN® S, 1)
AUXEN® Lo Iz AUXINEL 4T
DELT=AUX(N¢5H, I) tAUX{N+E,T)

DEL T=DELT+DCL T+DELT

AUX (16 41V=8,962963* (Y (1)=AUX(A=~3,1)1=3,361111%H* (DERY(I) ¢ DELTY
1+AUX(N+4, 1))

GOTO 201

H MUST BE HALVED

THLF=IHLF+1

IF(IHLF=-10)223,223,210

H=.5%H

ISTEP=0

00 224 I=t,NOIM '
OY(I?=,00330625%(80.*ALXIN=1,11#135, AUXIN=2,11440,*AUXIN-3,1)¢
LAUXIN=LoT1) =, 1171875% (2UXINSG 4 I) =64 PAUXINGS o T)=AUX (Nt 1)) *H
OAUXAIN=L,1)=,00390625% (12, *AUX IN-1,1) ¢135,%4UX(N=-2,1)+

1109, “AUXIN=34 1) ¢ AUX (NG T) D = (234 376% (AUXIN®E,1) 418, “AUX (N+5, 1) =
29.%AUX (NG, I) )%

AUX (N=3, ) =AUX(N=2,])

AUXIN#4, 1) =AUXIN®5,T)

X=X=H
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DELT=X=-(H¢H)

I1=10

RETUPN

00 225 I=1,NOIM
AUXIN-2,T0=YL])
AUXIN+S, ) =REFY LT
YOI) =aUXIN=L, I)

CEL T=0ELT~(H+H)
II=1¢

RETURN

N0 226 T=t.NOIM
OELT=AUXIN#5, 1) +AUXIN+4,])
DELT=DELT+DELT#+DELT

0AUX(LE,I)=8,962963*CALX(N=1,IV=Y(I))~-3,T61111*H* (AUKIN®E,]) +0ELT
1+0%RY(I))

AUXIN+3,T)=0EFYL])
G070 20€
END

SUBRCUTINE PuWL

COMMON/CNE/ZXE2) 0 Y(2) 9 S(2) s FXoFY
COMMCN/THO/NIFErT(2,2) ,CUM(2) 4REFORE(2),FIRST (2)
COMMCN/THREE/NGNFUNCT o NCRVZITERy INDIC,IPRINT
COMMON/TST/IFLAG2,CONV?Y
COMMCN/MN/MNOTNN,TOEMM yTHANMA, ERRIMN,ERR2MNy FEASMN
OIMENSICN W(Z),SECNO(2)

THIS SUBRIJUTINE T$ A NCANLINEAR PROGRAMMING ROUTINE USING
POWCLLS MZTHOO. IT IS ACAPTED FROM HIMMELBLAU
2APPLIED NCNLINEAS FRCGRAMMINGZ,.

IPRINT =2
ACC=,001
N=2

ICONVG=1{
STEP=,5

THIS PROGRAM USES PCHELLS METHODS FOR NETERMINING THE
MINIMUM CF A NCNLINEAR FLACTTION OF N VARIABLES,

OESCPIPTION OF PARAMETERS
N= NUMBERP OF VARIBBLES
STEF=INITIAL STEF SIZE
ACC= REQUISED ACCLFACY IM FUNCTION AND VARIABLE VALLES
TPRINT= PRINT OFTICN., IFFINT=1 GIVES CCMPLETE OUTPUT,
IFRINT=2 GIVES FINAL RESULT ONLY,
NFUNCT=THE NUMBEF (F FUNCTION EVALUATIONS

X IS THE ARRAY REFRCSENTING THF PARAMCTESRS TO BE
VARIEOQ, PHL MUST BE ENTERELD WITH AN INITIAL ESTIMATE
ESTIMATE IN X,

INOIC=2 § IfFLAG2=0 ¢ NFUMNCT=0 & ITER=0 § Ni=z=N-{
STEPA=STEP

SET UP THE INITIAL OIRZCTION MATRIX USING UNIT VECTORS

CONT INUE

00 2 I=14N

00 1 J=t.N
DIRFCT (J,I1=0.,
CONT INUE



o000 sEsXs X3 X3l s Ny e Nel 300

32Xz X ¥1]

(s Ny Xe]

(s Xv Ky Ne]

2000

[}

301

10

NIRECT(I IV =1,
CONTINUE

EVALUATE THE FUNCTION AT THE INITIAL VARIAALE VALUES

CALL FUN(X,FX)

IF(FX LT.CONVT)FETURN

FRINT 2000, ITFRWLFUNCT 4FX

FOMAT (2 ITER= 24I542X42 NFUNCY= 2,15,2X,2 FX= 2,F10.,5)
FRINT*, (XUI)yI=1,N}

GO TO 301

SAVE THE FINAL FUMNMTICN VALUE (F1) ANO THE FINAL VARIABLE
VALUES (BIFQORE) FRCM THE FREVIOUS CYCLE,

CONT INUE

ITER=ITER#1

IFCIFRINT (EO. 1) PRINT 2000, ITER.NFUNCT,FX
IFCIFPINT JEQe 1) PPINT®o(X(I),4I=1,N)

F1=FX

00 & I=1,N

BEFORE(II=XLI)

CONT INUE

SUM=0.

AT THE END OF THE CYCLE, SUM WILL CONTAIN THE MAXIMUM CHANGE
IN THE FUNCTION VALUE FOR ANY SEAQCH DIRECTICN, AND ISAVE
INCICATES THE DISECTICN VECTOR TO WHICH IT- CORRESPOMNDS,

00 9 I=1.N
00 5 J=1N

S CONTAINS THE INITIAL STEP SIZES IN TWE I-Thk QIRECTION

S{MV=0IRECT(I,IVI*STEP
CONTINUE

"FINA THE MINIHUM IN THE ITH OIQECTIOM, ANO THE CHANGE IN
FUNCTION VALUE,

CALL SEARCH
IFCIFLAG2.NE«D) RETURN
A=FX-FY
IF(A-SUMIT, 746

CONT INUE

ISAVE=]

SUM=A

TRANSFER THE NEW FUNCTICM AND VARIABLE VALUES TO FX AND X

00 3 J=1,N
X(N=ytNn
CONTINUE
FxX=FY
CONTINUE

NCK INVESTIGATE »FETHER A NEW SEARCH OIRECTION SHOULD BE
INCORPORATED INSTEAD CF THE ISAVE DIRECTION,

FR=FX
00 10 I=1,N

Wl =2 *X(11=-BEFOREC(T)
CONTINUE
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CALL FUN(NW,F3)

IF(F3,LT.CONVIIFETURN

AzF3~F1

IF(A)L11,19,19

CONT INUE

A=2 o #(FL1=2,%F2+F3)* ((F1=-F2-SUNMI/A)**2
IF(A-SUMIL2,19,19

A NEW SEARCH DIRECTION IS REQUIREQ, FIRST REFOVE ROW ISAVE.

CONT INUE
IF{ISAVE-N)Y13,15415

00 14 I=ISAVE, NL-

II=T+1

00 14 J=1yN
DIRECT(JU.I1=0IRECT(I,LIT)

CONT INUE
SET THE HTH DIRECTION VECTOR EAQUAL TO THZ NORMALISED
NIFFERENCE RETWEEMN THE INITIAL AND FINAL VARIABLE VALUES
FOR LAST CYCLE.

CONT INUE

A=0,

00 16 J=14N
NIRECT(JyNY=X(J)=BEFORE(N
A=OTRECT (JyN) **2¢A

CONT INUVE

Atz A

A=1,/SCRT(AL)

00 17 J=1.N
DIRTCT(JNY=DIRFCT(IZNI*A
SV =0IRECT (J,NI*STEP
CONT INUE

CALL SEARCH
IF(IFLAG2.NE.C}RETURN
FX=FY

00 18 I=1,N

X{Iv=y (I}

CONT INUE

TEST FOR CONVERGENCE

CALL TEST(F14FX,BEFORE ¢X4FLAG,N,yACC)
TFIFLAG) 224500, 20

CONVERGENCE NOT YET ACHEIVEOD. COMPUTE A KEW STEF SI2€
ANC GO BACGK TO *

IF(F1-FX1121,120,120
TONTINUE
STEP=-,4>SQRTLAASIFL-FX))
GO TO 123

CONTINUE

STEP =, 4*SARTIFL=-FX)
CONTINUE
IF(STEFA-STEP)21,3,3
CONTINUE

STEC=STEPA

GO T0 3

CONTINUE
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PRINT® y# MINIMUM VALUE CF QOAJERTIVE FUNCTION 2,FX
PRINT®, £ VALUES OF TACEPENIENT VARIAAQLES 2, (XUIVeI=1,N)
PRINT®,2 NUMBER OF FUNCTION EVALUATIONS ?,NFUNGCT

RETURN

CONVERGENCE HAS STCPPED, PERTURB BEST SOLUTION ANO
RUN AGAIN,

CONT INVE

PRINT*, 2RESTARPT NUMBSF #,STARY
IFESTART (GT JLICALL MAXIT
IF(EPRIMNGGTV0.)501,502
TO3=TCAMN-+ 1*START

GO To 503 ’
TCA=TOBMN . 1*STARPT
IF(ZFR2MNeGT4 0415044505
THA=THEMN-, 05*S TART

£0 T0 506

TH3=THAMN+, 05*START
MOOT=MCCTMN~-,01
START=START #1,
STEPA=STEP

x(1)=708

X{2)=TH8

GO T0 71

ENN

SU3POUTINE TESTUFILFF,RI4RF,FLAG,N, ACC)
COMMCN/TST/IFLAG2Z,CONVY
CATA FL/D.O/ -

THIS SUBROUTINE TESTS FOR CONVERGENCE,
FLAG=2,
IS THE ERROR SMALLER THAN CONVTs

IF(FF,LT.CONVTI10,20
FLAG=-2,

FL=0.0

RETURN

IS CONVERGENCE PRCCEEQING+

FO=ABS(FF-FL)
IF(FD 6TVl E~4) 30,40

FL=FF

RETURN

FL=0, .
FLAG=0,

RETURN

ENO

SUARCUTINE SEARCH

THIS SUAPQUTINE FERFCRNS A ONE-ODIMENSICMAL SEARCH
IT IS FROM KIMMELELAU®S sAPPLIED NONLIMNEAR PROGRAMYING®

COMMCN/CONE/ZXE21,¥(2) ¢ SU2),FX,FY
COMMON/ZTHO/ZHI2, 200 dELX (21, DELCI2) 46X (2)
COMMON/ THREE/NoNFUNCT o A0SV G ITER.INOTC,IPRINT
CCMMCN/ZTST/IFLAG2,CONVY



o000

o0O0

D00

Q000000

o000

€100

TEXIT=0

NTOL=0
FTOL=,001
FYJL2=FTOLZ 100,
FA=FR=FC=FX
04=n8=0C=0,0
K=a=2

N=0

STEP=1,

0=STEP

USE THE PAPAMETER INOIC 1C INOICATE HOW THE SEAFCH
VECTOF LEMATH SHOLLD €5 SCALEO.
INOIC=2 MZIANS DO ACT SCALE

IFCTNOIC LEQ. 2 JOR. ITER LEQ. 0) GO TQ
FINO NORM OF S ANC NORM CF DELX

CXNORM=0.

SNORM=0,

00 162 I=t1.N

OXNORM=CXNORM+DELX(TIY*CELX(T)
SNORM=SAORM+S(I) *S(I)

CONT INUE

IFCINDIC «FQ¢ 1 LANO. CXNORM ,GE. SNORM) GO TC 1t
RATI0=0XNORM/SNORN

STEO=SCRT(RATION)

0=STEP

START THE SEARCH

00 .2 1=1,N

YOI =X {I)+D*S (1)
CONTINUE

CALL FUN(Y,F)
IFtF.GT.CONVTIGO TO 211
IFLAG2=1

RETURN

CONTINUE

K=K¢ 1

IF(F-FA}5,3,6

NC CHANGE IN FUNCTICN VALUE, PRETUIN WITH VECTOR
CORRESPONCING TO FUNCTTCM VALUE OF FA, BECAUSE IF THE
FUNCTICH VALUZ IS INOEPENCINT NF THIS SEARCH OIFECTION,
THEN CHANGES IN THE JARILELE VALUES MAY LPSET THE MAIN
PRCGRAM CONVERGEMNCE TESTING.

00 4 I=1.N

YD) =X (I +DA®S(T)

CONTINUE

FY=FA

IF(IFRINTY LEQ. 1)PRINT 2100

FORMAT (s SEARCM FATLEC. FUNCTICN VALUE INOEP OF C#)
GO TO 328

THE FUNCTION IS STILL OECKEASING, INCYEASE THE STEP
STZE BY DOUALF THE PREVICUS INCOTASE IN S[Sp SIZE.

CONTINUE
FC=F8
FA=FA § FA=F
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c
c
c
6
c
c
c
c
14
c
c
c
c
c
8
c
c
c
c
c
[
9
19
11
213
c
C
c
c
12
c
[+
c
[
13
14
2209

[ X IS

0C=0B 8 08=0A 8§ 04=0

D=2,*0¢STEP

Go To 1

MINIMUM IS BOUNOED IN AT LEASY ONE DIRSCTICN.
IF(KY7,8,9

MINIHUM IS BOUNDECL IN ONE OIRECTION ONLY. PEVERSE THE
SEARCH DIRICTION AND RECYCLE,

CONTINUE

FB=F ¢ 08=D0 $ O0=-0 % STEPz-STEP

GO TO ¢
MINIMUM IS BOUNDEC IN RGTH DIRECTIONS BFTER CNLY 2
FUNCTIGON EVALUATICHS,
PRCCEED TO FARAQCLIC INTEFFOLATION,

FC=FB 3 FB=FA § FA=F § (C=08 ¢ 098=0A § OA=D

G0 To 21

THE MINIMUM IS BCUNDEC AFTER AT LEAST 2 FUNGCTION EVALU~-
ATIONS IM THE SAME CIRSCTIONs EVALUATE THE FUNCTION AT
STEP SIZE=(NA¢DR) /2, THIS WILL YISLO 4 SQUALLY

SPACED POINTS BGUMCING THE MINIHUM.

oc=o08
08=DA
0A=0

FC=FB

FB=FA

FA=F

CONTINUE
=.5%(0A¢00)

D0 11 I=1,N

Y(I =X (1}+0*S (I}
CONTINUE

CALL FUNIY,F)
IF(F.GT.CONVT)GO TO 213
IFLAG2=1

RETURN

CONTINUE

RENOVE EITHE® PCINT A°OR POINT B IN SUCH A WAY THAT
THE FUNCTION IS BCUNDED,

IF((OC~01*(C-071)115,12,18

LOCATION CF MININLF IS LIMITEO BY ROUNNING ERRORS.
RETURN WITIH 9,

00 14 I=1,N

Y(I)=X(I1)¢DB*S(I)

CONTINUE

FY=FB

IFCIEXIT .€0. 1) GO TO 32

IFUIPRINT LE0. 1) PRINT 2200

FCRMAT (2 SEARCH FAILSC. RCUNCING EQRORS?2)
GO TO 325

THE POINT N IS IN THE RANGE DA TO 08
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IF(F-FB)16,13,17

FCzF8 3 FR=F 3 nC=Ce § (B=0
GO0 TO 21

FA=F % 0A=0

GO To 21

THE POINT 0 IS IN THE RANGE 08 Tn n¢
IF(F-F48119,13,20
FA=FB
FB=F
0A=08
08=0
6N To 21
FC=F
0Cc=0

NCW PERFORM THE FARAACLIC INTERPOLATION,

CONT INUE

A=FA*(38-0C)+FB*(0C-0A)+FC*(0A-0B)

IFTAN22,30,22

CONTINUE
0=.5'(‘CB'UQ°DC‘OC"F‘C(OC'OC-CA‘OA"FBO(OA‘DA-OB‘DB“FC’/A

CHECK TO SEF IF FCINT IS GOOD
IF SOy EVALUATE THE FUNCTION,

IF((DA-0)*(0~0CY413,12,23
Lo 24 I=1,N

YOI =X (I +D*SL])

CONT INUE

CALL FUNI(Y,F)
IF(F.GT.CONVT)IGO TO 214
IFLAG2=1

RETUPN

CONTINUE

CHECK FOKk CONVERGENCE

IFCABS(FRY=-FTCL2)25,25,26
CONTINUE

A=1,

GO TOo 27

CONTINUE

A=1,./F8

CONTINUE
IFLCARSIFA=-FI®A)-FTOL)2%,28,12

CCNVERGENCE ACHETVEQ. FRETURN WITH THE SMALLER OF F
ANO FB,

IEXTT=1
IF(F-FA129,13,13
FY=F

GO To 32

THE PARANOLIC INTFRPCLATICN WAS PREVENTEQ BY THE OIVvISOR
REING ZERO. IF THIS IS THE FIRST TIME THAT IT HAS
HAPPAMEN, TRY AN INTERMECTIATE STEP SIZE AND RECYCLE ,
OTHERWISE GIVE UF.

IF(M)34,31,13
CONTINUE



32
99
325

Mmoo
326

34

LEL DY

50 TO 10

00 99 I=1.N

IFLY {11 NELXIIV) GO TO 325

CONT INVE

GO 10 33

TFENTOL oHE. 0 JAND., IFRINT LEC. 1) PPINT 3000,NTOL
FORMAT (2 TOLERANCE RICUCED 2,1242Xy2 TIMESZ)
IF(FY, LT.FXIRETURN

IF{S(1) JHE. -GX(1) +CF, (FY LT, FX)) RETURN
PRINT*, 2 SEARCH FATLEC?

FRINT* 42 JALUE OF ORJECTIVE FULNCTION 2,FX

PRINT® 42 VALUES OF INCFFENCENT VARIABLES 24 (X({I)yI=1yN)
PRINT®*,2 HUMBER OF FUNCTION EVALUATIONS 2,NFUNCT
sTop

IF(NTOL +EQe S) GO TO 24

IEXIT=0

NTOL=NTOL#+Y

FTOL=FTCL/10,

GO TC 12

IFCIFRINT L€0, 1) PRINT*y2 AETTER POINT NOT FCUNDZ
RETURN

ENO
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