'SGP-TR-59

FLOW CHARACTERISTICS AND RELATIVE
PERMEABILITY FUNCTIONS FOR TWO
PHASE GEOTHERMAL RESERVOIRS FROM
A ONE DIMENSIONAL THERMODYNAMIC MODEL

Anthony J. Menzies

August 1982

Stanford Geothermal Program
INTERDISCIPLINARY RESEARCH

IN ENGINEERING AND EARTH SCIENCES
Stanford University, Stanford, California




~—



i Stanford Geothermal Program
ik Interdisciplinary Research in
P2 o Engineering and Earth Sciences
M STANFORD UNIVERSITY

Stanford, California

SGP-TR-59

AOW CHARACTERISTICS AND RELATIVE PERMEABILITY
FUNCTIONS FOR Two pHASE GEOTHERMAL RESERVOIRS
FROM A ONE DIMENSIONAL THERMODYNAMIC MODEL

By

Anthony J. Menzies

August 1982

Financial support was provided through the Stanford
Geothermal Program under Department of Energy Contract
No. DE-AT03-803F11459 and by the Department of Petroleum

Engineering, Stanford University.






Theoretical flow characteristics for a fractured geothermal reservoir
have been obtained by modelling the system with a one dimensional
thermodynamic model. The model includes the effect of heat transfer from the
rock to the fluid and irreversible processes, such as friction, by using an
effective isentropic efficiency term. By approching the problem in this manner
it has not been necessary to define the flow geometry or to define such
parameters as the two phase friction factor.

By comparing the theoretical characteristics generated by the model with
field data it is possible to estimate the flow area and an effective fracture
width for the two phase flow into the wellbore from the reservoir. It is also
possible to calculate under what conditions choking will occur in the
reservoir and hence, the maximum exploitation rate for the reservoir/well
system.

Field examples are included to illustrate how the flow area and effective
fracture width are calculated. 1t was further found that certain
characteristics of the field flow data could be explained by the concept of
choked or critical flow.

From the data generated by the model it was possible to derive a unique
set of relative permeability curves, independent of the reservoir temperature.
They were derived as functions of the inplace liquid saturation and could
therefore be used in present geothermal simulators. They have been compared
with a number of other relative permeability functions and it is concluded

that the relative permeability functions developed here are probably more

consistent for fractured geothermal reservoirs.
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1. INTRODUCTION

Study of the flow characteristics of geothermal wells has been largely
limited to either liquid dominated reservoirs where flashing occurs in the
wellbore, Nathenson(1974), Ryley(1980), or to vapor dominated systems,
Rumi(1972). In both these cases flow in the reservoir is single phase and
essentially isothermal. The reservoir behaviour can therefore be analyzed
using flow equations developed in the groundwater hydrology or petroleum
engineering literature. When two phase flow occurs in the reservoir the
situation is more complex and cannot be analyzed in the same manner. The
interactions between the two phases and the flow system become important iIn
describing the flow behaviour. These interactions are accounted for in
petroleum reservoir engineering by the use of the concept of relative
permeability.

Geothermal applications have an additional complication since the two
phase flow of oil and gas is essentially isothermal whereas a two phase flow
of steam and water is not. Temperature drops as high as 50°C have been
measured In geothermal reservoirs. In spite of this, relative permeability
curves, particularly those developed by Corey(1954) for oil reservoirs, are
still used in simulation models of geothermal reservoirs.

Two phase compressible flow has been studied in detail, particularly in
nuclear reactor engineering, but very little of this research has been applied
to geothermal systems. Choked or critical flow has formed a central part of
this research effort and although 1t forms the basis of the James(1962) method
for measurement of output parameters in geothermal wells, the i1dea that choked

flow could occur in reservoir flow systems, thereby limiting the systems”




output, has not been widely discussed.

The purpose of this research was to study the flow characteristics of two
phase geothermal reservoirs, particularly the potential problem of choked or
critical flow. As a result of the study it has also been possible to generate
relative permeability functions to account for the observed flow

characteristics.



2. TWO PHASE GEOTHERMAL RESERVOIRS

2.1 Flow Characteristics

The flow characteristics of geothermal reservoirs are inferred from the
measurement of enthalpy, total massflow and concentration of chemical
components as functions of the wellhead pressure. By plotting these
characteristics under both transient and steady state conditions the general
processes occurring in the reservoir can be inferred. In this study only the
enthalpy and =assf low changes are considered although the chemical changes are
also important.

Figures 21 and 2.2 show specific examples of measured output
characteristics from the Tungonan geothermal field, the Philippines and from
the Larderello field in Italy, Rumi(1972). They illustrate the major
differences in measured flow characteristics between single phase water,
single phase steam and two phase geothermal reservoirs. The important
characteristics of the two phase system are the almost constant massflow and
increasing enthalpy at low wellhead pressures.

Figure 2.3 shows a crossplot of the enthalpy and massflow data for the
two phase well, showing how the enthalpy rises very quickly over a small
change in massflow. This is In disagreement with the observation of Sorey,
Grant and Bradford( 1980): "In two phase wells these measurements usually show
enthalpy varying linearly with massflow (to a first approximation)". This
characteristic is difficult to explain and is a central aspect of this

research effort.
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2.2 Relative Permeability Functions

A petroleum engineering approach to two phase flow in reservoirs is the
use of relative permeability functions. Their basic use is to account for the
interactions between one fluid and the other and also with the surroundings.
Corey(1954) developed formulas to relate the oil and gas relative
permeabilities to the inplace liquid saturation based on numerous measurements
of the flow of oil and gas through consolidated sedimentary cores.

Tsang and Wang(1980) reviewed the current practice in simulation of
geothermal recovery processes and observed that all the two phase models use
the relative permeability functions developed by Corey(1954). This is in spite
of the fact that few geothermal reservoirs are sedimentary and most are highly
fractured volcanics. The rational for using the Corey equations in models of
fractured geothermal reservoirs is that if a large enough control volume is
used the heterogeneities due to the fractures will average out. Howevers this
is only true when the two phase conditions are widespread over the reservoir
and is likely to be in serious error where local changes in flow conditions
occur. In addition, another major problem is that the relative permeability
functions for steam and water are not well eshablished.

In terms of steam and water the Corey type relative permeability

functions are (Sorey et al.(1980)):

kv = [s*]4 (2.2-1)
k., = [1= s 2] = s%)7] (2.2-2)
where:
(s -5_)
Irw
R IR (2.2-3)
™ rs




and : Sm= residual water saturation

S.¢= residual steam saturation

A major problem with the use of these functions is the determination of
Spyw and S.g.

Experimental work by Counsil(1979) has defined relative permeability
functions for steam and water flow, based on measurements in consolidated
cores. These functions have not received widespread use in geothermal
simulation.

A further method of defining the relative permeability functions is to
use measured flow characteristics. The basic approach is described by Sorey et
al,.(1980) and Horne and Ramey(1978) and Shinohara(1978) present relative
permeability curves calculated from procedures based on this approach. Using
production data from wells in the Wairakei geothermal field in New Zealand,
they were able to obtain relative permeability curves as functions of the
flowing water mass fraction. The Corey relative permeability curves are
functions of the inplace liquid saturation (vol. basis) and the field derived
curves need to be converted to this basis before being used in present
geothermal simulators. This is usually not possible.

The problem involved in converting from flowing to inplace saturations is
discussed by Miller(1951). In his paper he states: "the weight fraction of gas
in the mixture instantaneously at x is quite different from the weight
fraction of gas in the mixture passing X in unit time". This arises because
the vapor has a higher mobility and hence a higher velocity than the liquid.
The ratio between the vapor and liquid velocities is called the "slip ratio”
and it must be known to convert from flowing to inplace saturations. This is

clearly not possible in a field situation.



This study therefore set out to investigate theoritically the two phase
flow of steam and water mixtures in fractures in an attempt to derive relative
permeability curves more appropriate to geothermal reservoir applications.

The next section deals with the selection and description of the

thermodynamic model used in this research.



3. STREAMTUBE MODEL

3.1 Selection of Model

In an attempt to better understand the processes involved in the two
phase flow of steam and water in a fractured geothermal reservoir, a model of
steam/water flow in a confined conduit was sought.

There are a number of existing one dimentional models for the study of
two phase vapor liquid flow. They are normally classified as homogeneous, slip
or separated flow models, depending on the assumptions made in their
derivation. The homogeneous models assume that the vapor and liquid phases
have the same velocity, hence no meaningful relative permeability functions
can be derived.

The model found to be most appropriate to this research wes the
"streamtube™ model of Wallis and Richter(1978). This model overcomes the
difficulties inherent in the usual slip flow theory by allowing the velocity
and thermodynamic state to vary normal to the flow direction. It does this by
considering the two phase flow field to be distributed between a number of
discrete streamtubes, hence the name streamtube model. The streamtube model
has been found to predict critical flow in nozzles more accurately than other
slip models.

The text of Wallis and Richter's paper is reproduced as Appendix A.




3.2 Description of Model

The model uses a series of discrete pressure steps to approximate the
continuous flashing. After each pressure step a streamtube is created. In this
newly created streamtube initially only saturated steam flows. At the same
time the steam in streamtubes that already existed is assumed to expand
isentropically. When this occurs some of the steam condenses; this small
amount of liquid is assumed to have the same velocity as the steam. Thus
within each streamtube the homogeneous model is assumed to apply. This basic
process Is shown in Figure 3.1. There is assumed to be no interaction between
the streamtubes and thus no transfer of energy, mess or momentum. Each
streamtube has a different velocity, hence a velocity profile exists normal to
the flow direction. The first vapor streamtube has the highest velocity and
the liquid streamtube has the lowest velocity. The effective slip ratio is
found from the ratio of the average vapor velocity to the liquid velocity.

In the original form of the model, the energy balance only considered the
changes in enthalpy and velocity while the assumption of isentropic expansion
required that the overall process be reversible. Thus the decrease in enthalpy
must be equal to the increase in velocity. This implies that the system is
frictionless and other energy changes such as gravitational effects have not
been taken into account. In studies on nozzles these assuptions have been
found to be valid. However, for geothermal reservoir applications heat
transfer to the fluid is important and must be included in the model

formulation.

~-10-




1st STREAMTUBE

2nd STREAMTUBE

3rd STREAMTUBE

CONSTANT PRESSURE LINES

FIGURE 3.1: ENTHALPY/ENTROPY DIAGRAM SHOWING FORMATION OF STREAMTUBES
(WALLIS AND RICHTER, 1978)
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‘ CONSTANT PRESSURE LINES
1

FIGURE 320 ENTHALPY/ENTROPY DIAGRAM SHOWING FORMATION OF STREAMTUBES,
INCLUDING EFFECT OF HEAT TRANSFER
(AFTER WALLIS AND RICHTER, 1978)
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Using basic thermodynamic relationships, this energy gain is given by:
= T - T - -
Q Cp( 0 f)(1 ns) (3.2-1)

where :

ns = the effective isentropic efficiency

The isentropic efficiency term is used since not all the heat. transferred
results in an increase in the fluids internal energy. Some is used to
counteract the irreversible processes not included in the energy balance of
the basic model.

This heat transfer step changes the basic model as indicated in Figure
3.2. It extends the basic model by allowing the flashing process tp be

approximated by a two step process rather than the basic single step process,

3.3 Mathematical Formulation

The basic steps involved in the model are shown in Figure 3.3. This shows
the formation of the first two vapor streamtubes and as the pressure continues
to decline further streamtubes are formed and expand in the same fashion. To
simplify the computation, the model is normalized on the basis of unit
massflow ie. v, +y, = 1

If we consider the first isentropic expansion step (labelled 1 in Figure
3.3) we have a liquid massflow, Tg» with enthalpy, hy, entropy, sgp, and

velocity, Vs calculated from:

2
vo = 2Py = Pgae)/Pe (3.3-1)

-13-



expanding to a liquid massflow, ¥,, with properties h;', s;', v, and a vapor

massflow, y,, with properties h;'', s;'* and v,. Note that the liquid and

vapor streamtubes are assumed to have the same velocity, when the vapor

streamtube i1s first formed.

Applying the usual conservation equations,

mass :

Y --Y1+y1
and energy: ) ) )
v \Y v

0 1

1 — - i ._1 1 —
Tolhy' + 5 = ¥ ()t =5ty () +

and the assumption of isentropic expansion:

- o
YOSb Yls1 Y8

we get from (3.3-2) and (3.3-4):

§ ' =g !
TR e
1 1

and from (3.3-2) and (3.3-3):

- ~J - '
"12 _ vy’ Tofny' -yt = Kb =Y
- 0

(3.3-2)

(3.3-3)

(3.3-4)

(3.3-5)

(3.3-6)

It is a simple matter to extend these equations to theilr more general

form. (see Appendix A for the more general derivation).

-14-




As indicated in Figure 3.3, the liquid and vapor streamtubes now undergo
heat transfer which increases both the liquid and vapor enthalpy and entropy.

The basic equations are :

=C (T, - T - 3=~
Q p( 0 1)(1 ng) (3.3-7)
Ah = Q (3-3-8)
0
As =T (3.3-9)
1
The actual change will depend on the effective isentropic efficiency and

the specific heat of the fluid in each particular streamtube. It is also
assumed that the fluid velocities remain constant during the heat transfer
step.

During the second isentropic expansion a new vapor streamtube iS created.
At the same time the first vapor streamtube expands and some of the vapor may

condense resulting in a steam mass fraction of:

s, *-s!'
2

1,27 ;;}' =5, (3.3-10)
ifx) 5 <L

hpj2 = X ohytt F (L %) Oy (3.3-11)
if x> 1

P L R ACHL A (3.3-12)
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The homogeneous mixture iIs assumed to have a uniform velocity and this is

calculated from:

1,2 =2y y* -y o)+ (-3-13)

The two vapor streamtubes and the liquid streamtube then undergo heat
transfer, thereby increasing.their respective enthalpies and entropies before
the next isentropic expansion. This process is continued until the total
pressure drop is reached, at which stage there will be n vapor streamtubes
where n iIs the number of pressure steps.

Defining 1 as the streamtube number and n as the total number of pressurze

steps, the homogeneous density in the 1t streamtube is:

1
) = - (3.3-14
i,n (1 xi,n) + Xi,n

1!
pn lln

and the total massflux can be calculated from:

6= + B~ (3.3-15)

-17-




From the generated velocity profile average vapor and liquid velocities

can be calculated, from which an effective slip ratio can be found:

n
121 714 n®i,n

\!s’n = 2 (3.3-16)
L Y%
i—| i4i,n
n
i -
_ [izlyivi,n( Xi,n):l + ann
Ve : ri : (3.3-17)
y (1l -x I+
i=1 i i,n n
and : _
v
e = — (3.3-18)
v
W,n
In addition the flowing enthalpy can be found from:
_ n
e [121yihi,n] " Ynhn (3.3-19)

3.4 Calculation of Relative Permeabilities

The liquid saturation after n pressure drops can be calculated from the

slip ratio and the liquid mass fraction; after Miller(1951):

w,n 1
1-s - 1-Y 1 p ! (3.4-1)

R ( ) (=)

-18-



where :

o~

_ i lyipi,n
| I - -
Dn 1= Yn (3.4-2)

The ratio of relative permeabilities can then be calculated from:

™ 1 uW Sw,n
= ( )( —")( 1 -8 )
rs n s w,n

(3.4-3)

This is equivalent to the more common formula derived in Grant and

Sorey(1979):

=) (3.4-4)

The streamtube model assumes no interaction between the streamtubes which

implies:

k +k_ =1 (3.4-5)

Where flow is controlled by a fracture system the assumption that the
phases do not interact is generally thought to be reasonable.

Using Equation (3.4-1) the model calculates the inplace liquid saturation
and from Equations (3.4-3) and (3.4-5) the corresponding values of the water

and steam relative permeabilities are calculated.

-19-



35 Computer Program (GEOFLOW)

A computer program has been written to solve the streamtube model

equations and generate the relative permeability values. A listing of the

program with a typical output is included as Appendix B

Input to the program involves the following variables:

EIE:

reservoir pressure (i4Pa.a)
saturation pressure (iPa.a)
pressure step size (kPa)
number of pressure steps

effective isentropic efficiency, g

At present it is assumed by the program that the reservoir pressure is

greater than or equal to the saturation pressure but it only requires minor

modifications for GEOFLOW to accept two phase initial conditions.

After each pressure/heat transfer step the program prints out the

following variables:

PRESS:
TEMP :

MASS FLUX:
SLIP RATIO:
ENTHALPY:
YW

SATW:

KS :

pressure (MPa.a)

saturation temperature (°c)
total mess flux (kg/mzs)
effective slip ratio

total flowing enthalpy (kJ/kg)
liquid flowing zass fraction
liquid inplace volume fraction
steam relative permeability

water relative permeability

-20-



To calculate the thermodynamic properties needed by the program,
subroutines developed by Reynolds(1979) were used. In the calculation of the
heat transfer and relative permeabilities values of the specific heat and
dynamic viscosity were required. Curve fits were developed for these
properties, at saturation conditions, based on the data presented in
Schmidt(1969).

Before using the program to study the system of interest, it was tested
against an example presented in Wallis and Richter(1978). Using a pressure
step of 100 kPa, initial temperature of 250°C with no heat transfer, GEOHOW
was run and the results compared in Figures 3.4 and 35. The slight
differences are believed to be due to the fact that different thermodynamic
correlations were probably used by Wallis and Richter.

The next section presents the data generated by GEOROW for a range of

input conditions.
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4. FLOW CHARACTERISTICS

Using the computer program, GEOFLOW, theoritical curves of massflux and
enthalpy as functions of the production zone flowing pressure can be
generated. The initial reservoir conditions and the effective isentropic
efficiency were used as input variables. A constant pressure step of 50 kPa

was used for this study.

4.1 FEffect of Reservoir Pressure

The effect of reservoir pressure is shown, for reservoir temperatures of
250°¢ and 300°¢c, in Figures 41 and 4.2. The graphs indicate that within the
two phase region the reservoir pressure has negligible effect on the
calculated massflux. If the reservoir pressure is greater than the saturation
pressure the data can be extrapolated into the single phase region by assuming
that the massflux is zero when the well flowing pressure is equal to the
reservoir pressure. In this case the effect of the reservoir pressure 1S
important, as shown In Figure.4,3,

IT the reservoir pressure iIs greater than the saturation pressure it has
no effect on the increase in flowing enthalpy as heat transfer only occurs
after flashing has started.

These results imply that meaningful comparisons between field and model
data can be made even when the reservoir pressure iIs not accurately known,
provided it is greater than the saturation pressure. This is important as the
reservoir temperature is normally known more accurately than the initial

reservoir pressure.
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4.2 Choked Flow

The data generated by GEOHOW have been plotted (Figures 44 to 4.9) as
graphs of massflux and enthalpy vs the pressure drop based on the saturation
pressure. The choked flow condition is indicated by the dashed horizontal
lines.

The data from GEOHOW showed the massflux increasing as the pressure drop
increased, until a maximum value was reached. After that point the calculated
massflux started to decline. This is a characteristic of the thermodynamic
models but the phenomena is not observed in practice, Moody(1965)., The choked
massflux is taken to be the maximum predicted value; the value where
3G/3p = 0.

The graphs (Figures 44 to 4.9) indicate that as the effective isentropic
efficiency decreases the choked massflux decreases and choking occurs at a
lower value of pressure drop. This is in agreement with the statement from
Reynolds and Perkins(1977): "for a given flowrate there is a maximum heat
input for which the prescibed flow can be passed by the duct. Compressible
flows therefore exhibit choking due to heating™. The water saturation at which
this occurred was found to be 06 = 0.7.

The output from GECHOW is in terms of the massflux and to convert this
to a massflow for comparison with field data, the flow area is required.
Conversely if the model is being used to study field data it is possible to
calculate the flow area from the ratio of the measured massflow to the

calculated massflux. This procedure is described in the next section.
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4.3 Flow Geometry

One use of the graphs in Figures 4.4 to 4.9 is to compare field and model
data to obtain information on the flow geometry as the fluid enters the well.
Knowing the reservoir temperature, flowing pressure at the production zone and
the measured enthalpy it is possible to calculate the flow area. By assuming a
fracture orientation and borehole geometry it is further possible to estimate
an effective fracture width. In this study a single fracture perpendicular to
the borehole is assumed, as shown in Figure 4.10.

The first step in estimating the flow area is to select the graph
applicable to the field data. Using the enthalpy/pressure drop plot the
appropriate value of the effective isentropic efficiency is estimated and the
corresponding massflux is found from the massflux/pressure drop graph, using
the effective isentropic efficiency as a parameter. The flow area is then
calculated from the ratio of the measured massflow to the calculated massflu#c.
Note that the pressure drop is defined with respect to the saturation pressure
and not the reservoir pressure.

Using the fracture/borehole geometry shown in Figure 4.10, an effective
fracture width can be estimated. The effect of fracture orientation is
included in the effective isentropic efficiency, hence a horizontal fracture
orientation should be used in the estimation of the effective fracture widthi

If the flowing pressure and/or the flowing enthalpy are unknown, an
approximate estimation of the flow area can be found using the massflux/
temperature graph of Figure 4.11.

Knowing the flow area it is possible to convert the calculated massflux
values to massflows and compare the calculated massflow and enthalpy

relationships with the field data.
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FIGURE 4.10: FRACTURE/BOREHOLE ORIENTATION USED FOR CALCULATION
OF EFFECTIVE FRACTURE WIDTH
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The estimated values of effective fracture width can be compared with
earlier approximate methods, provided data is available under conditions of
both single and two phase flow. These methods were proposed by James(1975) and
Bodvarsson(1981) and they relate the pressure drop and massflow to the

effective fracture width, under conditions of single phase incompressible

flow:

James(1975) :

1.85 0.15
3 v Llw
w. " = (4.3-1)
f lo6Ap d0.85

after Bodvarsson(1981):

- -
(24210689 p Jue3 = (77 Jug ~HEd (4.3-2)
r 2r

where f = friction factor

Both derivations are based on a horizontal fissure of constant thickness
but James assumes that all the kinetic energy is converted to static pressure,
hence the kinetic energy term is dropped from the equation.

The next section considers data from four geothermal wells and compares
the calculated flow characteristics to the characteristics measured in the
field. Effective fracture widths have also been calculated to see if

"reasonable" values could be obtained.
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5. COMPARISON OF FLOW CALCULATIONS WITH FIELD AND EXPERIMENTAL DATA

GEOFLOW was used to investigate the flow characteristics and flow
geometry of four geothermal wells from fields with widely differing reservoir
conditions. The flow data from Arihara(1974) for two phase steam/water Flow in
consolidated cores has also been studied to find the effective flow area of
the core and to compare this with the flow areas obtained from the field data.

The output from GEOFLOW for the four field examples is reproduced as

Appendix C

51 Field Data

A summary of the well and reservoir conditions for the four wells studieyd
is presented in Table 5.1. The flow characteristics have been calculated usiq‘g
GEOFLOW and where possible compared with the measured massflow and enthalpy
characteristics.

To obtain the flow characteristics from GEOFLOW, a value for the flowin%
pressure opposite the production zone was required and also the correspondiné
enthalpy and massflow measurements. The lowest pressure available was |
generally used as this corresponded to the highest value of massflow. GEOFLOY
was run, using a trial and error technique, until the value of effective
isentropic efficiency gave the required value of enthalpy at the measured
flowing pressure. The flow area was determined from the ratio of measured
massflow to the corresponding calculated massflux and the effective fracture
width estimated as described iIn Section 4.2.

Using the calculated flow area, the massflux values were converted to

massflows and plotted as a function of the flowing downhole pressure. The

-37-



L1861 )OONd

(0E6T )NOSSHIYINIALS

(GNY NOSSNVARILS

£Z=51)INVED

£6/61)8318001d

aNv Z210d

HONTEAI

0°8 89 11
68¢°11 Nzt
0 9
Y6ty fvg 6

(e"Bd{)*SSAUd (®°OdH) SSHUd

NOILVYQLVS TIOAJASTY

'

J9jougp J9Uyf O P 8eq INTEPA pIUNSSE

$<B Z°0
Qe %22 O
O9z& 2 =0
Og zz 0
(0,)2 (m) vIa
WIOAIASHA qd0d

002¢~0002 oLyt
00£1-0091 00¢
o6y octt
S16-%88 091

(WyaNoz (W)HAG

‘a YOLvH (C1O0L

VIVA YI0A¥ESHE ONV T13M 40 AYVWWAS ~ VIVA Q1HId :1°6 A14vVL

SANI4dITIHd

* NVNOINNL

‘yiavl

ANVIVAZ MIN

‘saNviavosd

SONI¥dS IOH

LTAATSO0N

a1414

€0y

¢1-91

1¢~ad

e !

~ALVIS-HVIN,,

JRVN

T1AM

~38-



calculated enthalpies were plotted in a similar fashion. Both graphs and the

crossplot of enthalpy and massflow could then be compared with the measured

field data.

511 Well "Utah-State™ 14-2, Roosevelt Hot Springs, Utah, USA

Two flow tests have been reported on this well; the first in May 1978 and
the second in May 1979. Flowing pressure surveys were conducted at a number Of
massflows, but problems with the flow measuring equipment precluded the
measurement of the total fluid enthalpy. The flowrate measurements are said to
have an accuracy of *15%, Butz and Plooster(1979). The measured flow data is

presented in Table 5.2

TABLE 52: MEASURED HON DATA, WELL "UTAH-STATE" 14-2

DATE FLOWING PRESSURE, p,¢ MASSHOW, W
(MPa.a) (kg/s)
May 1978 4.79 57.2
(5-99) 45.0
6.08 46.5
6.72) .1
May 1979 2.9 73.1
3.2 55.8
(4.22) 63.6
6.41 40.9
6.90 35.8

( ): estimated pressure
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In the calculations using GEOH.OW, a value of nS = 0.995 was assumed.
This resulted in the expansion process being virtually isenthalpic.
There were two flowrates at which flashing occurred in the reservoir and .
this data was used with the output of GEOHOW to calculate the flow area and
effective fracture width.
Single phase flow data was also available in this well (pwf > psat) and
effective fracture widths were calculated using the formulas of James(1975)
and Bodvarsson(1981). A friction factor of 1.0 was used in Bodvarsson's
formula. This is the limiting value suggested by Smith and Ponder(1982) for
self propped fractures.

The results of the calculations for effective fracture width are shown in

Table 5.3:

TABLE 5.3: CALCULATED EFFECTIVE FRACTURE WIDTH FOR WHL ‘UTAH-STATE' 14-2

i

Pyt W G A W
(MPa .a) (kg/s) (kg/mzs) (mz) (mm) )

2.59 73.1 27695.76 0.00264 3.8l

4.22 63.6 22560.94 0.00282 4,11

6.08 46.5 0.00505 7.32
0.00311 4.53

6.90 35.8 0.00470 6.82
0.00282 4.13

1 calculated from GECHOW

2 calculated from James(1975)

3

calculated from Bodvarsson( 1981)
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Using the average flow area from GEOFLOW the massflow/flowing pressure
curve was calculated and is compared with the field data in Figure 5.1. The
data has been extrapolated into the single phase region by assuming that the
massflow iIs zero when the flowing pressure is equal to the reservoir pressure
(when Pyf ° 0845 Mpa.a).

GEOFLOW predicted that choking would occur when the flowing pressure was
less than 3.4 MPa,a, suggesting that the maximum Flowrate available from

"Utah-State" 14-2 would be approximately 75 kg/s.

5.1.2 Well BR-21, Broadlands Geothermal Field, New Zealand

This well has been tested a number of times since it was completed in
June 1970. The latest series of tests were conducted In March/April 1982 as
part of a study on high enthalpy wells, Grant(1982).

Enthalpy and pressure data were available at a single flowrate and this
was used in GEOFLOW to obtain the effective isentropic efficiency and hence,
the Tlow characteristics. The reservoir pressure iIs equal to the saturation
pressure, suggesting that the fluid iIs either saturated water or a two phase
steam/water mixture. GEOFLOW assumes that the fluid is saturated water. I the
inplace fluid is in fact a stezam/water mixture, the inplace enthalpy will be
greater than the saturation enthalpy assumed by GEOFLOW, resulting in a higher
value for the effective i1sentropic efficiency. The effective isentropic
efficiency was found to be 058, substantially lower than the value for the
other field examples, suggesting that two phase conditions do In fact exist iIn
the reservoir. This would also mean that the calculated flow area and
effective fracture width would be maximum values as the calculated massflux

values will be lower than the true values.
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The calculation of the effective fracture width iIs summarized in Table
5.4. As single phase flow does not occur in the reservoir the calculation

methods of James(1975) and Bodvarsson(1981) cannot be used.

TABLE 5.4: CALCULATED EFFECTIVE FRACTURE WIDTH FOR WELL BR-21

Pyt W G A g
(MPa.a) (kg/s) (kg/m?s) (m?) (mm)
3.51 2.7 16857.47 0.00129 20

The calculated flow characteristics for massflow and enthalpy, as
functions of the flowing pressure are shown iIn Figures 52 and 53. No
reliable measured flow characteristics are available at lower massflows as the
well did not stabilise during the flow test, Grant(1982).

Choking was predicted to occur at a flowing pressure of 42 MPa.,a but !
this is probably a high estimate because of the initial conditions used In ﬁ1e

calculation by GEOFLOW.
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5.13 Well KG-12, Krafla Geothermal Field, Iceland

The Krafla field i1s a liquid dominated field which produces saturated and
superheated steam in a number of wells. The measured massflows are low, with
KG-12 producing 6.7 kg/s but no decrease in massflow is seen as the wells are
back pressured, Stefansson and Stzingrimsson( 1980).

A flowing pressure survey was available from KG-12 and the corresponding
enthalpy was estimated to be 3000 kJ/kg. Using this data, GEOFLOW was found to
fit with an effective isentropic efficiency of 0.9%.

The calculation of flow area and effective fracture width iIs summarised

in Table 5.5:

TABLE 5.5: CALCULATED EFFECTIVE FRACTURE WIDTH FOR WELL KG-12

ow W G A wf
(MPa.a) (kg/s) (kg/m?s) (%) (mm)
2.10 6.7 32580.45 0.00021 03

Based on the calculated flow area, the flow characteristics were
calculated and are shown in Figures 5.4 and 55

The massflow/f lowing pressure curve indicates that choking occurs when
the Tlowing pressure is less than 96 MPa.a, resulting in a constant massflow
which 1s independent of the flowing pressure. This is consistent with the

observed well characteristics.
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5.1.4 Well 403, Tungonan Geothermal Field, the Philippines
Flow characteristics for this well are available from a flow test and

from flowing pressure and temperature surveys conducted between August 1980

and Feburary 1981.

The data from these tests IS summarized In Table 5.6:

TABLE 5.6: MEASURED FLOW DATA FROM WELL 403

WELLHEAD FLOWING MASSFLOW, W ENTHALPY,ht
PRESSURE, p_y, PRESSURE, p ¢
(P2 .a) (MPa .a) (kg/s) (kJ/kg)

0.9%5 0.2 1440
1.6 3.73% 2.8 1400
1.8 26.6 1370
2.46 7.20 2.8 1330
2.58 11.33 9.0 1270

*

estimated from flowing temperature survey

The saturation water enthalpy at 295°C is 1317 kJ/kg; greater than that
measured at the lowest massflow. This suggests that, although the production!
zone at 2000-2200 m s the predominant zone, other lower enthalpy zones do
feed into the well under high wellhead pressure. Unfortunately this is a
common problem when trying to analyze geothermal well behaviour. This data was
used to calculate the effective fracture width using James(1975) and
Bodvarsson(1981) but s not included in the graphs of flow characteristics.

The calculation of fracture width iIs summarized in Table 5.7. To obtain

the data from GEOFLOW, an effective isentropic efficiency of 0.987 was used.
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TABLE 5.7 :

Pyg W G

(P2 .a) (kg/s) (kg/m’s)
3.73 2.8 34088.3 1
7.20 2.8 29063.45
11.33 90

1 calculated from GEOFLOW

2 calculated from James(1975)

calculated from Bodvarsson(1981)

The discrepancy between the GEOFLOW and the James/Bodvarsson results, Is

probably due to error in the assumed reservoir pressure, This would not affect

CALCULATED EFFECTIVE FRACTURE WIDTH FOR WELL 403

(m
0.0004
0.00078
0.00420
0.00240

(mm)
1.2l
1.1

612
3.53

the GEOFLOW calculations but does influence the results from James and

Bodvarsson.

Using the average flow area from GEOFLOW, the flow characteristics wsre
calculated and plotted in Figures 5.6 and 5.7.

massflow data was also prepared and is compared with the field data in Figure

5.8.

Choking was calculated to occur when the well flowing pressure is less

than 6.15.MPa.a; indicating that the total system massflow would be limited to

approximately 28 kg/s.
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5.2 Experimental Data

Experimental work on the flow of flashing steam/water mixtures in porous
media was one of the aspects of Arihara's(1974) research on non-isothermal
flow through consolidated sandstone cores. Seven runs were made; five with a
synthetic core and two with a Berea sandstone core. A summary of the core

properties is presented in Table 5.8:

TABLE 5.8: PROPERTIES OF CORES USED BY ARTIHARA(1974)

CORE
SYNTHETIC BEREA
Permeability, k (md) 100 400
Porosity, ¢ (%) 35.9 2.0
Diameter, d, (mm) 50 50
Length, 1 (mm) 597 597

In all cases, except for run 3, hot pressurized water was introduced into
the core and allowed to flash within the core. In run 3 it appears that some
flashing may have occurred before the water was injected into the core.

GEOHOW was used to analyze the data in order to calculate the effective

I
flow area. An effective isentropic efficiency of 0.992 was assumed which !

approximated an isenthalpic process. The data is presented in Table 5.9.

The average flow area for the synthetic core was found to be 5 X 10"8 m?
and for the Berea core, 2.1 X 10_8 m2. These values are orders of magnitude
lower than the flow areas calculated for the field examples, suggesting that

the experimental setup was not an adequate representation of flow in a

geothermal system.
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6. RELATIVE PERMEABILITY FUNCTIONS

The relative permeabilities of steam and water were generated by GEOFLOW
at each pressure step to account for the calculated values of flowing

enthalpy. The data was calculated for a range of input conditions.

6.1 Effect of the Input Variables

It was found that the calculated relative permeability functions were
virtually insensitive to reservoir temperature and effective isentropic
efficiency. This may be due to the changing kinematic viscosity ratio(\)s/\)w)
as the flashing occurs. To i1llustrate how insensitive the relative
permeability functions are to the input variables, values of the steam and
water relative permeabilities at 250°C and 300°C for ng = 0.92 and 0.5 are
plotted in Figure 6.1.

The data suggests that i1t is possible to define a unique set of relative
permeability curves. Using a power law curve fit on the water relative

permeability, the following functions were derived:

06
Sy 7 0.4, ko, =S, (6.1-1)
04 >s >0.2 K -g 07 (6.1-2)
W ™w W
w ™ w
am: k = ] -~ k (6.1-4)
rs W
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RELATIVE PERMEABILITY

n4=0.5

m 250°C
A 300°C

l |

0.2 0.4 0.6 0.8
S,, (VOL. BASIS)

FIGURE 6.1 : RELATIVE PERMEABILITY CURVES FOR STEAM
AND WATER AS GENERATED BY GEOFLOW
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6.2 Comparison with Corey and X-type Relative Permeability Functions

Bodvarsson,0'Sullivan and Tsang(1981) studied the sensitivity of
geothermal recovery processes to relative permeability parameters. Their study
considered the Corey and X-type relative permeability functions and included a
study of the effect of the residual water and steam saturations.

For the comparison with the relative permeability curves generated by
GEOFLOW, only the basic Corey and X-type curves were used. These are shown in
Figure 62. For the Corey curves a residual water saturation of 03 and
residual steam saturation of 0.05 had been assumed.

As mentioned In Section 2.2, the relative permeability functions can be
estimated from output characteristics, iIn particular the flowing enthalpy. In
the same way the flowing enthalpy can be calculated knowing the relative

permeability functions and the fluid properties:

k k
s
h, = vt(hw e T h, ) 6.2-1)
w S
where :
1 Km Is
=5 t3 (6.2-2)
T w S

The relationship between the rzlative permeabilities and the flowing
enthalpy was studied by Bodvarsson et 21,(1980), for the basic Corey and -
type curves. They presented their results as a function of the water relative
permeability for the specific example of a 250°C reservoir. This IS reproduced
in Figure 6.3 along with the corresponding data from GEOFLOW. Bodvarsson et
al.(1980) considered the Corey and X-type curves to "represent the likely

extremes of what the real relative permeability functions may be" and "it is
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FIGURE 6.2: COREY, X~TYPE AND GEOFLOW RELATIVE PERMEABILITY CURVES
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FLOWING ENTHALPY, ht (kJ/kg)
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FIGURE 6,3: FLOWING ENTHALPY VS WATER RELATIVE PERMEABILITY, TO=250°‘C
(AFTER BODVARSSON, O'SULLIVAN AND TSANG, 1980)
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probable that k_ /n, values determined from field data will fall within this
zone" (the envelope enclosed by the Corey and X-type curves in Figure 63). It

can be seen that the data from GEOFLOW does in fact fall within this envelope.

6.3 Comparison with Field Derived Curves

Using production data from the Wairakeir geothermal field in New Zealand,
Horne and Ramey(1978) and Shinohara(1978), using slightly different
procedures, derived the relative permeability functions. The main assumption
used iIn their derivations was that flashing did not occur in the reservoir or
wellbore. This implies that the wellhead conditions were assumed to reflect
the corresponding reservoir conditions.

The relative permeability curves were presented as function of the
flowing water mass fraction and in this form they are unsuitable for use iIn
geothermal simulators. Unfortunately it is impossible to convert the data to
the inplace water saturation (volume basis) without knowing the slip ratio or
the immobile water saturation.

The relative permeability curves from GEOFLOW are available on a flowing
water mass fraction basis and can be compared with the curves from Horne and
Ramey(1978) and Shinohara(1978) on this basis, as iIn Figure 6.4. A reservoir
temperature of 250°C and effective isentropic efficiency of 0.2 were assumed
for the comparison.

The consistency between the shapes of the curves, particularly at high
water mass fractions indicates that the assumptions used in GEOFLOW give
results iIn agreement with measured field data from a fractured geothermal

reservoir.
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FIGURE 6.4: HORNE AND RAMEY(1978), SHINOHARA(1978) AND
GEOFLOW RELATIVE PERMEABILITY CURVES
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6.4 Comparison with Experimental Relative Permeability Curves

An experimental study of steam/water relative permeability was undertaken
by Counsil(1%79), using synthetic cores with an average permeability of 32 ed.
The water saturation within the core was measured using a capacitance probe
but due to the low flowrates and radial heat transfer effects, It is believed
that a saturation profile existed normal to the flow direction. The probe
measured the saturation near the axis of the core, which may have been higher
than the average saturation of the cross section.

Counsil(1979) presented three examples of flow data and the derived
relative permeability curves. One of these curves is reproduced as Figure 6.5.
The other two examples have the same functional form but cover lower ranges of
water saturation. The graph in Figure 6.5 shows that the residual water
saturation is high, approximately 50%, while the residual steam saturation is
not well defined, although it is assumed to be zero in this case, The shape of
the curves is similar t the Corey(1954) relative permeability curves for

consolidated porous media,

6.5 Comparison with Relative Permeability Curves for Vugular Cores

There has been some work reported In the literature on the effect of
stratification, Corey and Rathjens(1956), and heterogeneities such as vugs,
Ehrlich(1971) and Sigmund and MCCafferty(1979), on relative permeability
curves. An example from Sigmund and ¥“Cafferty(1979) is reproduced in Figure
6.6 for water displacing oil in a core from a dolomite reservoir. The core
contained a compact crystalline matrix and vugs of various sizes. Curves for
the other examples in Sigmund and M¢Cafferty(1979), were similar to the Corey-
type curves, suggesting that they were in fact homogeneous or had well

distributed heterogeneities.
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FIGURE 6.6:
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RELATIVE PERMEABILITY CURVES FOR VUGULAR DOLOMITE CORE
(SIGMUND AND MCCAFFERTY, 1979)
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The shape of the relative permeability curves in Figure 6.6 are similar
in shape to the GEOFLOW relative permeability curves, suggesting that a
vugular system where the heterogeneities are not well distributed has similar
flow properties to the system modelled in GEOFLOW.

The next section discusses the results obtained from using the GEOFLOW
program to study the two phase flow of steam and water under simulated

geothermal reservoir conditions.
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7. DISCUSSION

7.1 Flow Characteristics

One of the aims of this research was to iInvestigate why the flowing
enthalpy increased as a non-linear function of the massflow. It appears that
this may be explained by the concept of choked flow. In the field examples all
the wells exhibited choked flow characteristics at low wellhead pressures but
only in well 403 from the Tungonan geothermal field, the Philippines, was both
enthalpy and massflow data available. Taking into account the errors involved
in the measurement of the enthalpy and massflow and the possibility that morz
than one zone could be contributing to the total flow, the agreement between
GEOFLOW and the fTield data supports the contention that choked flow may cause
this phenomena.

Choking appears to occur when the inplace water saturation is about 0.6-
0.7, but 1t is not immediately apparent where this occurs in relation to the
wellbore. It is generally found in simulation studies of radial systems, for
example Jonsson(1978),that most of the pressure drop occurs close to the well.
This may suggest that choking occurs near the wellbore and furthermore since
the Krafla wells can produce saturated or superheated steam it suggests that
the choking occurs iIn the reservoir and not as the fluid enters the wellbore.
This 1s important as i1t is generally assumed that choking occurs at an abrupt
change in geometry, such as at the outlet of a pipe discharging to the
atmosphere.

The value of effective isentropic efficiency used to fit the field data
was generally found to be greater than 0.9. This suggests either that limited

heat i1s being "mined" from the rock or that most of the heat is lost iIn
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irreversible processes, such as friction. It is possible that a steady state
situation develops where the flashing front is virtually stationary. Under
this condition the heat contained in the rock where the flashing process is
occurring will be rapidly depleted and the rock temperature gradient will
approximate the fluid temperature gradient. When this situation develops the
heat transfer will be close to zero and is reflected by a high effective
isentropic efficiency.

It appears that the data from GEOFLOW can be successfully extrapolated
into the single phase region to give an indication of the expected flow
characteristics. This is important in wells where both two phase and single

phase flow conditions can exist.

7.2 Flow Geometry

An important reason for using the field data in this research was to see
if CGEOHOW could predict reasonable values for the flow area and effective
fracture width. The results ranged from 0.3 = 4.1 mm which do appear to be
within the expected order of magnitude. The calculation method of
Bodvarsson(1981) for single phase incompressible flow was found to give
comparable fracture widths when a friction factor of 1.0 was used. James(1975)
formula give consistently high values, suggesting that James' assumption that
the kinetic energy term was negligible may not be valid.

The flow areas of 5 X 10_8 m2 and 2.1 X 10_8 m2 calculated from the
results of Arihara(1974) suggests that his experiments may not reflect the
situation in a geothermal reservoir, particularly in the area close to the

well, where the flashing is likely to occur. This is probably due to the low

permeabilities (100-400 md) of the consolidated cores used in Arihara's study.
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7.3 Relative Permeability Curves

It was mentioned in Section 2.2 that the rational for using porous msdium
type relative permeability functions to model flow in fractured reservoirs,
was that heterogeneities should average out i1f a large enough control volume
could be assumed. However, in a geothermal system it appears that flashing,
and hence two phase flow, occurs close to the wellbore and only over a
relatively short distance. This implies that the use of Corey relative
permeability curves to describe the flow In a fractured geothermal reservoir
will probably give misleading results.

The relative permeability functions measured iIn vugular cores show
similar properties to the relative permeability curves from GEOFLOW further
suggesting that the functional form of the relative permeability curves for
fractured systems is very different from the basic Corey-type curves.

Experimental data on stsam/water relative permeabilities has been
restricted to low permeability consolidated cores and the resulting curves
are, not unexpectedly, found to resemble the Corey curves.

The relative permeability curves generated by GEOFLOW are at the other
extreme; an open fracture with no stzam/water iInteraction. They do, however,
appear to give results that may be closer to reality than erther the Corey or
X—type curves. They also agree reasonably closely with the field derived
curves of Horne and Ramey(1978) and Shinohara(1978). Therefore it is
considered that the GEOFLOW curves represent the most appropriate functional

form for steam/water relative permeabilities for fractured geothermal system$.
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8. CONCLUSIONS

From this study 1t can be concluded that:

Choked flow may occur within a two phase geothermal resarvoir,theraby

limiting the ultimate exploitation rate.

The choked flow condition occurs when the liquid saturation falls

below 0.6-0.7.

The concept of choked flow may explain observed flow characteristic6
such as the enthalpy rise and constant massflow at low wellhead

pressures in two phase geothermal systems.

The streamtube model can be used to estimate values for flow area ahd

effective fracture width.

The mining of heat from the rock by the flowing fluid does not appear
to be a very efficient method of energy recovery from geothermal

systenms.

Relative permeability curves for consolidated sandstone may give

misleading information when applied to fractured geothermal

reservoirs.
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7.

Using relative permeability curves of the following form

krw = Swn where n = 0.6 - 0.8

rs 1_krw

o~
1]

may better simulate energy recovery processes in fractured geothermal

reservoirs than the relative permeability functions presently used in

geothermal reservoir simulation.

The relative permeability curves from GEOFLOW are not temperature
dependent and therefore represent a single set of curves applicable

to any geothermal system.
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9. RECOMMENDATIONS FOR FUTURE WORK

At present GEOFLOW assumes that the reservoir initially contains either
saturated or compressed water. The field examples indicate that it would be an
advantage to modify GEOAFLOW to0 accept two phase initial reservoir conditions.
This could be accomplished by eirther using the initial water mass fraction or
the i1nplace fluid enthalpy as additional input parameters.

It would be difficult to modify GEORLOW beyond considering two phase
initial conditions. If further terms were incorporated in the energy balance
it would require some definition of the system geometry and GEOALOW would lose
the advantage of being a completely general thermodynamic model. However the
effective isentropic efficency should be analyzed to see what extra
information 1t can provide about the system. For example, In the case of BR-21
the low value of effective i1sentropic efficiency suggested that the reservoir
was naturally two phase.

A common problem in the analysis of geothermal well behaviowr, is the
existence of multiple production zones. It would therefore be useful to derive
a multiple zone model based on GEOFLOW

An attempt was made to use the derived relative permeability curves in
the geothermal simulator, GEONZ, described in Horne, Ogbe, Temeng and Ramey
Jnr.(19380), Due to technical problems no useful results were obtained. It is
recommended that this work should be continued and the results compared with
simulations using Corey and X-type relative permeability curves. The
simulations should be based on transient massflow and enthalpy measurements
from field data.

Experimental studies on the relative permeability of steam and water need
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to be continued. However, the experiments should be modified to reflect the
likely flow conditions In a fractured geothermal reservoir. Therefore the
synthetic cores should be constructed so that they adequately represent the
heterogeneities within the reservoir. The size of the experimental apparatus
and the required massflow through the system should also be considerad,

particularly where heat transfer effects are likely to be important.
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10. NOMENCLATURE

flow area

specific heat at constant pressure
wellbore diameter

core diameter

friction factor

total massflux

enthalpy

enthalpy after {tn pressure step
total mixture flowing enthalpy
permeability

water relative permeability
steam relative permeability
core length
pressure
pressure after ith
heat transferred

pressure step

entropy

entropy after ith pressure step
normalized liquid saturation
residual water saturation
residual steam saturation
water saturation

temperature

fluid temperature

velocity after 18" pressure step
effective fracture width

total massftlow

steam mass fraction

steam mass fraction in it" streamtube

water mass fraction

water mess fraction after ith pressure step
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mm
MPa,a
MPa A
kJ/kg
kJ/kg®C
kJ/kg®¢C

kg/s




A difference

ng effective isentropic efficiency

P density

E slip ratio

u dynamic viscosity

v kinematic viscosity

Ve total mixture kinematic viscosity
) porosity

SUPERSCRIPTS

! water

e steam

property after heat transfer step
- average value

SUBSCRIPTS
i,n 1*" streamtube after nt" pressure step
n nth pressure step
initial condition
S steam
sat property at saturation conditions
W water
wF well flowing (downhole)
wh wellhead property
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Hanover, N M. 063755

Flow

Introduction

“Flashing” can occur when liquid flows intoa region where the local
pressure is below the saturation pressure correspondingto the liquid
temperature. An a result of the depressurization, vapor is formed. If
the drop in pressure is large a two-phase flow with considerablevapor
contentis created. In some applications, such as a postulated break
in the coolant circuit of a pressurized water reactor or in a boiler
feedwater system, the downstream pressure can be only a small
fraction of the upstream saturation pressure and the discharge rate
is limited by choked flow at or near the smallest cross section of the
passage.

Flashing oceurs in severalstages. If the incoming liquid issubeooled,
the initial stage is the nucleation of the first vapor, usually in the form
of bubbles. These bubbles grow rapidly and tend to agglomerate,
forming continuous regions of vapor that are accelerated more rapidly
then the denser liquid. If the void fraction becomes large enough, a
vapor core, probably containing some liquid droplets, is likelyto de-
velop, while the liquid may be displaced to the wall. The development
of these successive flow patterns depends on many phenomena in-
cluding the initial “nucleation centers” present in the fluid, three
dimensional inertial effects that may cause phase separation, trace
impurities that inhibit agglomeration,fluid propertiesthat determine
ntes Of interphase heat, mass and momentum transfer and so on.
Since analysis of these effects is difficult, it is convenient to have
available a few self-consistent analyses of certain “Timitirg casss” that
may approximatelydescribe the overall characteristicsand may form
the basis for more elaborate studies.

This paper presents a new model for the flashing flow df a two-phase
liquid-vapor mixture under the influence of steep pressure gradients.
A method for predicting choked or “critical” flow is developed. The
theory describes an idealized situation in which there are no irre-
versible processes. The description is thermodynamically and me-
chanically consistentand requiresno additional assumptionsbeyond
straightforward ones of reversible equilibrium flov without mixing,
heat transfer or friction across streamlines.

Itisnot claimed that thii model gives a realistic picture of the de-
tails of the flow. However, it providesa useful “ideal case” for com-

——
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parison with practical situationsin which several irreversiblep“tm"‘
occur. It also appears to predict critical flbw rates at least af oll 88
ﬁgegvious theories and avoids some of the ¢arlier conceptual dirﬁcula

PreviousWork |

Three approaches, each of them treating the flow as one-dimen-
sional, have previously been taken to this critical flow problem:

1 Homogeneous Equilibrium Flow. The two-phase flow is
treated by the familiar methods used to analyze single phase flow. The
phases are assumed to be intimately mixed and to have equal yeloci-
ties and temperatures. :

2 SlipFlow. The vaporand liquid are allowed to have different
velocities. The ratio between these velocities is specified in various
ways, often without taking account of the physics of the flow.

3 Separated Flow. Separate one-dimensional conservatioh laws
are written for each phase. These equations contain “interaction
terms” describing heat, mass and momentum transfer between the
phases. The more sophisticated theories may contain descriptions of
bubble nucleation and growth. Average phase temperatures
locities are unequal .

The first two approaches have been followed about as far as is
feasible by numerous previous workers (1-4]. The homogebeous
equilibrium model is self-consistent and compatible with an as-
sumption of reversibility; its disadvantage is inaccuracysince it fails
to account for differencesin behavior between the phases. The slip
flow model requiressome additionalassumption.sincethe constraint
of squal velocity is relaxed. Usually this appears as a formula for
calculatingthe velocity ratio (vg/vr); for example, Fauske {1] ted
it to (pe/pg)1/2 while Zivi {4| or Moody {2] chose {pf/pg)}/3. A z as-
sumption about relative motion tends to conflictwith the n8%8h of
reversibility (which is often assumed at the same time) since, when
phase change occurs, the transferred mass is required to be suddenly
accelerated from the liquid velocity to the vapor velocity, presumably
by irreverisblefriction or mixing. The one-dimensional approach is
forced to compromise somewhereand it is apparently impossible to
conserve energy, momentum and entropy without intreducing con-
cepts such as “effective interface velocity” or apparent intenfacial
forcesthat may appear artificial {5}.

The separated flow model is the subject of much current research
and may eventually provide more accurate and realistic predictions.
However, at present, proven methods of formulating the “interaction
terms,” including both reversible and irreversible components, 30 not
exist,
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The Present Theory

The model which we will deserite gets around the difficulties Wilth
the usual slip flow theory by allowing velocity and thermodynamic
state to vary normal to the main flovdirection.

The vapor flow is assumed to develop into different stzsamtubes
that are independent of each other. These streamtubes form at the
liquid-vapor interface (Fig.1). There is no friction, mixing nor heat
transfer across streamlines, nor isthere any impulsive velocity change
upon evaporation (or condensation). Flow in each vapor streamtube
is isentropic, yet each streamtube is different because it originates
from a different point on the liquid-vapor interface (and hence ata
different saturation temperature When pressure changes are present
in the flow field). The liquid is assumedto have a uniform velocity and
temperature acroes a singlestreamtube and to be in equilibrium With
the vapor which contacts it. The pressurs is assumed to be uniform
across the cross section normal to the main flow direction. It is also
assumed that the flowis sufficiently one-dimensional for the neglect
of velocity components perpendicular to the main flow direction.

Saturated Inlet Stagnation Conditions. Assuming saturated
liquid at the entrance into a nozzle, the pressure drop by a certain
small amount Ap will cause the first flashing, creatinga vapor-liquid
mixture. The assumption is now that the first vapor formed due to
the pressure drop Ap will flow in a streamtube (whichwe have arbi.
traily located at the centerline of the nozzle). A further decrease by
another Ap will flash more liquid and form a second streamtube in
which initially saturated steam flows, decreasing the amount of liquid
assumed to flow alongthe wall (or indeed anywherein the nozzle as
lag as it formsa continuousstream; for example the liquid could flow
asajet down the center of the nozzle, surrounded by the vapor).

The vapor in the center streamtube created in the preceding
pressure drop step will expand isentropicallyas a result of thisfurther
pressure drop by Ap. The initially saturated steam will condense
partially but the liquid fraction is very small. Therefore this small
amount of liquid, probably droplets, will be assumed to have the same
velocity as the steam in thii streamtube.

Each discrete drop in pressure will create one new streamtube in
which initially saturated steam flows. At the same time the homoge-
neous mixtures in each existing streamtube expand isentropically as
indicated in the enthalpy-entropy diagram (Fig. 2). If the step ap is
taken very small a continuousexpansionand flowfield is created. For
computation purposes a finite step size is chosen, sufficiently small
for itto have negligibleeffect on the overall result. (Withdecraasing
step size certain calculation instabilities were observed depending
upon the accuracy of the steam tables used in thiscomputer program.
This led to some oscillationsin the results. However, the predictions
of the choked flav condition and the corresponding velocity profile
were insensitive to these variations fox Ap smailer than 1bar. as shown
in Fig. 7).

Let us normalize on the basis of unit mass flav rate. Denote the
fraction of the total mass flow rate in the ith vapor streamtube,
created in the ith Ap step. by y: and the corresponding normalized
liquid flow rate after the ith flash by ¥;. Then theith flashing “stage”
consists of isentropic conversion of a liquid flavrate Y;..,, With ve-
locity v;-1, enthalpy h;~¢, and entropy a—<, toaliquid rate Y;, with

ropertiesv;, hy’, and a,, and a vapor flow rate y;, with properties u;,
E and s;* (see Fig. 3).
MEss is conserved if:

——IN 0menclature

Liquid-vopor —
interfoce

Fig. 1 Deveiopment of siresmiubes in a nozzie

Fig. 2 Enthalpy-entropy diagram with paths for different streamtubes
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Fig. 3 Details of the /th flash on an enthaipy-entropy dlagram

T = temperature
v = velocity

z = quality

zo = initial quality

G = mass flux

G. = critical mass flux

h' = enthalpy of saturated water
h* = enthalpy of saturated steam
p = pressure

Puat = Saturation pressure

a = entropy of saturated water

d = entropy of saturated steam

mension|ess)

streamtube (vapor T
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Y = normalized liquid mass flow rate (di-

¥i = traction of total mass flow rate in ith
droplets)
¥o = initial moisture content yg = 1™ zo

W = mess flow rate

p = density of saturated water
p” = density of saturated steam
¢ = slipratio

. Subscripts

0 = stagnation value
i,n=numbers of st2pe
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Yi-1=Yi+y 1)
Entropy is conserved if:
Yioisi-1' = Yisi’ + yis” 2)
and energy is conserved if:
Vi—1 vi? vi2
F ,'_’+‘—“ =Y, (hi+—)+y ;" —_—
b (et +255) 3 () 2 (0 +) @
Combining (1) and (2) we may solve for y;:
yi= Yi-l‘—i_;l“:'sTi
8" -8
while-combination of (1) and (3) gives v;:

“

yi P
A h.)] ®

vi? =i+ 2 [hi-x' —hy -

S tte thermodynamicproperties are known from e pressure
steps, (4) and (5) can be used to calculate y; and v; insuccessive stages
of flashing. Y; follows from (1).

An interesting interpretation of (5) is possible if we use the ther-
modynamic identity,

hi" = hi' = T;(s;* —8;") ©)
Substituting (4) in (5)and using (6)yields
2y 2
A b, hi-y' = hy" = Ti(si-y’ = &) )

IfAp is small this is equivalent to

vAv = " —TA:’-A,2 8)
which isjust what would be expected if Bernoulli’s equation had been
applied to the liquid (a reasonable approach sincethere is no force
besides the pressure that acts on the liquid stream and no reaction
fion the fleshing vapor since it suffers no finite change in veloci-

Once the vapor is created it expands isentropically with s;, the
specific entropy of the ith streamtube. equal tosi~. the vapor specific
entropy at the originating pressure (Fig. 4). The initial conditions,
the pressure at which the streamtube is created and the flow rate y;
are known, therefore the quality, enthalpy, velocity, density and flow
area Of the streamtube can be calculatedas a function of downstream
pressure.

For the ith streamtube, created in the ith Ap step. the quality at
thenth Ap stepdownstream is

Lin®———; 9)

The enthalpy isthen

hin= (1 = xip)hn’ + xinhp”

(10)

&

Fig. 4 States of sireamtubes after the nth flash
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urd thevelocity
Uin = [2(h; = hia) +v;2)1/2 a1y
Stnce the homogeneous density in #e ith streamtube is
1
Ppip=————— (12)
(1- xi,n) +xi_,n
on’ "
The total mzss flavper unit overall croes-section area is 0 ed as
the reciprocal of the sum of the ar=as of all streamtubes, per unit
normalized flow as
n . Y -1
=52+ —-"—] a3)
=1 Pinlin Pnln
The criterion for critical flovis
dG
— =0 4
a» | 14)
i.e., the mass flow per unit area is a maximum.
smee=the fluid in each streamtube has adifferent velocity, with the

vapor that is first created being the fastest, a velocity profile is de-
veloped in the nozzle.

Subcooled Inlet Conditions. This method can be extended to
predict flows in which subcooled liquid enters the nozzle. liquid
is accelerated in the nozzle isentropically and Benouilli’s equation can
be used until the saturation pressure is reached. At that point the
same calculation procedure as indicated earlier for saturated liquid
can be applied starting with a finite velocity equal to {2(pp = peat)/
pri¥2 at the onset of flashing.

Two-Phase Inlet Conditions. A similar approach canbe adopted
when a steam-water mixture enters the nozzle. The only boundsry
condition necessary in this case is some assumption about the vapor
and liquid velocities at the entrance.

In the absence of better information we have assumed eq
velocitiesat the nozzie inlet.

The calculation procedure is iliustrated on an enthalpy-entropy
diagram in Fig. 5. For the first pressure drop by a certain small amount
Ap it is assumed that the phases have equal velocities. Thereafter two
streamtubes form and the previous calculation procedure |is fol-
lowed. |

phase

An Example

This calculation procedure will be illustrated by means of|an ex-
ample. The initial state is chosen as saturated water with zerovelocity
and an entrance pressure of po = 3.9BMPa, correspondingto To =
250°C. The pressure drop step size Ap is 0.1 MPa. Fig. 6 Shows the
predicted mass flux versus the pressure drép. It can be seen|that a
maximum is reached at about a pressurt drop of 1.05 MPa. Fig, 7
shows the corresponding velocity profile at thii **critical flow” con-
dition fora cylindricalduct and a total flow rate of W = 1 kgys; two
different predictions are shown for Ap = 0.1 MPa and Ap = 0.05
MPa.

4
» Stognation Point

Ist streamitube

2nd streomtube

3rd streamtube

s'namm
3
A

Constont pressure lines

Fig. § Enthalpy-entropy diagram with paths for different streamtubes. A
vapor-liquid mixture with a quality of xq snters the nozzie
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Fig. 8 Mass flux versus pressure drop for water flashing from stagnation
temperature of Ty = 250° C. (P, = 3.98 MPa) *
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VELOCITY v m/s

Fig. T Predicied velocity profiles in the throat of a nozzle for two different
pressure drop steps, Ap (W = 1kg/s, P, = 3.98 MPa. Ty = 250 °C-----
Ap = 0.05 MPa —— Ap = 0.1 MPa)

We also calculated average phase velocities at each step, usingthe
definitions

%yiui.nxi.n
Ugn = N (15)
X YiZin
n
; YiVin(l = xin) + Yava
Ufn = . (16)
l;yu'(l =Zin) + Y,
and deduced an effectiveslip ratio,
= t2 amn
Ufn

The result b compared with two previoustheoria in Fig, 8.

Prediction of Critical Mass Flux

Calculations were pursued for saturated water expanding from
various stagnation pressures. In Fig. 9 the critical mass flux G, is
plotted versus the stagnationpressure pq at the entrance to the nozle,
The present theory is compared with the homogeneous theory and
two classicalslip flow theories. The results obtained from this theory
are between the extremesof homogenous flowand the maximum flux
fora slip ratio of the cube root of the density ratio.

Comparisonwith Data
Fig. 10shows comparison with exgeriments USiNg saturated water
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Fig. 8  S¥p ratio versus pressure drop for water expanding from T, = 250°C,
Pe = 3.98 MPa
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Fig. 10 Comparison between this theory and experiments by Schrock, ot
al. [8] for saturated water at iniet Into the nozzie
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entering anozzle (Schrock, Starkman, etal. (8]).! The predictions of
the streamtubemodel se2m to give better agreementwith the widely
scattered data than the cuneplotted in referencs [6).

Comparison of the stzeamtute model with other experimental re-
suhts from the same authors (6, 7} for a different shaped nozzie for
saturated as well as subcooled water entering the nozzle shows good
areement (Fig. 10).

Earlier data of Starkman, Schreck, et al. [8] for steam-water mix-
tures of different qualities atthe nozzle entrance are compared with
the etreamtube model in Fig. 12. The agreement is very good for low
pressures.

In e paper by Deich, et al. [9] experiments in nozzles wers de-

1These data were taken from [6), an ASME preprint, but do not appear in the
JOURNAL OF HEAT TRANSFER version of the paper {7]. We have checked with
the senior author that these data are valid.

LS T T
m— Curves from Fig. S of Ref.§
== This Theory
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Fig. 11 Comparison between this theory and experiments by Schrock, et
al. [6] for saturated and subcooied water at inlet into the nozzie
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Fig. 12 Comparison between this theory and experiments by Starkman, et

o [8] for saturated water and steam-water mixtures entering the nozzie
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scribed for different moisture contents, yo = 1 —xo, at the inlet (Fig.
13). The agreement with the present theory is gocd for low qualities
and the data appear to lie between our predictionsand the calaula
tions based on the homogeneous equilibrium model.

Even comparisons with tube data as described by Moody show
rather good agreement (Fig. 14). Shoe inertia effects tend to dominate
near critical flow the details of the upstream flow in the pipe can
probably be nsglscted s long as the pipe is not too long. The same
figure also shows Mecdy’s theory Which uses a slip ratio equal to
(pf/pg)V3. In order to obtain these predictions, which are hiased on
quality at the point of critical flow, wt varied the "‘effective inlet
stagnation quality"at each pressure until choking wwm predicted at
the desired exit quality.

—o— Expariment’

——— Equitirum Mose!
Model with Fined Compositien® / 1
This Theory
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Fig. 13 Comparison between this theory, experiments by Deich, et al. [9]

for different steam-water mixtures at inlet of the nozzie and two theories by

Deich, of al.
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Conclusions

This present model for prediction of choked or critical flavis mors
consistent in its assumptions than many other models and predicts
observed critical flav rates competitively. It does not represent the
details of choking realistically but it can be considered as a certain
ideal Iait, comparable to the isentropic predictions of the charac-
teristics of compression or expansion machines, which do not give the
complete picture either but are very helpful for providingstandards
for comparison with actual performance and = starting points for the
development of more elaborate theories,
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APPENDIX B

LISTING OF PROGRAM

GEOHLOW

WITH TYPICAL OUTPUT
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//GEQFLOW JOB

/7 EXEC WATEIV

//3Y3IN DD

SWATFIV

STREAM TUBE MODEL TO CALCULATE STEAM/WATER
FLOW-RATES_ASSUMING ISENTROPIC EXPANSIO

FOLLOWED BY HEAT TRANSFER AT CONSTANT PRESS RE

BASED ON PAPER BY WALLIS, G.B. AND RICHTER, H.J. (1%78)

STEAM/WATER THERMODYNAMIC PROPERTIES CALCULATED
USING SUBROUTINES DEVELOPED BY PROF. W.C.REYNQLDS,
MECHANICAL ENGINEERING DEFT.,STANFORD UNIVERSITY

AUTHOR: A, J.MENZIES

IMPLICIT REAL¥3 (A=H,
DIMENSION VIC200),YUW(
DIMENSION X(200),HA(2
DIMENSION TI(20)
COMMON
$ A/ VW(200),VS(200),SWC
$ /Bs/ HW(200),HWS(200),HS

INPUT VARIABLES
INITIAL PRES

SURE

SATURATION PRESS

SIZE OF PRESSURE
URE
FFIC

OOOOOOOOOOO

»P(200),CPW(200),CPS(2002
DAC2003,HB(200),VB(200>

DONO

§(200),55¢200)
AC200)

~N
w
—~Z

P
P
D
NO. OF PRESS
ISENTROPIC E

MZ"0U) ==
11111

El

OOOOOOOOOO

READ(5,50) (TI(J)>,J=1,203
50 FORMAT(2044)

WRITE(6,60) (TI(J),J=1,20)
60 FORMAT(C 777777, 19X,20484,7/7)

READ(5,100) PI,PS,DP,N,ELE
100 FORMAT(2F7.3,F5.1,13,Ff5.3)

6
( » "INIT. PRESS.!', 10X, 'SATN. PRESS.',10X,'DELTA P. 7,
SEN, EFF

6 ,DP,ELE

MPa.a',9X.F7.3.' MPa.a';7X,F5.|.' kPa’,

SS.',10X,"TEMP.', 11X, *MASS FLUX!', {2X,
X, "ENTHALPY ', 39X, 'YW', 9X, 'SATW', 11X,

L NN )]

STEAM(PA, I

% L EQ.PS) VI

(1)=0
GT.P3) VIC1)=D

DSQRT (2. ¥VW(I)*¥(PI~PS))

PB=P(I}/1000.
PB2=PB*PB

PB3=PB2*PB
IF(PB.LT.2.) GO TO 5
IF(PB.LT.7.) GO TO 6

CPW(I)=3.2028+0.5352%PB-0.0483%PB2+2.4122D-3%PB3
CPS%%);-3 08764+2.2944%PB~0.2316%PB2+0.01#%PB3
GO

5 CPW(I)=4.2072+0.2236*PB~0.02319%PB2
CPS(I)=2.0098+0.66839%PB~0.08314%PB2




25
22

30

26

C
20
C

C
40
C

GO TO 7
CPW(I)=4,3137+0.1155%PB+5,7979D~3%PB2
CPS(I)=2.3794+0.3074%PB+0.01033%PB2
TD=TA(I)-273.15D0

IF(TD.LT.220,) GO TO 8

IFCTD.LT.290.) GO TO 9
VISW=87.5233+0.3404%TD-1.1072D-3%(TD*%2,)
VISS=108.0263-0.6619%TD+1.2262D-3%(TD*%2.,)
GO TO 11

VISW629.5949-5,20183%TD+0, 01823 *¥(TD*#2,)-2.3066D-5%(TD*¥3,)
865%88.2206+0.03988*TD-1.3636D-5*(TD**2.)

11
VISW=338.6224-1.64286%TD+2.0076D-3%(TD*¥%2,)
VISS=14.3811~1,5957D-2%TD+1. 1288D~4*(TD*¥*2,)

QTS=FHT*CPS (TACH-TACI))

(I)#*
DELSS=QTS/TACT)
QTW=FHT¥CPW(II*(TAC1)-TA(I))

ACl)

DELSW=QTH/ T,
DO 20 J=2,1
IF(I.EQ.J) GO TO 30

W(I)I/ZSWS(ID
} GO TO 25
ACII*(SS(J)=-SS(I)

— e e 4w X
AN O

GO 26
=1)~SW(JII/SHS(J

=(HWS (JI#CYS(JI/ZYW(I-13))
00.%¥VIt)

nNA~A~EZE

\J\/

~uwm
[N

\D(..(...’\ﬁ

—-UHE—<-<
CC i <A 5 1
UV md e f |
f\/\\.lv—.—.
<k
\-/H*I *
NNZ-<A

+QTS
+DELSS

A R RN N R | W R L Y A ) (@)

HHuHuitg—uN<<Tuy

MIWNILIIL <.
nrEZEunH
lala¥a¥alal el
Nl Nl Nt N NS NS

+

o

—

=

CONTINUE

CWaYW (D) *VWCII/ZVICD)
GS=0
V'S

V3
Vi
VI
H3
Hi
D3
DO 40 J4=2,1

GS=GS+(YS(J
VS1=VS1+(YS
VS2=VS52+(YS
VW IZVIT+(YS
S
(
(
(

L E O I TR TR T O T T )
OO ODODOOO--

|
2
!
2
I
f
I

~ L~
K<<

X >

~ o~

[y &9
~
~

~

PAQ DD D]

~r )

Vi2=Vid2+ (Y
HS1=HS1+YS
HW1=HWI1+YS
DS1=DS1+YS

CONTINUE

G=1./(GS+GW)
VGA=VS1/VS2
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VINAS (VW +HCYNCTII®¥VICID ) ) 7 (VHN2+YW(I))
SR=VSA/VUHA

HWIZHW I +YWCT ) ¥HWC(ID

HAVE=HW1+HS1

DS1=DS1/C1.=-YW(I))

DW1=1./7VH(I)

DWDS=DW1/DS1
VFF=(DWDS/SRI*FCCT.=YN(III/ZYWNCI))

VFF=1./VFF

VE=1.-(1./7(VFF+1.))

PWPS=(1./SRI¥(VF/(1,-VF))®¥(VISW/VISS) '
PS=1./(PWPS+1.)

PW=1.-PS

IF(HAVE.LE.HS(I})) GO TO 41

SR=-1. *
PS=1.

PW=0.

41 PE=PA/1000.
TBOTAC D-273.15D0 -
C
WRITE(6,300) PE,TB,G,SR,HAVE,YW(I),VF,PS,PW
300 FORMAT(IX,F6.3,9X,F6.2,11X,F8.2,15X,F5.2,10X,F7.2,8X,F5.3
C,8X,F5.3,8X,F5.3,8X,F5.3)

C
10 CONTINUE
C
RETURN
END
C
SUBROUTINE STEAM(PA,I)
C
C SUBROUTINE FOR CALCULATION OF
C STEAM/WATER PROPERTIES
C
IMPLICIT REAL¥8 (A-H,0-2)
DIMENSION VWS5(200)
COMMON
$ /A7 VUW(200),V5(200),SW(200),SWS(2003,55(200)
$ 7B/ HW(200),HWS(200),HS(2003,TAC200)
C
COMMON /CRIT/ R,TC,VC,PC
EXTERNAL PH20,SH20,DH20
R=461.51 -
TC=647.286
VC=1./317.0
PC=22.089D6
T=550 v
V=.,07
P=PA¥1D03

CALL SAT(T,P,DPDT,2,S5H20)
CALL PROPCT,P,V,U,H,S5,2,PH20)
CALL DH20 (T,DF)

VW(I)=1,/DF
VS(I)=V
VWS(IXI=VS(I)-VW(I)
HS(I)=Hs/1000.
HWSCID=T*VWS(I)Y*DPDT/1000.
HVC D=HSC ) -HWS( D
§S(I)=5,1000.
SWS(Id=HWS(I)/T
SW(I)=5S(I)-SWS(I)
TACI)=T
RETURN

D

EN
€ 3636 3636 36 363 36 336 36 36 36 30 230 33 26 KW HH 636 I H I I M I NN N KN NN

THE FOLLOWING ROUTINES ARE GENERAL ROUTINES GIVEN IN TPSI
SUBROUTINE PROP(T,P,V,U,H,S,NOP,PH20)

ROUTINE FOR THERMODYNAMIC PROPERTIES EVALUATION

NOP DETERMINES THE TWO INPUT PROPERTIES. TRIAL VALUES FOR

T AND V MUST ALWAYS BE PROVIDED

| F NOP=1, ENTER WITH T,V -
NOP=2, ENTER WITH 7,P, AND TRIAL
NOP=3, ENTER WITH P,V, AND TRIAL
NOP=4, ENTER WITH V,H, AND TRIAL
NOP=5, ENTER WITH T7,H, AND TRIAL
NOP=6, ENTER WITH S,V, AND TRIAL
NOP=7, ENTER WITH S,T, AND TRIAL
NOP=8, ENTER WITH S,P, AND TRIAL

0000000000000
MMM
—_—< A<
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IF NoP=9, ENTER WITH H,P, AND TRIAL 7.V
IF NOP=10,ENTER WITH $,H, AND TRIAL T,V

THE INTERNAL PARAMETERS &gp,ERR, AND ERS CONTROL THE
ACCURACY OF #, H, AND S ITERATIONS.

THE USER MUST FILL COMMON BLOCK CRIT WITH THE GAS.
CONSTANT R AND THE CRITICAL T,V,P,

PH20(T,P, ,5) IS _THE USER"S SUBSTANCE-SPECIFIC
ROUTINE THAT CALCULATES P,U,H,s FOR INPUT T,v.

ALL QUANTITIES ARE DOUBLE PRECISION.

IMPLICTT RzaAl=3 (A-H,0-23

COMMON /CRIT/ R,TC,VC,PC

DATA ERP,ERH,ERS/3%0.0001D0/
INITIALIZATIONS

DT=0,D0

KBR=0

DVBF=1,000

YMIN=0.DO

VMAX=1.0D30

PMIN=1.0D30

PHax=0 .DO

DVS1=2.0D0%*VC

Dys2= 0 7Do*yC

LOOP POINT
1 RT=R%
CALL PH20(T PX,V,UX, HX, $X)
TEST FOR CONVERGENCE
TO (10,20,20,40,40,60,60,80,90,100), NOP

G0
10 GO TO 700
20 IF (DABS(P-PX).LT,(ERP¥P)) GO TO 700
GO TO 104
40 IF (DABS(H-HX).LT.¢(ERH*RT)) GO TO 700
GO TO 104
60 IF (DABS(S=3X),LT.(ERS*R)) GO TO 700
GO TO 104
80 ég %éoﬁ%i<s SX) . LT, (ERS¥R)) . AND. (DABS(P-PX).LT.(gRP%P))) GO TO 700
90 IF ((DADBS(H-~ Hx) LT.CERH¥RT)) . AND. (DABS(P=PX),LT.(ERP¥P)))
1 G0 TO 700
i 10,308
100 DABS(S=SX) . LT, (ERSXR)),AND. (DABS(H-RX),LT. #
(JF £CDABS (S LT, CERH¥RT)))
GO TO 104
104 IF (KTR.GT.20) GO TO &50
CALCULATE THE NECESSARY PARTIAL DERIVATIVES
IF ¢PX.LT.0.D0) GO TO 300
GO TO (880,120,110, 110,120,110,120,110,1(0,110), NOP
PERTURB T
110 DT=0.001DO*T
Ti=T+DT
yizy
CALL PH20(T1,P1 ,v1,u1,H1,51)
GOTO~88O 880~140~140~880~140~880~12MN6PL20~120~~
PERTURB V
120 DY=0,001D0%Y
IF (V. LE.VC) Dv=-DV
y2zV+Dy
T2=71

CALL PH20(T2,P2,V2,U2,H2,52)
140 GO TO (880,220,230,240,250,260,270,280,290,296), NOP
220 DPDV=(P2-PX)/DV
IF ¢(DPDY.GT.0.D0 GO TO 3
THE POINT IS GOOD - UPDATE LIMITS
PX, 0T, P).&HD (VL. GT, YMINYY VMIN=Y
PXLLT.B)Y L AND. (VL LT, YMAX))  VIMAX=Y
Q.YMIN)  PMINZPX
EQ,VMAX)  PMAX=PX
YHMIN,GE, ViAx) GO TO 840
(YMégéGT.O.DO).AND.(VMAX.LT.1.0030)) KBR=1
DPODV.E¢,0,D0) GO TO 226
PBSX)/DPDU

0 400
pPDV=0 AT A GOOD POINT - TREAT BY BRACKETING
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226 DVBF=0.5D0
GO TO 300
230 DPDT=(PI=PX)/DT
DT=(P=-PX)/DPDT
pv=0 .DO
GO TO 400
240 DHDT=(HI-HX)/DT
DT=(H=-HX)/DHDT
pv=¢,D0
GO TO 400
250 DHDV=(H2-HX)/DV
DV =(H-HX)/DHDV
DT1=0,D0
GO TO 400
260 DSDT=¢3{~3X)/DT
DT=¢38-3X)~D30T
pv=¢,D0
GO TO 400
270 DSDV=(S52-SX)/DV -
DV =¢(S-SXI/D3DV
DT=90,D0
GO TO 400
280 DSDT=(S1-SX)/DT
© DSDV=(S52-5X)/DV
DPDT=CRPI=PX) /DT
DPDV=(P2-PX)/DV
DET=DSDT#DPOV~DPDTXDSDY
DT=((S5-SX)*DPDV-(P-PX)*¥DSDV)/DET
DV=(DSDT#(P-PX)-DPDT*(5-5SX))/DET
GO TO 400
290 DHDT=(H1-HX)/DT
DHDV=(H2~HX)/DV
DPOT=(R[-PX)/DT
DPDV=(P2-PX)/DV
DET=DHDT*DPDY~DPDT®DHDV
DT=((H-HX)*DPDV-(P-PX)*DHDV)/DET
DV=(DHDT*#(P-PX)-DPDT*(H-HX))/DET
GO TO 400
296 DHDT=(H!-HX)/DT
DHDV=(H2-HX)/DV
DSDT=¢S1=-5%)/DT
DSDV=(S2-5X)/DV
DET=DHDT#DSDV-DSDT*DHDY
DT=((H-HX)#DSDV~-(S-SX)*DHDV)/DET
DV=(DHDT#(S-5X}~DSDT*(H-HX))/DET
GO TO 400
SPECIAL TREATMENT FOR NOoP=2, DESIGNED TO AVOID BAD ROOTS
300 IF (KBR.EQ.0) GO TO 3
CALCULATE SLOPE FROM BRACKETING VALUES
DPDV=(PMAX-PMIN)/ (VMAX=VMIN)
VIyMax
PX=PMAX
DV=DVBF*(P-PX)/DPDV
pT=9.D0
DVYBF=0.5D0%DVBF
GO TO 400
NOT YET BRACKETED = ALTER V TO SEEK GOOD POINT

320 IF (V.LE.VC) DV=-0,05D0%V
IF <V.G6T,VC) DV=0,2D0%V
1F (VMIH.GT.O.DG) DV=0.2D0*YV
IF (yMaX,LT.1.0D30) DV=-0.05D0%Y
GO TO 400
REGULATE THE MAXIMUM CHANGE
400 DVM=0.2D0%Y
IF ¢(v.,LT,DVS!1) DVM=0.5D0*DVM
IF ¢(V.LT.DVS2) DVM=0.5D0*DVM
DTM=0.1D0*T
IF (NOP.NE.2) GO TO 4
SPECIAL PRECAUTIONS FOR HopP=2
IF (KBR.EQ.0) GO TO 440
VT=y+DV
IF CCVT.GE. VMIN) . AND.(YT.LE. UMAX)) GO TO 440
BRACKETING L IMITATION
DVSVMINF(P=PMIN) *CYMAX=VMIN)/ (PMAX=-PMIN) - V
440 DVA=DABSC(DV)
DTA=DABSC(DT)
IE ¢DVA,GT.DVM) DY=DV*DVYM/DVA
IF (OTA.GT.DTM) DT=DT*DTM/DTA
T=T+DT
Vay+DY




KTR=KTR+1
GO TO 1
C NORMAL RETURN
700 GO TO €710,720,720,740,740,760,760,780,790,796), NOP
710 P=PX
U=uUX
H=HX
§=5X
RETURN
720 U=UX
H=HX
§=38X
RETURN
740 P=PX
Uu=Ux
$=8X
RETURN
760 P=PX
U=ux
H=HX
RETURN
780 H=HX
U=ux
RETURN
790 $=5X
U=ux
RETURN
796 P=PX
u=ux
RETURN
C ERROR WRITES
840 WRITE (6,842) T,P,V,VMIN,VMAX
842 FORMAT ('OPROP ERROR - T,P,V,VMIN,VMAX= ',5D15.5)
RETURN
880 WRITE ¢6,882)
882 FORMAT ('0OPROGRAM ERROR IN PROP')
RETURN
850 WRITE (6,852) NOP,T,P,V,H,S,PX,HX,S5X
852 FORMAT_ ('Q0PROP NOT CONVERGENT FOR NOP = ',13/
1 IH L7X, ' T, 16X, 'P*, 16X, 'V, 14X, "H! , 14X, 'S, 14X, 'PX"', 13X,
2 'HX',13X,'SX'/1H ,8E15.5)
RETURN

END
CRARWHH R U RN IR KN RN EHEH MR RNH RN RRHARKHRRRRNHRARK
SUBROUTINE SAT(T,P,DPDT,NOP,SH20)

SATURATION PRESSURE-TEMPERATURE ROUTINE

FOR NOP=1, CALCULATES PSAT(T) AND DP/DT ON SAT. LINE.
FOR NOP=2, CALCULATES TSAT(P) AND DP/DT; A TRIAL T IS NEEDED

THE INTERNAL PARAMETER ERR CONTROLS THE ITERATION ACCURACY

THE USER MUST FILL COMMON BLOCK CRIT WITH THE GAS
CONSTANT R AND THE CRITICAL T,V,P.

SH20(T,P,DPDT) IS THE USER'S SUBSTANCE-SPECIFIC ROUTINE
THAT CALCULATES P,DPDT FOR INPUT T.

ALL QUANTITIES ARE DOUBLE PRECISION.

OO00O0OOOOOOO0O0O0O0

IMPLICIT REAL*8 (A-H,0-2)
COMMON /CRIT/ R,TC,VC,PC
GO TO (1,2), NOP
C SPECIFIED T
t IF (T.GT.TC) GO TO 70
CALL S5H20(T,P,DPDT)

RETURN
C SPECIFIED P - START WITH THE TRIAL T
2 IF (P.GT.PCY GO TO 74
KTR=0

ERR=1,0D-6%P

10 IF (T,GT.TC) T=TC-0.001D0
CALL SH20(T,PX,DPDT)
DP=p-PX
I F (DABS(DP).LT.ERR) GO TO 20
IF (KTR.GT.20) GO TO 80
BT=DP/DPDT
DTA=DABS(DT)
DTM=0.1DO*T




IF (DTA.GT.DTM) DT=DT¥DTM/DTA
T=T+DT
KTR=KTR+1
GO TO 10
20 RETURN
C ERROR WRITES
70 WRITE (6,92) T
RETURN
74 WRITE (6,94) P
RETURN
80 LJRITE ¢6,90> T,P,DPDT,PX
RETURN
90 FORMAT (¢'06SAT NOT CONVERGENT FOR T,P,DPDT,PX=',4D15.5)
92 FORMAT ('0SAT CALLED FOR T=',Fé6.t,' >TC; GARBAGE RETURN&
94 EﬁBMAT (*0SAT CALLED FOR P=',1PD12.4,*' >PC; GARBAGE RETURN®)

i THERMODYNAMIC PROPERTIES OF H20, NH3, AND €02 ***
¢ - DEVELOPED BY W.C. REYNOLDS, STANFORD UNIVERSITY
8 PROGRAMS USED FOR ""THERMODYNAMIC PROPERTIES IN SI'

CHEXFXXXXXXTHERMODYNAMIC PROPERTIES PACKAGE FOR H20
SUBROUTINE PH20(T,P,V,U,H,S)
IMPLICIT REAL*8 (A-H,0-2)
DATA Rs/461.51D0/
RO=1.0DO/V
CALL GH20(T,CV,UG,SG)
CALL QH20(T,RO0,TAU,Q,DQDTAU,DQDRE)
CO=RO¥R¥*T
P=CO%(1.0D0+RO*¥Q+RO¥R0O*DQDRA)
TDQDT=TAU*DQDTAU
U=CO*TDQDT+UG
S=RO¥R¥(TDQDT-Q) - R¥DLOG(RO)+SG
H=U+Px*y
RETURN
END
SUBROUTINE QH20(T,RHO,TAU,Q,DQDT,DQDR)
C CALCULATES Q,DQ/DRH0,DQ/DTAU FOR INPUT TK AND RHO = FULL SI
IMPLICIT REAL%*8 (A-~H,0-2)
DIMENSION AC10,7),JMC10)
DATA JM/G*7,6%2 2%7/
DATA TAUPr2.5D0/
DATA Rs/461.51D0/

DATA T70,TAUC,RHOAY,RHOAJ,E,A/1.D3,1.5464912D0,634.D0,1.D3,4.8D-3,
1 2.94929370D-02,-1.32139170D-04%, 2.74646320D-07,-3.609382380D-10,
2 3.42184310D-13,-2.44500420D-16, 1.55185350D-19, 5.97284870D-24,
3-4.10308480D-01,-4.16058600D-04,-5.19858600D-03, 7.77791820D-06,
4-3,33019020D~08,-1.62546220D-11,-1.77310740D~-13, 1.27487420D~-16,
5 1.37461530D-19, 1.55978360D-22, 3.37311800D-01,-2.09888660D-04,
6 6.83353540D-03,-2.61497510D-05, 6.53263960D-08,-2.61819780D~11,
7 0.00000000D-0!, 0.00000000D-01, 0.000600000D~01, 0.00000000D-01,
8-1.37466180D-01,-7.33968480D-04,-1.56410400D-04,-7.25461080D~-07,
9~9.27342890D-09, 4.31258400D-12, 0.000006000D-01, 0.00000000D-01,
X 0.00000000D-01, 0.00000000D-01, 6.78749830D~-03, 1.,04017170D-05,
1-6.39724050D-03, 2.64092820D-05,-4.77403740D-08, 5.63231300D~11,
2 0.00000000D-01, 0.00000000D-0t, 0.00000000D-01, 0.00000000D~01,
3 1.36873170D-01, 6.45818800D-04,-3.96614010D-03, 1.54530610D-05,
4-2.91424700D~08, 2.95687960D-11, 0.00000000D-0t, 0.00000000D-01,
5 0.00000000D-01, 0.00000000D-01, 7.98479700D-02, 3.99175700D-04%,
6-6.90485540D-04, 2.74074160D-06,-5.10280700D-09, 3.96360850D-12,
7 0.00000000D-01, 0.00000000D-01, 0.00000000D~01, 0.00000000D-01,
8 1.30412530D~-02, 7.15313530D-05/

TAU=TO/T

$Q=0.D0

SQR=0 .DO

$QT=0 .DO

EXA=E¥RHO

EX=0.D0

IF (EXA.LT.70.0D0) EX=DEXP(-EXA)

DO 40 J=1,7

=0 .D0

DB=0.D0

IF (J.EQ.1) RHOA=RHOA!

IF (J.GT.1) RHOA=RHOAJ

C1=1.0D0

C2=RHO-RHOA

IF (DABS(RHO-RHOA).LT.(1.0D-08%RHOA)) (€2=0.D0

DO 10 I=1,8

IF (J.GT. JM(I)) GO TO 10

B=B+A(I,J)#*C1
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.2y GO TO0 24
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0
TAU=TAUP
DABSC(TMTP).LT.(1.0D-8%TAUP)) TMTP=0,D0
C7aTfITC*TAITP
C&=TMTP
C9=TMTC
GO TO 30

J>2
TE=CY
DTF=C8+(J-2)%C9
C7=C7#TMTP
C8=C8*¥TMTP
C9=CI*TMTP
SQ=SQ+TF#B
SQR=3QR+TF*DB

ok
T
1.
p=
(

SQT=SQT+DTF#B

Q350

DQDR=34R

DROT=SQT

RETURN

END

SUBROUTINE GH20(TX,CV,UG,SG)
IMPLICIT REAL*3 (A-H,0~2)
DIMENSION 2¢¢)

DATA R,B/461.51D0,4.6D4%,101 .249D0,8.3893D~1,-2.19389D-4,
1 2.46619D-7,-9.7047D-11/

DATA U0,50/-0.23750207D7,~0 64696577604/

DATA T0/273.16D0/

DATA L/0/

IF (L.Eq.0) GO TO 40

T=TX

DLT=DLAG(T)

T2=T*T

TI=T2%T

T4=73%7

T5=TG¢*T

T202=0.5D0%T2

T303=T3/3.0D0

T404=0.25D0%T4

T505=0.2D0%T5
UG=+B(1)%DLT+B(2)¥T+B(3)%*T202+B(4)*¥T303+B(5)*%T404+B(6)I%*T505
SG=-B({)/T+B(2)XDLT+B(3)%¥T+B(4)¥T202+B(5)*¥T303+B(6)*T604
IF ¢L.ga.0) GO TO 42

U6=UG-uaGo

56336-560

CV=BU1)/T+B(2)+B(3)*T+B(4)¥T2+B(5)*¥T3+B(6)*T4

$EIgRN

GO T0 2

UGO UG+uo
SGO0=36+350




.0D3s

OO000=UmMo

l ~0.297;1000D2,0.1155286002,-0.868563550,—0.10@4098000,
2 0.43999300D0,-0.25206580D0,0.5218684D~1/

TK=T
$1=0.D0
s2=0.D0
C1=1.000
€2=0.01D0*(TK-TPK)
IF (DABS(C2).LT.(1.0D-10%TPK)) €2=0.D0
¢3=1,D0
DO 4 1=1,8
Sl=s1+tF¢ hxct
IF ¢1.EQ. 1) GO TO 4
S2=S2+F(II*C3I*(I-1)
£3=03%C2
4 C1=Ci%C2
TAUX=TOK*1,0D-05/TK
. THMTC=TK-TCK \

ZETAUKATMTCHS |
DZ=-Z/TK+TAUX*#S1+TAUX¥TMTC*S2%0.01D0
EX=DEXP(Z)

pPapPCREX

DEDT=P*DZ

RETURN

END
SUBROUTINE DHZO(T RF)
IMPLICIT REAL¥3 (A-H,0-2)
DIMENSION G(&)
DATA RHOC,G/317.0D0,0.36711257D1,-0.28512396D2,0.22265240D3,
1 -0.88243852D3,0.20002765D4,~0.26122557D4,0.18297674D4,
2 =0.53350520D3/
DATA TCKs/647.286D0/
IF ¢<T.EQ.TCK) GO TO 30
0T=1.0D0/3.0D0
X=(1.BO0-T/TCK)*xQT
IF (X.LT.1.0D=-6) X=0.D0O
CO=X
SUM=1,000
DO 20 1=1,8
SUM=SUM+G (L) *CQ
20 C0=COxX
RHOF=RHOCH*SUM
GO TO 40
30 RHOF=RHOC
GO TO 40
40 RFE=RHOF
RETURN

END THERMODYNAMIC PROPERTIES PACKAGE FOR H20

C
SDATA
INITIAL RESERVOIR TEMPERATURE = 270 C
005.506005.506050.,01000,800
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