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A computer program entitled “WELLFLOW"'is presented for calcuiating we11head
flow and fluid cond1t1ons for a se]f—flow1ng geotherma] well of constant
diameter. The calculatlonal mode] was developed by Elliott and has been modified
to 1ncorporate a more accurate ana]yt1ca1 procedure for ca]cu]at1ng brine
thermophys1ca1 propert1es An addit1ona1 mod1f1cat10n establishes the mass flow
rate needed to just produce son1c 11qu1d ve10c1ty at the wellhead (if the
specified f]ow rate exceeds this value) in order_to,character1ze the entire range
of flow conditions for the well geometry and reservoir characteristics.

Reservdir values of temperature; depth, sa]inity, mass flow rate and drawdown
pressure factor must be specified Wellbore parameters of ca51ng 1ns1de diameter,
Moody friction factor, gas/11qu1d veloc1ty ratio and the overall heat transfer

| coeff1c1ent between the cas1ng and grOund must also be supp11ed The calculated
' ‘we11head‘cond1t1ons consist of temperature, pressure, vapor mass fract1on,
“enthalpy and entropy of ‘the two-phase m1xture, liqu1d veloc1ty and vapor and

liquid mass flow rates for(e1ther,pure water or brine.

* INTRODUCTION

Assessment of candidate energy conversion processes for use with the high

. temperature-high salinity (HT/HS) Salton Sea or other geothermal resources and
- calculation of the corresponding plant operating parameters requires the ability

“to predict in-a reasonab1y realistic manner, we]]head cond1t1ons for the wellbores
- in quest1on ' ' S :

Elliott has developed a ca1cu1ationa1 technique for a self-flowing

*geothermal well -of constant diameter (1){ This pr0cedure; with some modification,

T was emp]oyed to produce the Fortran IV computer code, WELLFLOW, that is described
\ . ;
‘:below and in Append1x A. : : » : '
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The modification of most significance was incorporation of a different
analytical procedure for estimating the thermophysical properties of geothermal
brines that is based on more recently published material (2). Pure water is
calculated with the ASME equation-of-state (3). The option of doubling the
casing diameter above the flash level to prevent choking within the wellbore
was not incorporated. Instead, the brine flow rate is reduced to a value that
will just produce sonic liquid velocity at the wellhead. This allows WELLFLOW
to characterize the entire range of wellhead conditions using the assumed
“constant diameter wellbore geometry. The Darcy-Weisbach equation and Moody
friction factor are used to calculate frictional pressure loss in the 1liquid
flow region. Above the flash level, an equivalent friction factor, numerically
equal to the value used in the liquid flow region and averaged two-phase flow
" mixture properties is employed to calculate the pressure loss.

Although the salt concentration of the brine increases as a result of
flashing to vapor in the wellbore, the current version of WELLFLOW does not
adjust the thermophysical property estimtes for this effect. The model is also
based on the brine having zero or a negligible concentration of dissolved
non-condensible gases. Therefore, no correction to the predicted wellhead conditions
(primarily the vapor partial pressure) is currently made for geothermal fluids that
do contain significant quantities of dissolved gases. A reservoir fluid containing
20 weight percent dissolved solids, will experience about a 25 percent increase
in salt concentration at the wellhead for a vapor mass fraction of 20 percent.
However, this represents only about a 6.5 percent decrease in predicted wellhead
pressure and about a 6.5 percent increase in the wellhead mixture enthalpy at
approximately 400°F. The predicted wellhead pressure would have to be lowered
by about an additional 6 percent, if the wellhead product included non-condensible
gases amounting to 3 percent by weight. While these effects can be significant,
if additive, their omission seems justified since "typical" wellhead qualities are
about 10 percent and dissolved gases are ~1/2 - 1 percent.

The computer program is utilized through a user-operated teletype console
that is remotely located from the main computer center, and provides for both
visual and printed output in the user's work area. Values must be specified for
the reservoir temperature, depth, salinity, mass flow rate and drawdown pressure
factor. Wellbore data, including casing inside diameter, Moody friction factor,
gas-1iquid velocity ratio and the overall heat transfer coefficient between the
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casing and ground must also be supplied. WELLFOW calculates wellhead (surface)
conditions of temperature, pressure, vapor mass fraction (quality), enthalpy
and entropy of a two-phase mixture;'liquid've]ocity, and vapor and liquid mass
flow rates for a brine of constant composition. '

Appendix B contains instructions for using WELLFLOW with a sample problem
;for_111ustrative,purposes. Appendix C provides examples of the various output
formats with a description of the data. - . -

The fo]]ow1ng pages present the resu]ts of ca]cu]at1ons for several
d1fferent wellbore systems Compar1sons are made between these results and
other predictions or measured quant1t1es to assess the codes capab111ty




Results

1. Comparison of Test Case Calculational Results Between Elliott and
WELLFLOW Codes.

To verify consistent results with the E1liott code, WELLFLOW was run
-with the test case used by Elliott, which has the input parameters shown in
Table 1.(V)
flash level is shown by the results in Table 2. The differences in the
tabulated values at the flash level are due to the different models used
for estimating brine thermophysicaTrproperties.

Good agreement between the two sets of calculations up to the

Choking occurs within the wellbore forlthis'case. Surface conditions
cannot be compared because the Elliott code doubles the pipe diameter above
the flash level to prevent choking while WELLFLOW reduces the flowrate to
just produce choking conditions at the wellhead.

TABLE 1

El1liott Test Case Input Parameters

Reservoir Temperature 250°C (482°F)

Well Depth 1500 M (4921.3 ft.)

Pipe Diameter 0.25 M (0.82 ft.)

Salt Content 20 Wt. Percent

Mass Flowrate 110 KG/Sec (242.6 LBM/Sec)
Skin Friction Factor (Elliott) .008

Moody Friction Factor (WELLFLOW) .032

Draw-down Factor 25 X 10% Pa/Kg-Sec'] -

(1.644 Psi/Lbm-Sec”

Gas/Liquid Velocity Ratio 1.

h



TABLE 2

- Test Case Calculated Results

Elliott |  WELLFLOW
Reservoir Pressure, MPA (PSIA) 14.68 (2129) 14.70 (2132)
8 | Pressure, MPA (PSIA) = || 11.93 (1730) 11.95 (1734)
23 | Temperature, °C (°F) || 250 (482) 250 (482)
—=| Liquid Velocity, M/S (FPS) 2.3 (7.55) 2.3 (7.55)
= : R =
' Elevation, M (Ft) || 868.9-(2851) 881.1 (2891)
58 | pressure, MPA (PSIA) || 3.42 (49) 3.23 (468)
@ | Temperature , °C (°F). = || 250 (482) 247.5 (477.5)
i Liquid Velocity, M/S (FPS) 2.3 (7.55) 2.3 (7.55)

| 2. Compar1son of Resu]ts Between Aust1n Johnson(4) and WELLFLOW Calculations
 for a Hypothet1ca1 Well :

: Aust1n has proposed a hypothet1ca1 well that typ1f1es geotherma] wells
in the HT/HS portion of the Salton Sea Geothermal F1e1d.(5) The input oarameters
for the well are listed in Table 3 and a comparison of the calculations are
shown in Table 4. The differences between the two sets of calculations are
‘ due to Austin-Johnson. neglect1ng frictional effects in the 11qu1d flow
-reg1on of ‘the wellbore, assum1ng saturated cond1t1ons at the flash 1eve1
corresponding to the resevo1r temperature and neglect1ng the enthalpy
'd1fference_of compressed ]]qu1d However, the results are reasonably
consistent"throughout the uelibore;even with theseLs1mp11fy1ng assumptions.




TABLE 3

"Hypothetical Well" Input Parameters

Reservoir. Temperature - 572°F
Well Depth 5000 Ft.
Pipe Diameter | 0.56 Ft.
Salt Content 0
Mass Flowrate (Areal Flowrate) 125 Lbm/Sec (500 me/Sec—th)
Moody Friction Factor (Austin/Wellflow)  (~.040/.041)
Drawdown Factor 1.6 Psi/Lbm-Sec” !
Gas/Liquid Velocity Ratio 1.
TABLE 4

Comparison of Calculated Results

Austin/Johnson | WELLFLOW

Reservoir Pressure, PSIA 2,166 2,166

§ | Pressure, PSIA 1,966 1,966
;c'g’ Temperature, °F 572 572
— | Liquid Enthalpy, BTU/LBM 578.1 575.9
2 | Liquid Entropy, BTU/LBM-°F 7771 .7723
'g Elevation, FT 1,868 2,118
2 | Pressure, PSIA 1,240 1,212
w | Temperautre, °F 572 568.5
&= | Liquid Enthalpy, BTU/LBM 578.1 573.6
Pressure, PSIA 360 ‘358
Temperature, °F 434 434

'§ Quality, (Vapor Mass Fraction) 0.189 0.201
= | Mixture Enthalpy, BTU/LBM 562.5 569.5
£ | Mixture Entropy, BTU/LBM-°R .7767 .7846
Liquid Velocity, FT/Sec ~130 138.6
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3. Comparison of Measured and Predicted Wellhead Values for Four Existing
Geothermal Wells

Schroeder has suggested as test cases for evaluating wellbore system
models and calculational results, four geothermal wells that have reported
wellhead méasurements.(ﬁ)

~ The methods employed to measure wellhead pressure, temperature and two-
phase quality (i;e;; steam vapor mass fraction), are not discussed by
Schroeder. Therefore, the expékimenta1 errors associated with these measurements
are not defined. In particular, the uncertainties associated with
measurement of two-phase quality are expected to be large because direct
measurements cannot be- made and the hydrothermal wellhead product actually

. cons1sts of a 11qu1d phase conta1n1ng large amounts of dissolved solids and

a steam vapor phase. that can contain a significant fraction of non-condensible
gases. The reported wellhead pressures are probably total pressures that
have not been corrected for the part1a1 pressures of the non-condensible

. gases present. This can lead to s1gn1f1cant uncertainty when calculated

values of br1ne saturation pressure are matched with the measured wellhead
values.

The method used to ca]cu]ate wellhead conditions consisted of incorpora-

‘>t1ng the suggested mode] 1nput parameters and varying only the value of the

friction factor until a "match” of wellhead pressure and temperature was

produced for the maximum flowrate case. The wellhead conditions for lower

- flow rates were then calculated and compared to the reported values. Table 5
~ lists the input values used for calculating the four wells and Table 6
ficompares the wellhead predwct1ons to the reported values for the highest flow

rate case.




TABLE 5

MODEL INPUT DATA FOR FOUR GEOTHERMAL WELLS

Tres | Pres PPR Depth Dia WFS __WF FM DD VR HTC BETW
of | PSIA Ft Ft  |Percent [LBM/Sec |. U awsc 2o
State No. 1 581. 1958 1. 4600. .564 25. 112.5 .033 1.28 1. 0 0
11D No. 1 617. 2162. 1. 5000. .564 25. ]47.8 .0263- 1.6 1. 0 0
11D No. 2 590. 1581. 1. 3600. .564 25. 12232;‘ 0263 | 6.15 1. 0 0
Sportsman No. 1 | 572. 1741, 1. 4000. .408 25. 90.8 .0115 1.6 »1. 0 0
%o TABLE 6

Comparison of Calculated and Measured Wellhead Values
for the Highest Reported Flow Rates :

Measured Values

WELLFLOW Calculations

Well Name EE?ZS., TE?p., Quality gg?zs., Tg?p., Quality
State No. 1 362 450 | .200 | 362 458 | .16
1D No. 1 200 | 405 |.200 | 206 404 | 193 |
11D No. 2 240 418 | .180 | Noft Calculdted
Sportsman No. 1 262 428 .150 j268 428 132
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Discussion

The drawdown constant specified (6.15 Psi/[bm—Sec']) for the IID No. 2
well would produce a bottom hole flowing pressure that is less than the brine
saturation pressure (v1136 psia) COrresponding to the reservoir~temperature

for any of the flow rates listed. This condition produces flashing within

the aquifer and Wellflow cannot‘calculate this case.

Excellent agreement is ‘shown between measured and calculated values of the

‘wellhead pressure and temperature for the remaining three wells. A large

difference is shown in the values for wellhead quality. varying by about 5%
for 1ID No. 1, about 13% for Sportsman No. 1 and about 40% for State No. 1.
However, as discussed above, the largest uncertainty is associated with the
measurement of two-phase quality and without additional 1nformation, the Jack -
of agreement- cannot be satisfactorily resolved

 The variation in wellhead parameters for different mass flowrates is
shown in Figure 1. for State No. -1, Figure 2 for IID No. 1 and Figure 3 for

~ Sportsman No. 1. The‘reported_wellhead measurements are also shown for
- comparison. U R '

State No; 1 |

The measuredtand calculated values for wellhead pressure and temperature

)are'in excellent agreement over the ‘range of reported flowrates. A large

discrepancy between measured and calculated wellhead "quality" {vapor mass

/ fraction) is apparent, however, over the same range

‘.IkIDfNo.» 1

% Calculated.wellheadrpressures and‘temperatures.deviate'from'the measured‘
values below the maximum flowrate case that was used to match the wellhead
parameters From a flowrate of about 48 to 139 pounds per second, there is

~a constant error between calculated and measured values of ‘about 20 percent ;

for pressures and about 6 percent for temperatures, respectively This type. -

of a discrepancy would occur if the well fluid actually contained a significant

concentration of non-condensible gases
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If we assume, for s1mp11c1ty, that the non- condens1b1es are pure carbon
dioxide, then the’ part1a1 pressure is proport1ona1 to ‘the mole fraction of
carbon dioxide present and is a constant percentage of the total wellhead
pressure '§¥ a1l the dissolved gas were out of solution at this pressure. In
addition, a reduced brine vapor partial pressure will result in calculated
wellhead temperatures that are lower -than:shown in Figure 2. '

The magn1tude of the error is probably too large to be attr1butab1e
sole]y to the presence of these gases, however. Another factor that
m1ght help exp1a1n the discrepancy is that the reported salt content varied
from about 26 to 35 percent while 25 percent was used in the calculation.
A h1gher sa]t content would result-in-lower pred1cted wellhead pressures
and temperatures

rSportsman No 1 ?L

The reported wellhead values do not seem to ref]ect a re11ab1e set of
data. The variation in the measured values are probably a reflection of
experimental error rather than an indication.of. trends. |

4. Comparison of Measured and Predicted Values for Magmamax No. 1
Geothermal We11(7)(8) citn e

Wellbore data WELLFLOW input parameters, and calculated results are
shown in Figure 4. Reported wellhead temperature-of .about 428°F and pressure
of about 300 psia compare very well with the calculated results. (9) Wellhead
quality is predicted to be about 8 percent rather .than the 10 percent currently
estimated. (%) Figure 5 shows the calculated variation 'in well conditions as
a function of wellbore elevation for the input values.discussed above. An
ihteresting point to note is that the self-pumping,mode of operating this
well results in very nearly an 1seotha1piofprocess,between the wellbottom
and wellhead. ’ '

-13- .




FIGURE 4

Magmamax No. 1 Wellbore Data and WELLFLOW Results

Wellbore Data

{ .
pa———ACTUAL.  CABING GEOMETRY
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WELLFLOW Input Values

Tres =.509. °
Pres = 0.
.PPR = 0.

Depth =.2300 Ft.
Dia. = 0.656 Ft.
* WFS = 20 percent (1)

" WF = 117, LB/Sec
FM = .036 ~
DD = 1.6 PSI/LBM-Sec”!
W=1. |
HTC = 0. BTU/HR-FT2-°F

-

Calculated Wellhead Conditions

Temp., °F
Press, PSIA.
"Quality"

Mixture Entha]py, BTU/LBM

N 1M1xture EntrOPY. BTU/LBM-°R‘.

S Vapor Flowrate, - LBM/Sec

'"’4 Br1ne Flowrate, LBM/Sec -
~ Brine Veloc1ty, Ft/Sec

,.-]4-“_A.,

433.2
301.2

.077

amn.s
.6224

e
- 102.4
'51.4

.
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Summarx

Elljott's computational technique for a self-flowing geothermal well
of constant diameter has been modified primarily to incorporate a more
-accurate analytical technique for predicting brine thermophysical properties.
A secondary modification allows calculation of wellhead conditions for
the assumed geometry if choking occurs within the wellbore. This is
accomplished by reducing the mass flow rate just enough to move the
attainment of sonic ]iquid velocity up to the wellhead. The resulting
computer progrém'named WELLFLOW appears to reasonably model the geothermal
wellbore system. Predicted wellhead flow conditions'are in good agreement
with measured values of pressure and temperature based on the comparisons
‘that have been made here. Unfortunately, the large uncertainty associated
with measurements of two-phase "dua]ity" makes comparison with predicted
values of vapor mass friction very difficult at the present time.

Recommendations for Future Work

There are certain modifications to the computer program that are
worthwhile incorporating.

A more refined interpolating scheme should be included to calculate
brine properties at any salt content between 5 and 25 weight percent.
Consideration should also be given to extrapolating the analytical
technique to 30 or 35 weight percent salt content.

The graphical output should be expanded to plot additional wellhead
variables as a function of mass flow rate and flow conditions as a
function of wellbore elevation. ’

Correction to the brine property estimates for salt concentration
changes as a result of flashing in the wellbore should also be
included.

-16-
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Experiments will be conducted later this year at the LLL Geothermal Test
Station at N11and California, using the Magmamax No. 1 well with the
we]lhead product- separated into 1ts brine and vapor phases These tests
will prov1de data that can be compared d1rect1y to the values predicted

by WELLFLOW. Th1s compar1son shou]d be made to further verify or normalize

" the computer’ program

Acknow]edgements
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. and capab111t1es a]lowed 1ncorporat1on of severa] 11brary routines into
; WELLFLOW in a timely. and expend1t1ous manner and he managed to decrease

computer running time by internally rearranging the program.

-17-




References

1.

10.
11.

E1liott, D. G., Comparison of Brine Production Methods and Conversion
Processes for Geothermal Electric Power Generation, EQL Report No. 10
Environmental Quality Laboratory, California Institute of Technology,
Pasadena, California, July 1975. '

Dittman, G. L., Calculation of Brine Properties, UCID-17406, February 1977,
Lawrence Livermore Laboratory, Livermore, California.

McClintock, R. B. and Silvestri, G. J., Calculation of Properties of
Steam, American Society of Mechanical Engineers, 1968.

Johnson, P., Model to Calculate Flow and Edergy from Geothermal Wells,
Lawrence Livermore Laboratory Internal Engineering Note ENE 74-9, April 5, 1974.

Austin, A. L., Higgins, G. H., Howard, J. H., The Total Flow Concept for
Recovery of Energy from Geothermal Hot Brine Deposits, UCRL-51366, April 1973,
Lawrence Liyermore Laboratory, Livermore, California.

Schroeder, R. C., Geothermal Wellbore Test Problems, Lawrence Livermore
Laboratory Internal Memorandum GG76-10, March 4, 1976.

Palmer, T. D., Characteristics of Geothermal Wells Located in the Salton
Sea Geothermal Field, Imperial County, California, UCRL-51976, December 1976,
Lawrence Livermore Laboratory, Livermore, California.

Schroeder, R. C., Reservoir Engineering Report for the Magma-SDG&E Geothermal
Experimental Site Near the Salton Sea, California, UCRL-52094, July 1976,
Lawrence Livermore Laboratory, Livermore California.

Quong, R., Scaling Characteristics in the Geothermal Loop Experimental
Facility at Niland, California, UCRL-52162, November 1976, Lawrence
Livermore Laboratory, Livermore, California.

Towse, D. F., private communication.

Hi11, J. and Miller, D., Possible Deposition of Salt From Expanded
Magmamax No. 1 Brines, Lawrence Livermore Laboratory Internal Memorandum,
February 25, 1977.

-18-



-

APPENDICES

Appendix A

A. Nomenclature & Units
B. Assumptions
C. Analysis

Appendix B - How to Use WELLFLOW and Sample Problem

Appencix C - Examples of WELLFLOW Qutput

-19-




APPENDIX A

Nomenclature & Units

AG, vapor flow area, ft2

AL, Tiquid flow area, ft°

AP, casing flow area, ftz
AVM, average velocity of mixture over the DY interval, ft/sec

AVT, average fluid temperature over the interval Y or DY, °F

DD, drawdown pressure factor, psia/lbm per sec

DEPTH, depth of well, ft

DIA, casing inside diameter, ft

DKE, change in fluid kinetic energy per unit mass of mixture, 3TU/1bm
DMOM, change in fluid momentum, 1bf

DQ, heat transferred out of the wellbore per unit mass of fluid, BTU/1bm

DY, intervaliof vertical elevation between T and T-1 in the two-phase flow
region, ft
FM, Moody friction factor, dimensionless

g, acceleration of gravity, 32.17 ft/sec2

1bm-ft

lbf-sec2
HFP, enthalpy of the liquid at the flash point, BTU/1bm

gc, conversion constant, 32.17

HGB(T), saturated vapor enthalpy at T, BTU/1bm

HB(T), saturated 1iquid enthalpy at T, BTU/1bm

HM1, mixture enthalpy at T, BTU/1bm

HM2, mixture enthalpy at T-1, BTU/1bm

HTC, overall heat transfer coefficient, BTU/hr-ft2-°F
HWB, liquid enthalpy at the well bottom, BTU/1bm
HYDP, hydrostatic pressure, psia

J, mechanical equivalent of heat, 778.16 ft-1bf/BTU

-20-



PRES, reservoir pressure, 1bf/1‘n2 absolute (psia)

PSATB(T), saturated liquid pressure at‘T,:pSfé'_ o

PWB, fluid pressure at the bottom of tﬁé'Weﬁlboré, psia .

Q. rate of heat added to fluid, BTU/sec

RHOB(T), saturated: liquid density at T, 1bm/ft>

RHOGB(T), :saturated vapor: density at T, 1bm/ft3

RHOM, mixture density, 1bm/ft3

RHOMM, average mixture density over the interval DY, 1bm/ft3
SB(T), saturated liquid entropy at T, BTU/1bm-°R

SGB(T), saturated vapor entropy at T, BTU/1bm-°R

SM, entropy of the mixture at start of DY interval, BTU/1bm-°R
T, fluid temperature, °F

Te, temperature of the earth, °F

TRES, reservoir temperature, °F

TSINK, average temperature of earth over the interval Y or DY, °F
TWB, fluid temperature at well bottom; °F

VG, velocity of the vapor_ﬁhase, ft/sec

VL, velocity of the liquid phase, ft/sec

VLFP, velocity of the liquid at flash point, ft/sec

VLMB, velocity of the liquid at well bottom, ft/seé

VM, equivalent mixture ve]ocity,\ft/sec

VR, gas/]iquid‘velocity ratio

WF, total fluid mass fldw rate, 1bm/sec

WFS, weight fraction‘of salt dissolved in the brine, percent
WG; vapor mass flow rate, lbm/sec ‘

NL, 1iguid mass flow rate,ylbm/Sec

Wﬁ, shaft'work'done by fluid, ft-1bf/sec

X2, fraétion of fluid mass that is vapor at T-1

Y, vertical elevation in wellbore above wellbottom or interval between
~ wellbottom and flash point, ft

-2]1-




YWB, elevation of the wellbottom, ft
YFP, elevation to the flash point, ft

Subscripts

1, statepoint 1 in the two-phase flow region at temperature T

2, statepoint 2 in the two phase flow region at temperature T-1

-22-
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Assumptions

1. The flow is steady.

2. There is no gain or loss in flow rate between the well bottom and
wellhead.

- 3. The -1iquid 'is "incompressible.

4. In the two-phase region the phases are in equi]ibrium and the
vapor phase does not contain dissolved gases.

5. The phases are homogenequs]y mixed.

6. The Velocity“df eachiphase is constant across the well pipe.

7. The ratio of gas veioc%ty to liquid velocity is eonstant.

8. The temperature outs1de the well varies linearly from 70°F at

ground level to the reservoir temperature at the bottom.

9. Heat transferred to the earth from the fluid within the wellbore
is given by the product of overall heat transfer coeeficient x
temperature difference x heat transfer area.

10.- Brine salt concentrat1on js constant between we11 bottom and
wellhead.

Analysis
The following analysis and‘the assumptions listed above are essentially

~the same as reported 1n Reference 1 except for the modifications
;,exp1a1ned previous]y. (This section is included for clarity because
" there have been nomenclature changes and for the sake of completeness.)

Figure Al is a sketch of the wellbore system
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\ | PRES,7RES, DD, WFS

FIGURE Al
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Wellbottom

At the wellbottom, the fluid temperature is equal to the reservoir
temperature, TWB = TRES, and the wellbottom pressure is determined from
the expression, PWB = PRES-DO(WF), where PRES is either specified or
calculated from HYDP = 0.433 x DEPTH. The casing cross-sectional flow
area is, AP =%-(DIA)2 and RHOB, PSATB, SWB; HWB at PWB and TRES are

(4) or from

determined from the ASME equation of state for pure water
Reference 2 for brine. Interpolation for brine properties at salt

contents different than the specific percentage listed in the reference,
is not used in the present version of WELLFLOW. Instead, the following

percentages are applied for the indicated range of the WFS parameter.

WFS < 7, brine constants for 5 weight percent are used,

7 < WFS < 12, bfine constants for 10 weight percentAare used,
12 < WFS < 17, brine constants for 15 weight:percent are used,
17 < WFS < 22, brine constants for 20 weight ppercent are used,
22 < WFS < 27, brine constants for 25 weight'percent are used.

IA

<
<

The velocity of the f]uid enterihg the wellbore is deterﬁined from the
continuity equation, VLWB = WF/AP(RHOB)

Flash Level

At the flash level, Y feet aboveﬁwellbottom, the ﬁressure will be the

SaturatiOn pressure at ‘some température T: A free body diagram of the

liquid column between the we]ibottom and flash point is sketched in
Figure A2. The sum of the-forces in the vertical direction is set
equal to zero in this case since constant velocity is assumed. Therefore,

FB-FT-FF-WT=0 o :
~FB-= pressure force at bottom = 144 PWB (AP) -~
FT = pressure force at top = 144 (AP) PSATB (T)
WT = weight of fluid column = AP (Y) RHOP (T)‘g
. . B ¢
FF = friction force = AP (DPF) where

DPF is determined from the Darcy - Weisbach equation for the frictional
pressure loss,
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(VLWB )’ and

VLWBZ)

DPF = RHOB (FM) (D¥A)
= AP (RHOB) (FM) (3ez) (

Substituting and simplifying giVe§;“ e 3

Y 144 [PWB-PSATB(T)] ' . | (1)
FM  (VLWB : :
RHOB(T)[1+ DIA " Zgc " ]

The general energy equat1on wr1tten between we11bottom and flash point is,

, Wy
g s , vuus? g YP , wiFp?
WF (HWB7+ & 3 2g T ) + Q WF (HFP + IR R ) + 5

The velocity difference is negIected, no work is done by the fluid and heat
is lost from the wellbore to the earth. Therefore, ‘

'_Q_ a Y i |
HFP = HWB - o KR | ‘ (2)
%? = DQ = ”TﬁF ggég(v (AVT-TSINK) | (3)

CAVT = fTRES+T2

Figure A3 depicts the assumed linear increase of ground temperature from
the surface (70°F) to the well bottom (TRES). The ground temperature at
any elevation above wellbottom is then,

Te = TRES - DE;TH (TRES- 70) and the average ground temperature over the
Y interval is -

TSINK = TRES - yrpepyay (TRES-70)
Therefoke,

HFP = HWB - DQ - 9—- %
9 (4)
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The temperature T is decreased in one degree steps from TRES and equations
1 and 4 are solved until the calculated 1iquid enthalpy, HFP, equals the
enthalpy of the saturated liquid corresponding to the temperature T,

HB(T). If the value of Y needed to satisfy this conditions exceeds the
well-depth, wellhead parameters are determined by interpolation without the
occurrence of flashing.

WELLHEAD -

Above the flash point, the flow is two phase. One degree increments of
temperature and corresponding small-increments of height, DY, are used so that
average values of varying'propertiesvcan be included in the calculational
procedure starting from the flash point. Figure A4 shows an element of the
fluid mixture of height DY whose Tower statepoint, 1, is at temperature T and
whose upper statepoint, 2, is at tehperature (T-I). Thermodynamic and
ﬁhysica] propertieé‘for the'Vapok and liqhid phases, the vapor fraction

and height above wellbottom at 1 are known from the previous calculation
performed at the flash level or at temperature (T+1). An isentropic expansion
of the mixture from T to (T-1) is assumed initially to obtain a new value

- for the vapor fraction given by

yo o SM - SB2 R | (5)
“SGBZ- SBZ e

From continuity,

WG2 = X2 (WF)

‘WL2

WF-WG2
The vapor velocity is

V6 = VR (VL), and

~ AL2 = WL2/RHOB2 (VL2)

AG2 = WG2/RHOGB2(VG2) = WG2/RHOGB2 (VR) VL2
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The sum of these two areas must equal the casing cross-sectional area.

AP = AL2Z + AG2

= WL2 WG2

WL2 HG2

L2 = % [rmos z—  * ”woesz (vR) ] (6)

The mass of liquid in unit height of pipe equa]s WL

WG

The mass of gas in unit height of. p1pe equals: 3

and the total mass of fluid in unit height of pipe is the sum of these two quantitieé.

RioM (Ap) = UL, MG

VR (VL)
Finally, ‘
o S
RHOM _T\__+W] - | (7)

The average miXture density-over thé DY intekvaT is

RHOMM = —-(RHOM] + RHOM2) T TR (8)
Express1ng the mass flow in terms of equlvalent m1xture propert1es,
= RHOM1 (AP) VM1 = RHOMZ (AP) vmz o

VN2 =
W2 , _ We2 ]

VL2 ’TTTVE?T
= which.Can_be,§jmplified to -

WF

w2 = R () wen! | (9) -
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Average mixture velocity over the DY interval is

1
AW =

(VM17+ vM2) A S v (10)
Conservation of momentum requires that the sum of the forces in the vertical
direction equal the change in fluid momentum. The momentum of the mixture at

1 is

1

5o THLT (VLT) + W&l (VR) (WL1)]

The momentum of the mixture at 2 s g— [WL2 (VL2) + WG2 (VL2)VR].

c
o The change in fluid momentum from 1 to 2 is

DMOM = g& [WL2 (VL2) + WG2 (VR) (VL2)]-[WL1 (VL1) + WG1 (VR) (vL1)].

Setting the sum of the forces equal to DMOM,

F1-F2-FF-WT = DMOM, where

F1 = pressure force at 1 = 144 (AP) PSATBI
F2 = pressure force at 2 = 144 (AP) PSATB2
WT = weight of fluid co]umn==él [RHOMM (AP) DY]
« : c
FF = friction force = AP (DPF) where
DPF = frictional pressure loss given by the Darcy-Weisbach formula for
the mixture
DY , AVMZ . . L
DPF = FM'(EEK) (E—a—) RHOMM, where FM is an equivalent Moody friction
c

factor numerically equal to the value used in the liquid flbw region.
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AVM
= AP (FM) (DIA) ( ) RHOMM
Substituting and simplifying yields,

-144 AP (PSATB2-PSATB1) -_DMOM

4
AP (RHOMM) [1 + LR gvg ] o (11)
Cc

DY =

The general energy equation for this case is,

2 . y
Y1 g , (VM) - Y2 g vM2)? Ws
WF(HM1+——-J g+29J ) +Q WF(HM2+J 9c+29c )+-—J

As before, the shaft work is zero and heat is lost from the fluid.

HE L(H - Hi2) + S5 (N1 - v2) + 5l (vm2 w22)1 - Q= 0
C
‘véimplifying; -
) e - 8y - 1 2 w2y . O
(HM2 - HM1) = = (DY) g (VM2 -wm?) - & (12)

Heat.transfervout of well per UnitAmass»of f]uid,is,

R = 00 'Hﬁg §§%oo§A (o) (RYT - TSINK) where in'this  ~  (13)
region AVT (T - 0. 5)

DY

—epric (TRES - 70)

TSINK = TRES -

The kinetic energy per unit mass of mixtUre_atil.is
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w1 (V12 + wel [WR (V1) TP
ZgCJ (WF)

The kinetic energy per unit mass of mixture ht 2 1is

W2 (VL2)2 + we2 [VR (vL2)]?
chJ (WF)

The change in kinetic energy is

1

OKE = 2.0 wF

(vL2)2 W2 + We2 (VR)2] - (VL1)Z [WL1 + Wel (VR)?]
Equation 12 can be written as,
HM2 = HM1 - g—j (DY) - DKE - DQ (14)

(o

A corrected value for the vapor fraction can now be determined from

- _HM2 - HB2 . . s
X2 = HeBZ = FB2 and substituted back into equation'5. (15)

Equations 5 through 15 are solved until the initial and final values of the
vapor fraction are equal. At this point the values of the variables at state
point 2 are used as the initial values at state point 1 for the new interval,
the temperature is lowered one degree and the entire calculational process is
repeated. The procedure ends in one of two ways. If the cumulative value of
well bore elevation exceeds the well depth, well head conditions are determined
by interpolation. If the liquid achieves sonic velocity before the wellhead

is reached, a new value for WF that will just result in sonic velocity at the
wellhead is found and the program rerun from the reservoir condition with this
value of WF.

Sonic liquid velocity is calculated by the expression

RHOB2 (RA) (T+RM

C - (1+RA)[144(PASATB.2), Qc)] 1
where, C = sonic liquid velocity, ft/sec

RA = ratio of gas and liquid flow areas

RM = ratio of gas and liquid mass flow rates
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APPENDIX B

HOW TO USE WELLFLOW AND SAMPLE PROBLEM

Instructions

1. Need valid user number.

2. Log on to teletype. ’

3. Tybe ELF. Teletype responds with period (.)«

4. Read program from St@fage.\' | e

5. Type END to get out éf ELF after program read. Teletype responds with ...
ALL DONE. - |

6. Type WELLFLOW to stak; program.

7. Te]etype responds witb «... Are you using ENG or SI units?

8. Type ENG for ehglish units, SI for metric units.

9. Teletype responds with ;... Please enter your‘data.

10. Inputzformét:  fhefo116winQ'§éfiéb]g names and numerical values are to be
~ typed sequentially in decimal format separated by a space.

o : Eng. - 3l : (1)
Varisble Name ~ ~  Units ~  Units . Default Values
L A S

7’: PRé§;= ;:,j :,_‘“i;j;, §SIA‘11 o _»“;;?ascéls,:1‘ RS -0
PR=0or1 ) o G

,,gDEpTH =u UL Feet o 0 “Meters © - T 5,000, Ft;"
DIA=  Feet  Meters _ 0.5 Ft.

WFS = Percent 0 |

DD = | Psia/Lbm Per Sec | Pa/Kg Per Sec 1.6 Psia/Lbm Per Sec
VR = | | | | 1.0

HTC = © BTU/Hr-Ft?-°F  Watts/M-°C 0

BETW = 0 or 1 (3 | : ' 0
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Graphics Input Data'(4)

WN Points -(8) 'v e 20
FPLOTS (1) = 0
FPLOTS (2) = .005
FPLOTS (3) = .02
FPLOTS (4) = .03
FPLOTS (5) = .04
FPLOTS (6) = .05
FPLOTS (7) = | | .06
FPLOTS (8) = .10
NPLOTS = g | 8
Notes

(1) Default values will be used if variable name and numerical value is not

supplied first time through program. Current calculation will use values
from preceeding calculation if new input not specified.

(2) PPR = 1., if PRES is specified, PPR= 0. if PRES is not specified.

(3) BETW = 1., if calculated output is desired for each temperature increment
in the two-phase flow region in the wellbore between the flash point and
wellhead.

(4) = A reduced graphics output can be obtained by specifying the friction factor
values to be used in FPLOTS ( ) and the corresponding number of curves this
represents by NPLOTS (which is not parenthesized).

(5) The number of points to be calculated for defining the curve of flow rate
versus wellhead pressure for each value of FPLOTS ( ) specified. Fifty
points is the maximum number that can be specified.
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11.
12.
13.

14,

15.

16.
7.

18.

19.
20.

21.

22.

Type GO to start calculation.
Teletype responds with .... Do you want the graphics package?

If user types NO, prdgram jumps to step 16. If user types YES, teletype
responds with ... Monitor No.?

User types the 3 digit monitor number and the program proceeds to calculate
mass flowrate versus wellhead pressure for the values of the variables and
the friction factors specified. Teletype types the numbers 1 through 8 (if

-8 curves specified) to indicate progress through the ce]cu1ation. At the

end of the calculation, the results are displayed on the monitor in graphical
form. Teletype responds with ... Do you want’the hardcopy?

Type’NO if no print is wanted and program will proceed to next step. Type YES
for print of graphs and teletype will respond with ... RJET, DD80 or BOTH?

-Hardcopy will be available immediately at RJET terminal 43 or in Box R69,

Building 113 in 4-6 hours. After choice is made, teletype responds with ...
Given, to close out graphics.

Teletype next responds with ... Do you want the output now?

If user. types NO, no further calculations are performed and the program will
go to the next step.  If user types YES, an output file named VALUES will be
filled with the calculational results corresponding to the variable input data.

The teletype responds to either a yes or no answer to step 16 with ... Do
you wish to do another problem? The output file can be inspected at this
time by by1ng into a new channel and typing U to enable this library
program.

Teletype responds'with . an open cross symbol and a TV monitor display.

Type T followed immediately by the number corresponding to the VALUES file to
observe calculated data in VALUES

'System responds by displaying file contents on monitor screen and types some
-additional -information. ' ‘

If output looks acceptable, user types END to return to previous U-program
display. ’
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23.

24,

25.
26.
27.
28.
29.

To print output file contents on RJET, user types ... AR-RJET terminal
number - VALUES file number.

Teletype responds with ... an open cross symbol and the print is available
immediately at the designated RJET terminal with the name Box R69. User
types END to close out U.

System responds with ... ALL DONE, and removes display from screen.

" User byes back into original channe].r Te]etype responds With ... RCV + FLOW.

If user now types YES, (response to step 18) the program recycles to step 7.
If user types NO, teletype responds with ... ALL DONE.

User logs off machine by depressing CTRL and D keys simultaneously.
Teletype responds with ... BYE. :

Calculations of the Magmamax No. 1 geothermal well are used as an example problem
to illustrate operation of the code.

Sample Problem - Magmamax No. #1

The user - teletype sequence for this calculation is shown in Table B1. The

graphical output is shown in Figure BT and the output file VALUES is shown in
Table B2.
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TABLE B1

USER - TELETYPE SEQUENCE FOR MAGMAMAX NO. 1 CALCULATION

HELLFLOW

ARE VO USTIHGS TEMST OF ‘ST UMITEY

ERNE

FLERSE ENTER YDUR DATH :

TRE==S09. DERPTH=2200. DIA=.656 WFs=20. wr=l11l. FM=.036 FrLOTs(13=0.
FrLATS (2=, 03 FPLOTSC(2)=. 04 FrLOTE(4)=, 035 nFLOTSE=4 sO

T YOU WAKNT THE GRAFPHICS FACKABE s

TES :

MOMITOR HO. 7561

A 7 =

DO YDU WAMT THE  HARD COPYY
YES :

RJETsDDENs OF EDTH

RJET

SIVERN

DO vOU WANT THE DUTFUT HNOH
YEZ : )

PO YOU WISH TO DO ANOTHER FROELEM
XE :

EYE E

HTL

[}

BT3

42 LImes. (120m) .
cHeMMEL 053 0 .
CEND

tErd3 5

SFEMD

ALl pmHE

A .

EYE - .

(=lnd K - +FLOW
MDD

ALL . DOME
ETF
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FIGURE

Bl

MAGMAMAX NO.: 1 GRAPHICAL OUTPUT

2.00E+02 -

gighswﬂm-
Eg
:E;g:.umaoeL

TRES= S.09E+02 F
S, 00E+01 PRES= $9.97E+D2 PSIA

DEPTH= 2.30E+03 FT

TSALT= 2.00E+01

AP= 3. 3BE-01 SO.FT,

1 J ) L 1 L [} L) L
1 [\2) A1) (<] [
g 0§ 8§ g & 3 8 & 8
5 B & & & & & @ 4
8 o 10 L) us (=} | 5] J )
> . - - L] - . . d "
L~ i *1 -~ o & (] ™M < -

WZLL HERD PRESSURE

CPEIR?
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TABLE B2
MAGMAMAX NO 1 VALUES OUTPUT FILE

L

1 'CONSTRHT DIQMETER UELLBDRE CRLEULRTIDHS BRSED UH BDMPUTHTIDNQL METHOD FOR SELF FLOWING GEOTH‘PMRL LELLS

IN “COMPARISON ‘OF BRIME PRODUCTION METHODS AND CONVERSIDN PROCESSES FOR GEOTHERMAL

ELECTRIC POWER GENERATIOM®, D. G. ELLIOT. EQL REPORT MO. 18, ENVIRONMENTAL QUALITY .

. LABORATORY. CALIFORNIA INSTITUTE OF TECHNOLOGY. PASADENA. CRLIFORNIH. JULY 1975.
TIHE' B3:51:48 nnre- 33/23/?7 ’ ‘
' ’ **mmINPUT VRLUES**mm

~TRE§ = 5. BBBBE+BB DEG F
o PRES = 8. CPSIA - : ’
“UPPRo el @, . DME U[TH 'PRES' INPUT 2ERD WITHOUT
.. DEPTH = 2,3000E+33 FEET - "
~-DIR = 6.5680E-A1 FEET
CWFS = 2,088AE+R1 WEIGHT PERCENT
S OWF = 101108E402 LBM PER SEC
- FM = = 3.6000E-B2 MDODY FRICTION FACTOR.
DD = 1.6BBBE+AR PSIA/.BM PER SEC. DRAWDOLN
VR = 1.0080E+BA GAS-L.I0 VELOCITY RATIO
“HTC - = B, ‘BTU-HR~8Q FT-DEG F.
BETW = B. - ol FOR. VﬁLUES THRU 2 PHASE REGION -

NORMAL HYDPDSTRTIC Pnsssune - 9 966E+A2 PSIA
* ***megrne CONSTANTS#oiclox

{ = ‘B.47ARE-B1
A2 = -3.2RAAE-B2
A3 = 7.6218E+A1
A4 = 3.6800E-01
A5 = 1.1274E+80
SB1 =  4,7618E-01 BTU/LBH—DEG R AT 409 F

| . yoeoMELL BOTTOM CONDITIONS#otokk ; ‘
5.090E+82  6.250E+02 9 19BE+B2  4.144E+82  3.38BE-B1 - 5.4B81E+08  5.827E-01

o ~ soltetFLASH POINT CUHDITIDNSm**m :
:5.B085E+82 6 222E+02 . S. 994E+Bl ' 4.609E+82°  4.139E+92 5.479E+BB  5.822E-81

k***IHTERPDLRTED WELLHEAD CDND[T[DHS**#*
: TWH - = 4,3325E4+02 DEG F

PWH. = 3.8124E+82 PSIA -
A= 7.7119E-B2 GUALITY -
HWH = d4.1151E+92 BTU/LBM '
SWH = 6.2235E-81 BTU/LBM-DEG R ...
. WGEWH = B8.5602E+88 LBM-SEC ' VAPOR .-
WLWH = 1.8244E+82 LBM/SEC  LIO
VLUM = 5.1434E+81 LI0 VELOCITY. FEET PER SEC

2 3808E+B3 FT ABOVE WELLBOTTOM




APPENDIX C

EXAMPLES OF WELLFLOW OUTPUT

-

Several types of calculated outputs are possible. Examples of the formats with
a description of the output data are discussed below.

1. Time when the calculation was performed in hours, minutes and seconds;
date (A11 examples).

2. Tabulation of the input values used. (A1l examples).

3. Calculated hydrostatic pressure at well depth if the reservoir pressure
was not specified. (See Table B2).

4. If a value had been entered for WFS, the coefficients used to calculate brine
properties would now be listed followed by the calculated value of saturated
brine entropy at 400°F. (See Table B2).

5. Wellbottom conditions of temperature and the cbrresponding saturation
pressure, flowing bottom pressure, 1iquid enthalpy, pipe cross-sectional
area in square feet or meters, 1iquid velocity and liquid entropy
in a sequential line format. (A1l examples). |

6. Flash point conditions of temperautre and the corresponding saturation pressure,
tliquid density, elevation from well bottom to flash point, saturated Tiquid
enthalpy, liquid velocity and saturated liquid entropy in a sequential
format (A1l examples). )

7. If BETW had been set equal to one, each temperaturefincrement from the flash
level to the wellhead would produce two lines of output at this point under
the title, "Traverse Well Conditions" (See example C2). The first line would
consist of the current values of temperature, corresponding $aturation
pressure, cumulative elevation. in the wellbore, elevation change as a result .
of the temperature increment, mixture quality and the qua11tyfat the start
of the current calculation, respectively. The second line consists of the
current values of mixture entropy, liquid velocity, vapor velocity, saturated
brine enthalpy, sonic liquid velocity and mach number, respectively.
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10.

If the calculation has proceeded to the wellhead without producing a choking
condition, the labeled wellhead paraméters are tabulated urider the ‘title
"Interpolated Wellhead Conditions". (See‘example c1).

If the mixture chokes below the wellhead, an appropriate {Value of WF is
selected to just produce sonic liquid velocity at the wellhead and the
problem is autbmatical]y rerun starting at the wellbottom. An-output
statement is made indicating this condition and listing'the value of WF

- selected. The 1abe1ed wellhead parameters are tabulated under the title,

"Flow is Choked“ (See example c3).

Graphical output is shown in Figure B1.
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EXAMPLE €% ~ PURE WATER

1 CONSTANT D[RHETER‘UELLBDRE CALCULATIONS - BHSED ON COMPUTATIONAL METHOD FOR SELF FLOWING GEOTHERHRL HELLS

IN “COMPARISON OF BRINE PRODUCTION METHODS AND CONVERSION PROCESSES FOR GEOTHERMAL
ELECTRIC POWER GENERATION’., D. 6. ELLIOT. EQL REPORY NO. .18, ENVIRONMENTAL QUALITY -
- LABORATORY., CALIFORNIA INSTITUTE OF TECHNOLOGY. PASADENA. CALIFORNIA. JULY 1975..

TIME: ©8:49:46 DATE: 0372477

Hoiolok INPUT  VALUESHololcke
TRES = 5.720BE+82 DEG F

PRES = @. PSIA .
PPR. = G, ONE WITH PRES INPUT ZERD WITHOUT
DEPTH = §5.0000E+83 FEET -
DI = S.SBBBE-BI FEET ,

WFS = @, WEIGHT PERCENT

WF = {,250B8E+82 LBM PER SEC v

FM = 4 198BE-B2 MOODY FRICTION FACTOR j

DD = |.6880E+08 PSIA-LBM PER SEC. DRALDOLM

VR = 1.0080E+88 GAS-.10 VELOCITY RATIO ’

HTC = @. BTU/HR 58 FT-DEG F

BETW = @. 1 FOR VALUES THRU 2 PHRSE REGIOH

NORMAL HYDROSTATIC PRESSURE =  2.166E+83 PSIA

L daidioiJELL BOTTOM. CONDITIONSHoKiene - - -
J.720E+82 1,246E+ﬂ3 1.966E+A3  5.759E+82  2.463E-081 1.125e+81 - 7.723E-01

o _ HalololFLASH POINT CDNDITIDNS**** S o
5.6B5E+82 l 212E+33 . 4,47 1E+D1 .118E+03  §5.736E+82 = 1.135E+B1 7.731E-81

Hato INTERPOLATED UELLHERD COND I TIONS#atolor
TWH = 4.3381E+82 DEG F
PUH = 3. 5??3E+@2 PSIH

M = 2.AAVIE-B1 QUALITY
H = 3.6953E+02 BTU-LBM
St = V.8464E~81 BTU/LBM-DEG R
. LEWH = 2.59ME+D) LBM/SEL - WAPOR
LM = 9.9%09E4H01 LBM/SES . LIO
R l S859E402 LIA VELOCITY. FEET PER SEC

YU 59.7808E+33 FT ABDYWE LELLBOTTOM
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EXAMPLE C2 - CALCULATIONAL OUTPUT THROUGH TWO-PHASE REGION

’11 CONSTANT DIHﬁETER WELLBORE CALCULATIONS BASED ON COMPUTATIONAL METHOD FOR SELF FLOWING GEOTHERMAL - WELLS
[N “COMPRRISOH OF BRINE PRODUCTION METHODS AMD CONVERSION PROCESSES FOR GEOTHERMAL

- ELECTRIC POWER GEMERATION®. D. G. ELLIOT. EQL REPORT NO. 1B. ENVIRONMEMTAL QUALITY
LRBQRQTDRVA'CRLIFURNIH INSTITUTE OF TECHWOLOGY. PASADENA. CALIFORMIA. JULY 1975,
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NOTICE

This report was prepared -as an account of work
sponsored by the United States Government. Neither the
United States nor the United States Energy Research

& Development Administration, nor any of their
employees, nor any of their contractors, subcontractors,
or. their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility
for the accuracy, completeness or uscfulness of any
information, apparatus, product or process disclosed,or
represents - that * its use . would - not infringe
privately-owned rights.

NOTICE

Reference to 8 company or product name does not
imply approval or recommendation of the product by
the University of California or the U.S. Energy Research
& Development Administration to the exclusion of
others that may be suitable.
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