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ABSTRACT

Two-phase flow occurs in geothermal wellbores, so it is important to have the ca-
pability of modeling vertical two-phase flow for proper well and reservoir manage-
ment. Investigators have used several correlations to this end and testing of these
correlations have been reported in the literature. However, a large data set covering a
wide range of flowrate, fluid enthalpy, wellhead pressure and well depth, has not ap-
peared in a single study, that could then be available to test specific models against.
This report is intended to fill that gap by providing as complete a data set as possible
on flowing pressure and temperature profiles from ten geothermal wells around the
world. It also provides calculated pressure and temperature profiles for these wells us-
ing the Orkiszewski (1967) correlations. Analysis of pressure profiles and flow pattern
transitions for the ten geothermal wells in our study is also presented. The analysis
suggests general applicability of Orkiszewski’s (1967) correlations for geothermal
wellbore flow under a variety of situations. Most of the geothermal wells tested in this

study flowed in the slug flow regime.
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1. INTRODUCTION

Two-phase vertical geothermal wellbore flow studies are important for well and
reservoir management purposes. Several studies have appeared in the past on how to
model two-phase flow in geothermal wellbores with limited testing of the models.
This report is intended to provide a compilation of data for two-phase calculations
from ten geothermal wells around the world, covering a wide range of flowrate, well-

head pressure, fluid enthalpy and depth. Our data set covers:
e Flowrate  12.9-68.6kg/sec
e  Wellhead pressure  2.3-56.5 bar-g
e  Fluid enthalpy  965-1966 kJ/kg
e Depth 913-2600 m

Such a collection of data should be helpful for investigators in the future to test an ex-

isting or new model rigorously to determine general applicability of a given model.

In this study, we provide calculated pressure and temperature profiles for the ten
wells using the Orkiszewski (1967) correlations. A computer program used by Ortiz-
R. (1983) with minor modifications was used for this purpose. A brief description of

the computer program is presented in Chapter 2.

This wellbore simulator has been used in the Stanford Geothermal Program for
different studies. e.g., Gudmundsson, Ortiz-R., and Granados-G. (1984) and Gud-
mundsson (1984) used the simulator to study wellbore calcite deposition and discharge
analysis problems. Gudmundsson, Ortiz-R., and Granados-G. (1984) used the Ork-
iszewski (1967) model for two-phase flow in geothermal wells after a slight
modification in the way the liquid distribution coefficient © was calculated. They
found that wellbore calcite deposition results in slow output decline at early time, but
rapid decline at late times. Gudmundsson (1984) presented a step-by-step procedure

for discharge analysis of two-phase geothermal wells. Gudmundsson, Ambastha and
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Thorhallsson (1984) used the simulator to analyse discharge characteristics of well 9 in
Reykjanes field, Iceland. The measured output of this well was 180 kg/sec at a well-
head pressure of 20 bar-g. Calculations showed that the well deliverability depends

greatly on the wellbore diameter and the enthalpy of the steam-brine mixture.

Calculated and measured pressure and temperature profiles appear in Chapter 3.
A summary of the effort in this study is presented in Chapter 4. The computer pro-
gram listing with typical input and output sheets are presented in Appendix A and B,
respectively. Appendix C contains relevant measured pressure and temperature data

from the ten wells. Analysis of pressure profiles and flow pattern transitions appear as

papers in Appendix D.

Last but not least, we appreciate the cooperation on this study with CFE in Mexi-

co, METU in Turkey, and MWD in New Zealand.
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2. DESCRIPTION OF COMPUTER PROGRAM

A computer program used by Ortiz-R. (1983) with minor modifications was used
in this study. Modification of the computer program involved flow regime transition
criteria. In particular, the bubble flow regime criterion presented by Ortiz-R. (1983) as

expression (12) in his report is replaced by

Lb/s > Vgl Vst (1)
to make it consistent with the original Orkiszewski (1967) method. Further details on

this criterion are mentioned in Ambastha and Gudmundsson (1986a).

The input system of the computer code has been changed from formatted input to
unformatted input for easier data entry. The order in which the input data is entered
remains the same. The output file system has been modified to get more information
about a particular run than was being obtained before. In particular, the program now
opens two files to get flowing pressure and temperature data vs. depth so that it is con-
venient to get such graphs from a run. The units of pressure, temperature and depth
are in bar-g, degree C and meter respectively. It also opens files to report data on both
dimensionless liquid and gas numbers and diameter number as the calculation proceeds
in the sections of the wellbore where two-phase flow occurs. Specific file names

opened for these purposes are mentioned in the documentation part of the program.

The rest of the details of the computer program are the same as in Ortiz-R.
(1983). This wellbore simulator was fist developed by Fandriana et al . (1981), and
later modified by Ortiz-R. (1983). The program allows calculations to start from the
wellhead or bottomhole. Steam table values are used to interpolate steam/water pro-
perties. Wellbore heat transmission is considered in the program by using an overall
heat transfer coefficient. Wellbore string design with many diameters can be handled
in the program. However, the effects of noncondensable gases and solids in the flows-

treamn are neglected in the program.
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A complete listing of the modified program appears in Appendix A. Appendix B

contains typical input and output sheets for one of the runs in this study.
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3. PRESSURE AND TEMPERATURE PROFILES

Measured pressure and temperature data for all ten wells appear in Appendix C,
with the exception of measured temperature data for Utgh State 14-2 which was not
available. Data were obtained from various sources mentioned in Ambastha and Gud-
mundsson (1986b). Data used to calculate pressure and temperature profiles is provid-
ed in Table 1 of Ambastha and Gudmundsson (1986b). One can obtain more informa-
tion about the wells by referring to the original sources. For consistency, calculations

were done from surface to bottom. Measured and calculated pressure and temperature

profiles appear in Figs. 1-19.

HGP-A well is a special case for which measured pressure and temperature
profiles, and discharge tests are available for four different rates. Data presented in
Table 1 of Ambastha and Gudmundsson (1986b) belongs to the measurements for the

highest rate. Relevant data for all four rates appear in Table 1 of this report.

Analysis of pressure profiles and flow pattern transitions for wells considered in
this study is presented in two papers attached in Appendix D. Again, data in Tables 2
and 3 of Ambastha and Gudmundsson (1986b) belong to the measurements for the

highest rate in well HGP-A. Supplements to Tables 2 and 3 in that paper appear as
Tables 2 and 3 of this report.

Analysis of temperature profile matches separately or in conjunction with pressure

profiles has not been carried out in this study. This may be part of a future project.
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TABLE 1
Data used to calculate pressure and temperature
profiles from wellhead to bottom for HGP A well

Steam | Total Flowrate | Mixture | Wellhead Total Depth
rate | (Steam & Water) | Enthalpy | Pressure Wellbore String Design m
klb/hr kg/s kl/kg bar-g
70 139 3.2
66 136 6
1966 0.802 ft from 0-680 m 1966
58 12.8 14.9 0.5833 ft fran 680 m-bottom
50 11.6 25.2
~TABLE 2
Values representing two-phase nature of flow
at/near wellhead for HGP A well
Steam| Total Quality Steam |Wellhead{Measured Pressure|  Calculated
rate {Mass Flux|at Wellhead|Mass Flux| Pressure Gradient Pressure Gradient{Ratio
kib/hr| kg/s-m? kg/s-m” | bar-g bar/m bar/m
70 296 0.63 187 3.2 0.0042 0.0049 1.17
66 279 0.61 171 6 0.0029 0.0036 1.24
58 245 0.57 140 14.9 0.0057 0.0029 0.51
50 211 0.54 1145 252 0.0093 0.0033 0.35
) TABLE 3 ]
Comparison of measured and calculated pressure profiles for HGP A well
Standard
Steam ) Mean | Deviation Mean Standard
rate | Data Points | Measured Pressure Range | Error | of Error | Percent | Deviation of
kib/hr bar-g bar-g bar-g Error | Percent Error
/0 3.2-16.7 0.6 0.4 6.1 27
66 6-20.1 015 | 0.64 0.7 5.8
17
58 14.9-34 264 | 12 197 37
50 25.2-52.6 -4.64 2.6 -11.3 4.7




4. SUMMARY

This report has provided researchers with data sets for several measured pressure
and temperature profiles covering a wide range of conditions. This should be helpful
to validate new and existing two-phase geothermal wellbore flow models under a
variety of situations. As concluded in Ambastha and Gudmundsson (1986b), the Ork-
iszewski (1967) correlations seem to have general applicability for geothermal wellbore
flow. As suggested in Ambastha and Gudmundsson (1986a), most of the geothermal
wells tested in this study flowed in the slug flow regime and further research for geoth-
ermal two-phase flow applications should be directed towards the slug flow regime.

Analysis of pressure profiles in Ambastha and Gudmundsson (1986b) indicates
that

1. Good matches between calculated and measured pressure profiles were ob-

tained using the correlations if the steam mass flux is larger than 100 kg/s-

m?.

2. Gas content and fluid enthalpy are important parameters in determining the
depth of flashing and hence the agreement between calculated and measured

pressure profiles.
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Fig. 1 - Measured and calculated pressure profiles for Ngawha 11.
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Fig. 2 - Measured and calculated pressure profiles for Los Azufres 18.
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Fig. 3 - Measured and calculated pressure profiles for Cerro-Prieto 90.
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Fig. 4 - Measured and calculated pressure profiles for Okoy 7.
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Fig. 5 - Measured and calculated pressure profiles for Cerro-Prieto 91.
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Fig. 6 - Measured and calculated pressure profiles for Mofete 2.
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Fig. 7 - Measured and calculated pressure profiles for East Mesa 6.
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Fig. 8 - Measured and calculated pressure profiles for Utah State 14.
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Fig. 9 - Measured and calculated pressure profiles for Krafla 9.
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Fig. 10 - Measured and calculated pressure profiles for HGP A well

(Steam rate = 70, 66, 58, 50 Klb/hr.)
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Fig. 11 - Measured and calculated temperature profiles for Ngawha 11
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Fig. 12 - Measured and calculated temperature profiles for Los Azufres 18
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Fig. 13- Measured and calculated temperature profiles for Cerro-Prieto 90
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Fig. 14 - Measured and calculated temperature profiles for Okoy 7
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Fig. 15- Mcasured and calculated temperature profiles for Cerro-Prieto 9 1
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Fig. 16 - Measured and calculated temperature profiles for Mofete 2
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Fig. 17 - Mcasured and calculated temperature profiles for East Mcsa 6
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Fig. 18- Measured and calculated temperature profiles for Krafla 9
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Fig. 19- Measured and calculated temperature profiles for HGP-A well

(Steam rate = 70, 66, 58, 50 Klb/hr.)




NOMENCLATURE

Ly Bubble-slug boundary term

Vsg Superficial gas velocity, ft/sec

Ver Total superficial velocity, ft/sec
T Liquid distribution coefficient
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APPENDIX A: Computer Program Listing
Modification to original Ortiz-R. (1983) program is mentioned at the top of the pro-

gram listing. Updated document also contains list of output files opened by the pro-

gram for various purposes.
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ortiz.f Wed Aug 6 16:33:18 1986 1

KEEIA KA KKK KA AR IR R A A KRR R AR AR R AR A A A AR AR AR AT R AAR AR AR R RA AR AR ARk k kk

THIS PROGRAM CALCULATES THE FLOWING PRESSURE AND TEMPERATURE
OF A TWO-PHASE GEOTHERMAL WELL. THE DIRECTION OF CALCULATION
CAN EITHER BE FROM THE WELLHEAD OR WELLBOTTOM. THE PROGRAM
WAS DEVELOPED BY JAIME ORTIZ-R. AND IS DESCRIBED IN SGP-TR-66
"TWO-PHASE FLOW IN GEOTHERMAL WELLS: DEVELOPMENT AND USES OF
A COMPUTER CODE,"" JUNE 1983. THIS VERSION OF THE PROGRAM WAS
RUN ON THE IBM-3081 COMPUTER OF CIT AT sTANFORD UNIVERSITY.
THE WORK WAS FUNDED BY THE U.S. DEPARTMENT ENERGY THROUGH
CONTRACT DE~AT03-305F11459 TO THE STANFORD GEOTHERMAL PROGRAM

¥ % ¥ X *

* X % % 0 @

THE ORIGINAL VERSION BY JAIME ORTIZ-R. HAS BEEN MODIFIED

BY ANIL XKUMAR AMBASTHA SLIGHTLY TO BE CONSISTENT WITH ORIGINAL
ORKISZEWSKI (1967) TWO-PHASE FLOW CORRELATIONS. THE
MODIFICATION 1S DISCUSSED IN SGP-TR-100 "*COLLECTION AND
EVALUATION OF FLOWING PRESSURE AND TEMPERATURE DATA FROM
GEOTHERMAL WELLS™ AUG. 1986. VARIOUS FILES ARE OPENED TO GET RAW*
DATA FOR SEVERAL GRAPHS THAT AID IN PROPER ANALYSIS OF DATA.
THIS VERSION OF PROGRAM HAS BEEN EXTENSIVELY RUN AND TESTED ON *
STANFORD UNIV. PETROLEUM ENGINEERING DEPARTMENT VAX COMPUTER. *

*
*
*
*
*
*
°
*
*
*
k3
*
*
*
*
*
*
*
*
*
KA KKK IR A KKK AR KA A A A A A AR AR A A A A AR A KA AA A I AR AKRA AR A AR AR AR A AN KRRk Kk kk Kk kok ok
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

= ¥ X ¥ X O

INPUT VARIABLES

FLOWING PRESSURE, PSIA

FLOWING TEMPERATURE, DEG. F.

PIPE DIAMETER, FT.

NUMBER OF DIFFERENTS DIAMETERS + 1

DEPTH OF DIFFERENTS DIAMETERS ENDINGS
PIPE LENGTH, FT.

ABSOLUTE PIPE ROUGHNESS, FT.

WATER GRAVITY
TOTAL MASS FLOW RATE, Lg8/HR
ENTHALPY OF FLUID AT INITIAL POINT, 8TU/LB
HEAT TRANSFER COEFFICIENT, BTU/ (HR,SQFT, GF)
ENTHALPY, BTU/LB
ANGLE or FLOW FROM HORIZONTAL, DEG.
NUMBERS OF POINTS WITH SHUT-IN TEMPERATURES
SHUT-IN TEMPERATURE, DES. F.
DEPTH OF SHUT-IN TEMPERATURE, FT.
DEPTH OF WELLBORE (FT)
DEPTH or WELLHEAD (FT)
+1/-1, (+1=ITERATION FRDM THE WELLHEAD,

-1=ITERATION FROM BOTTOMHOLE. )

P (1)
T(1)
DIA
ND
ZD1AaM
DIST
AROUG
WGR
WT
ENML
HCO
ENTH
ANG
NPT
ROKT
DEPT
DWELLB
DWELLH
ISIGN

Xk X ok X X Nk X *

LI [ T (1]

L S | I B | O [

¥ % ok Ok k ok ok F X X X * A

KR E KA KKK KRR R KK R KA AR AR AR KRRk k kA kA kkkk kA Ak hkAhk ARk X hkkrkrkk kA kkkx

OO0 NN000N00OONONNO000000000000CO0000000O0O0A0N

* OUTPUT FILE SYSTEM
* AkAkkhkkhkkkkhkhkkkkkkk
* pressure —--- pressure (barg) Vvs. depth (m) data
° temp ---- Temperature édeg C) vs. depth (m) data_
flow ---- NLV vs. NGV data in two-phase flow region
* dia ---- Diameter number data in two-phase flow region
* KA A AR AR T E R KA R AR AR AR R A AR AR AR A A AR A AR A AR AR AR KA R AR AN A AR A A kA kokkok
IMPLICIT REAL*8 (A-H,0-2
DIMENS ION DEPT(30) ,ROKT (30)
DIMENSION p(250),T(250),2(250) , ENTH (250
DIMENSION DIAM(10),ZDIAM(10), AROUG(10)
DIMENSION ITITLE (20),REG(5)
DATA REG/ 4HBBLE, 4HSLUG, 4HMIST, 4HTRAN, 4HMONO/
C

C READ INPUT PARAMETERS
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ortiz.£ Wed Aug 6 16:33:18 1986 2

KARIXAkAKKAKAKAA Ak KAk kkhkkKk

OPEN (UNIT-7 FILE="pressure")
OPEN (UNIT-8 FILE-""temp'")
OPEN(UNIT=9,FILE="flow")
OPEN(UNIT=10,FILE="dia™)
READ (5,1300) (ITITLE(I),I=1,18)
1300 FORMAT (1844)
READ (5,*) P(1),T(1),2(2)
READ (5, ¥) WGR, WT , EXR1, HCO
READ (5,*) INC
READ (5, ¥) ANG,DWELLB, DWELLH
READ (5,) ISIGN
READ (5, *) ND
ND=ND+1
READ (5, *) (DIAM(I),I=1,ND)
READ (5, *) (AROUG(I),I=1,ND)
READ (5, *) (ZDIAM(I),I=1,ND)
READ (5, *) NPT
READ (5,*) (DEPT(I),I=1,NPT)
READ (5,*) (ROKT(I),I=1,NPT)
c
WRITE (6,3000)(ITITLE (1), 1=1,18)
3000 FORMAT (1H1,///,5X,18A4)
WRITE (6,3010)
3010 FORMAT (//, 5%, INPUT DATA AS FOLLOW:’)
WRITE (6,3050WGR, WT ,HCO
3050 FORMAT(//, 7%,  WATER GRAVITY’,T35,F15,4,
3 /,7%, "TOTAL MASS FLOWRATE, LB/HR’ ,T35,F15.4,
4 /,7X, ' HEAT TRANSF COEFF,BTU/HR/SQFT/F’',T35,F15.4)
IF(ISIGN.EQ.-1) GO TO 10
WRITE (6, 3020)
3020 FORMAT(//,5%,’ AT THE WELLHEAD : ')
WRITE (6,3040)2(1),P(1),T(1)
3040 FORMAT (/,7X,'DEPTH,FT’, T24,F10.2 ,
1/,7X, ' PRESSURE,PSIA’,T24,F10.2,/,7X,
2' TEMPERATURE ,F ,T24,F10,2)
WRITE(§,3075)
3075 rorMAT(//, 5%,/ pIPE DIAMETER USED AS FOLLOW:*",/)
GO TO 11
10 WRITE (6,3030)
3030 FORMAT (//,5X, AT THE WELLBOTTOM: ")
WRITE (6,3040)2(1),P(1),T(1)
WRITE(§,3075)
11 CONTINUE
ND1 = ND-1
IF(ND1.LE.O) GO TO 8
DO 7 11=1,ND1
WRITE(6,3078) ZDIAM(II),2DIAM(II+1), TAMCII+1) ,AROUG ( 1 1+1)
3076 FORMAT(7X,’FROM’,F8.1,* FT TO *,F8.1,’ FT, PIPE DIAMETER (FT) =',
1¥9.4,/,T41,’ ABS ROUGHNESS (FT) = ,F9.4,/)
7 CONTINUE
8 CONTINUE
WRITE (6,3005)INC
3005 FORMAT (7, 5X, "TOTAL LENGTH DIVIDED IN * ,13,” INTERVALS")
WRITE (6,3060)
3060 FORMAT(//, 5%,  DOWNHOLE SHUT-IN TEMPERATURE AS FOLLOW:*®,
1//,7%,DEPTH,FT',T25, TEMP,F*, /)
DO 20 1I=1,NPT
20 WRITE (6,3070DEPT(I) ,ROKT (1)
3070 FORMAT (2X,F12.2,5%,F10.2)
WRITE (6,501)
501 FORMAT(1X%,//)

C
C CHECK FOR DENSE STATE OF GEOTHERMAL FLUID
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IF (T(1).GT.705.0R.P(1) .GT.3208.) GO TO 100

c
c CONVERT ALL VARIABLES INTO ITS USABLE FORMS.
SIGN = DFLOAT (ISIGN)
PIE = 3.14159%D0
ANG = ANG*PIE/130,
AROG ™ AROUG(1)
DIA = DIAM(1)
AREA = PIE*DIA*DIA/4.
DIST = DWELLB-DWELLH
DELZ = DIST/DFLOAT (INC)
DELL = DELZ/DSIN(ANG)
ISTATE = O
IONE =1
FRIMON-0.0
POTHMON=0 .0
FRITP -0.0
POTTP -0.0
ACCTP -0.0
IPIPE =2
CENT = 0.0
CENT2 = 0.0
DM = 21.
IF(ISIGN.EQ.1) DM=0.00
c TEST FOR COMPRESSED LIQUID
PSAT-FPSAT(T (1))
IF (PSAT-P(1)) 201,200,600
c
c * THIS IS A COMPRESSED LIQUID (SINGLE PHASE FLOW) *
c

201 IF (DABS(PSAT-P(1))/P(1l) .LT.1.D-3) GO TO 209
CALL COWAT (T(l),P(1),WDEN,ENTH1}
IF (ISTATEEQ.0) ENTH(1) = ENTHI
WRITE (6,3080)

3080 FORMAT (/1¢,/,10%,’* LIQUID FLOW *
1T52,'FRICTION’,T64, ACCELE.’,T73, POTENTIAL’,T109, qw/A’,
2/,7X,'DEPTH,FT’,T18,'PRES,PSIA’,T32,' TEMP,F’,T40,
37EN,BTU/LB’,T51,'Psi/100£ft’,T62, " Psi/100ft’,T73,'Psi/100ft",
47109, "ft /s, /)

WRITE (6,3090% (1) ,P(1),T (1) ,ENTH(1)

3090 FORMAT (4X, 4(1X,F10,2),3{1X,F10.4),21X,F10.4)
WRITE (7,%)2 (1) /3.28084, (P (1) -14.7)/14.503774
WRITE (8, *)2(1)/3,28084, (T(1)-32.)/1.8

253 CONTINUE
DPE=DELZ*0,35

C
C CHECK IF THIS IS THE FIRST POINT OR A TRANSFER FROM TWOPHASE.
IF (ISTATE.NE.0) IONE = KFLASH
IF ( ISTATE .NE.O .AND. ISIGN.EQ.I ) DELZ=(DWELLB-2FLA3H)/
1 DFLOAT (INC-K)
DELL = DELZ/DSIN(ANG)
C
C starT TO CALCULATE PRESSURE DROP IN THE COMPRESSED LIQUID REGION.

DO 30 x=I0NE, INC
29 ZMID = z(K) + SIGN*DELZ/2,

TR = FLAGR(DEPT, ROKT, ZMID,1,NPT)
IF (13IGN.EQ. 1.AND. ZMID.LE.ZDIAM(IPIPE)) GO TO 39
IF (ISIGN,EQ.-1.AND, ZMID.GE.ZDIAM(IPIPE)) GO TO 39
IPIPE = IPIPE +1
AROG-AROUG (IPIPE)
DIA- DIAM(IPIPE)
AREA = PIE*DIA*DIA/4.

39  CONTINUE
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C ITERATION TO CALCULATE TEMPERATURE AND PRESSURE VALUES
DO 31 1=1,500
XI= DFLOAT(I-1)
TAV= T(K) + SIGN*XI*,005%
Q = PIE*HCO*DIA*DELL* (TAV=TR)/ (WT*2.)
ENAV=ENTH (K) +SIGN*(Q-DELZ/1556.)
IF(Q .LE. O. ) ENAV=ENTH(K)

C CALC. PRESSURE DROP USING THE ASSUMED FLOWING TEMPERATURE.
DO 32 J=1,100
PAV=P (K) +SIGN*DPE/2.
CALL PVTW(TaAv, PAV,WGR,DENL,VI3L)
ED=AROG/DIA
YSL=WT/DENL/AREA/3600,
REYN=1488.*DIA*VSL*DENL/VISL
CALL FRFACT (REYN,ED, i)
DPDL= (FM*DENL*VSL*VSL/ (32.2*2.*DIA) +DENL*DSIN (ANG) ) /144.
DPC=DPDL*DELL
IF (J _LE. 90) GO TO 4949
IF (J .G6T. 91) GO TO 4848
WRITE (6,474%
4747 FORMAT(1X,/,1x," J ,79,’ DPE" ,T21,” DPC* ,T33, "PAV")
4848 WRITE(6,1515)J,DPE,DPC, PAV
1515 FORMAT (1X,I3,3(2X,F10.4)
4949 CONTINUE
IF (DaBs (DPC-DPE) .LT.0.001) GO TO 35
DPE=(DPC+DPE) /2.
32 CONTINUE
C SYSTEM DOES NOT CONVERGE AFTER 100 ITERATIONS
WRITE (%, 34)
34 FORMAT ¢+ NO CONVERGENCE AT PRESSURE ITERATION®,/)
GO TO 999
35 CONTINUE
CALL COWAT (TAV PAV,»DEN, ENL)
IF (1 _LE. 400) GO TO 5050
IF(1.GT.401) GO TO 5151
WRITE(6,5252)
5252 FORMAT(1x%,/,1%,’ I",Tl2, "ENAV" ,T25, "ENL" ,T37, "TAV")
5151 WRITE (6,1616)1 ,ENAV,ENL, TAV
1616 FORMAT (1X,I3,3(2X,F10.3))
5050 CONTINUE
IF (DABS (ENAV-ENL) .LT..1) GO TO 36
31 CONTINUE
C SYSTEM DOESN"T CONVERGE FOR 50000 P AND T ITERATIONS
WRITE (6,37)
37 FORMAT (# NO CONVERGENCE AT TEMPERATURE ITERATION®,/)
GO TO 999
36 T(K+1)=T (K) +XI*SIGN*0,01
P(K+1) =P (K) +DPC*SIGN
C CHECK IF FLUID IS IN SATURATED REGION
PSAT=FPSAT ( T(K+1) )
IF( DABS (PSAT-P(x+1})/PSAT .LT. 1.0-3 ) G0 TO 50
IF (CENT .EQ. 1. )GO TO 45
IF (P(K+1)-PSAT) 40,50,80

CHANGE FROM COMPRESSIBLE FLUID TO SATURATED STEAM
WITHIN THE INCREMENT. RECALCULATE AGAIN
45 CONTINUE
IF( P (K+1) -PSAT ) 42,50,46
40 CONTINUE
DELZ=DABS (P (K)-PSAT) /DPDL
DELL=DELZ/DSIN (ANG)
CENT=1.0
DPE=DPDL*DELZ
GO TO 29

eXeXe]
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42 CONTINUE
DELZ=DELZ-0.2
DELL = DEL2Z2/DSIN(ANG)
GO TO 29

46 CONTINUE
DELZ=DELZ+0.3
DELL=DELZ/D3IN (ANG)
Go TO 29

60 FRIT=(FM*DENL*VSL**2, /(32.2*2.*DIA*144.))*DELL
ACCT=0 .0
POTT=(DENL*DSIN (ANG) /144.) *DELZ
FRIMON=FRIMON+FRIT
POTMON=POTHMON+POTT
Z(K+1)=2 (K)+DELZ*SIGN
CALL COWAT(T(K+1),® (K+1),aD, ENTH(K+1))
WRITE (6,3090)z (K+1) ,P(K+1) ,T(k+1) ,ENTH(K+1) ,
LFRIT*(100./DELL),ACCT*(100./DELL),POTT*(100./DELZ),VSL
WRITE (7, *) 2(K+1) /3.28084, (P (K+1)~14.7) /14.503774
WRITE (8,%) 2 (K+1) /3.28084, [T(K+1)-32.)/1.8

30 CONTINUE

WRITE (6,2626) FRIMON, POTMON, FRITP, POTTP, ACCTP

GO TO 999
c
c THIS IS THE COMPRESSED LIQUID FLASHING POINT
50 2 (K+1) =2 (K) +DELZ*SIGN
FRIT= (FM*DENL*VSL**2./(32.2%2.*DIA*144.)) *DELL
ACCT=0.0
POTT= (DENL*DSIN (ANG) /144.) *DELZ
FRIMON=FRIMON+FRIT
POTMON=POTHON+POTT
CALL COWAT (T (K+1),P(K+1),FL,FE)
WRITE (6,51)
51 FORMAT(/,10%, ' FLASH POINT....")
WRITE (6,3090) z (K+1),P (K+1),T(K+1) ,FE,
LFRIT* (100./DELL} , ACCT* (100, /DELL) , POTT* (100 . /DELZ)
WRITE (7,%) 2 (x+1) /3.28084, (P (RK+1) —14.7)/14,503774
WRITE (8, %)Z (K+1) /3,28084, (T(K+1)=-32.)/1.8
KFLASH = K+1
ENTH (x+1) = FE
ZFLASH = Z(K+1)
ISTATE =1
X5=0.0
<
C **TWO-PHASE FLASHING FLOW**
C
C

CHECK IF THIS IS A TRANSFER FROM COMPRESSED LIQUID REGION.
200 IF (ISTATE.£Q.1) IONE = KFLASH
IF(ISTATE.EQ.0) DPDL=0,009
IF ¢ |STATE.EQ.| _AND. ISIGN.EQ.~1 ) DELZ=(ZFLASH-DWELLH)/
1 DFLOAT(INC-K)
IF (ISTATE.EQ.1) GO TO 282
CALL SATUR(T (1) ,DENS,EHS,EHW,VISS)
ENTH(1) =ENM1
x5= (ENTH(1) ~EHH) / (EHS-EHW)
282 DELL = DELZ/DSIN (ANG)
WRITE (8, 2010)
2010 FORMAT(’ 1" ,/,10X, "® TWO-PHASE FLOW *’ ,
1T52, *FRICTION’,Té64,’' ACCELE.’ ,T73,'POTENTIAL’,T109, ‘qw/A’,
27119, °qs/A’ ,/, 7%, "DEPTH,FT" ,T18, "PRES,PSIA", T32, "TEMP,F", T40,
3'EN,BTU/LB’,T51,'Psi/100£ft’,T62,'Psi/100ft’,T73,'Psi/100ft",
CT85, STM.FRAC’,T97,'REGIME’ ,T109,’'ft/s’,T119,'£ft/s’',/)

DO 210 K = IONE, INC
IF(ISIGN.EQ.-1.AND.ISTATE.EQ.1) GO TO 254
IF(K-NE.1) GO TO 254
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WRITE (6,5454% (1) ,P(1) ,T(1) ,ENTH(1) ,XS

5454 vORMAT (4%, 4 (1X,F10.2),34%,F10.4)
WRITE(7,*)2(1)/3.28084, (P(1)=-14.7)/14.503774
WRITE (8, *)2(1)/3.28084,(T(1)~-32.1/1.8

254 CENT1=0.0
ZMID = 2 (K) + SIGN*DELZ/2.
TR = FLAGR (DEPT,ROKT, 2MID, 1,NPT)
IF (ISIGN.EQ.1 .AND. ZMID.LE.2ZDIAM(IPIPE)) GO TO 69
IF (ISIGN,.EQ.-1 _AND. Z2MID.GE.2ZDIAM(IPIPE)) GO TO 69
IPIPE = IPIPE +1
AR0G=AROUG (IPIPE)
DIAa= DIAM(IPIPE)
AREA = PIE*DIA*DIA/4Y.

69 CONTINUE

C

C ITERATE TO FIND THE PRESSURE DROP
DPC=DPDL*DELL
DO 219 M=1,100
DPE=DPC

PAVG=P (K) +SIGN* (DPE/2.)
TAVG=FT35aT (PAVG)
550 CONTINUE

0=3.14159*HCO*DIA* (DELL/2.) * (TAVG-TR) /WT
IF (TR.GE.TAVG) Q -0.0
ENAV=ENTH (K) +SIGN*(Q-DELZ/2./778.
IFC Q .LE. 0. ) ENAV=ENTH (K)
CALL SATUR(TAYG,DENS,ENS, ENW, VISH)
X= (ENAV-ENW) / (ENS-ENW)
IF ( X_.LT.1.) GO TO 202
CENT1=CENT1+1,
IF(CENTL,EQ.100) GO TO 220
TAVG=T (K) +SIGN*CENT1*0.05
PAVG=FPSAT ( TAVG )
ppe=2.* (PAVG-P(K) ) *SIGN
GO TO 550

202 IF ( ISTATE.EQ.1) GO TO 204
IF (X.GT..001)GO TO 204

c

C CALCULATE THE DEPTH OF THE FLASHING POINT
CENTZ2=1.
ENAV=ENTH (K)
TFP=TAVG

DO 5051 n=1,200
IF(N.LT.190) GO TO 9090
IF(N.GT.191) GO TO 3434
WRITE(6,3034
3034 FORMAT (4%, ’'N’ ,T14, TFP" ,724,"ENAV" ,T36,’ ENW" ,
1T47,7ENS’,T56, /X’
3434 WRITE(6,8585)N, TFP, ENAV,ENw, ENS,
8585 FORMAT(1X,15,4(1X,F10.3),1%,F10, )
9090 CONTINUE
TFP=TFP-0.05
CALL SATUR (TFP DENS,ENS, ENW, VISS
%= (ENAYV-ENW) / (ENS-ENW)
IF (X.GE.-1.D-3) GO TO 5052
5051 CONTINUE
WRITE (§,6060)
6060 FORMAT (1X,/, IX,”NO CONVERGENCE FINDING FLASH POINT®)
GO TO 999
5052 TAVG=(T(K) +TFP) /2.
PAVG-FPSAT (TAVG)
CALL SATUR(TAYG,DENS, ENS, ENW,VISS)
%= (ENAV-ENWY (ENS-ENW)
GO TO 204
4204 CONTINUE
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PFP=FP3AT(TFP)

2 {K+1) =2 () + (PFP-P(K) ) /DPDL

P(K+1)=pFP

T(K+1) =TFP

CALL COWAT(TrP,PFP,DENA, ENAY)

ENTH(K+1) =ENAY

KFLASH = x+1

ZFLASH = 2 (K+1)

KLEM=(Z (K+1) -2(K))

FRIT-(SDPEF/144.) *XLEN
ACCT—(SEKK* (DPDL) ) *XLEN

POTT= (SDENTP*DSIN (ANG)/144.) *XLEN
FRITP=FRITP+FRIT

POTTP=POTTP+POTT

ACCTP=ACCTP+ACCT

WRITE (8, 51)

WRITE (6,3090) z(K+1),P(K+1),T(K+1),ENAY,
1FRIT*(100./XLEN) ,ACCT* (100./XLEN) ,POTT* (100./XLEN)
WRITE(7,*)2(K+1)/3.28084, (P(K+1)~-14.7)/14.503774
WRITE(8,*) 2 (K+1) /3.28084,(T (K+1)-32.) /1.8
WRITE (6,3080)

ISTATE = 1

GO TO 253

204 CALL PVTW (TAVG PAVG,%GR, DENW, VISH)
SUR=FSURW( TAVG,PAVG
WS = X*WT
WA =HT-WS
VSW=W/DENW/AREA/ 3600,
VSS=WS/DENS/AREA/3600,
HLNS=VSW/ (VSW+VSS)
VM=VSHW+VSS
XGN=1.938*VSS* ((DENW/SUR) *%0,25)
XLN=1.938*VSW* ( (DENW/SUR) ¥%0,25)

CALL ORKIS (HLNS XLN,XGN,ANG,peww, DENS, v, DIA,VSS, VSW,
18AVG, AROG,VISW,VISS, SUR,HL,DPDL, 1FP,SDPF,SEKK,
2SDENTP, XBL, XSL, XML, SIG)

XND=120.872*DIA*DSQRT (DENW/SUR)

IF (ISIGN.EQ.~1) Di=SDENTP

DPDL=-DPDL

DPC=DELL*DPDL

IF(M.LT.50) GO TO 1818

IF(M.GE.51) GO TO 8181
WRITE (6,7171)

7171 FORMAT(/, 1%, © #’ ,T7,- DPE",T14,’ DPC" ,T22,’ TAVG" ,T23,
1/eNay’ ,T38,/%’ ,Td42,/ Vs’ ,Td8,’vs8s’ ,752, "HLNS" ,T59,
2'HL" ,T63, 'DENW" ,T69, "DENS" ,T76, *XLN' ,T82,XGN’ ,T37,
3'VISW’,T93,’SDPF’,T98,'SEKK’,T103, SDENTP’,T109, ’IFP’,Tl12,
4/XBL’,T117, "XSL",T122,’ XML’ ,T129, "SIG™ )

8181 WRITE(6,2121)M,DPE ,DPC, TAVG,ENAV, ¥, VSW,VSS,

LHLNS, HL, DENW, DENS, XLN, XGN, VISW, SDPF ,SEKK,SDENTP,1¢p, X8L,
2%SL, XML, SIG

2121 FORMAT (1X,13,2F7.3,2F7.2,F6.3,2F6.2,2F5.2,2F6.2,2F6.1,
1F6.3,F6.2.F5.2,F7.3,12,F4.1,2F5.0,F8.4)

1818 CONTINUE

IF(CENT2.EQ.1.) GO TO 4204

IF (DABS(DPE-DPCYDPE.LT.1.D-3) GO TO 130

219 CONTINUE
220 CONTINUE
c SYSTEM DOES NOT CONVERGES AFTER 100 ITERATIONS.

WRITE (6,1111)cENTL, DPE-DPC

1111 FORMAT(5%, ' centl ', F5,0,1%, "DIFFE *,£10.3)

WRITE (6,221) Z(K),P (K),T(K)

221 FORMAT (* TWO-PHASE FLASHING FLOW®,/,
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¢’ NO CONVERGENCE AT DEPTH= ?,F10.3,’ PRESSURE= ',
cF10 .3,7 TEMPERATURE- ' ,F10.3)
GO TO 999

130 CONTINUE
FRIT=(sDpPF/144.) *DELL
ACCT—(SEXK* (DPDL) ) *DELL
POTT= (SDENTP*DSIN (ANG) /144.) *DELL
FRITP=FRITP+FRIT
POTTP=POTTP+POTT
ACCTP=ACCTP+ACCT
ENTH (g+1) =gNTH (K) + DABS (ENTH(K) -ENAV) *2*3IGN
Z(K+1) =2 (K) +DELZ*SIGN
P(K+l)= P(K) + SIGN*DPC
T (K+1) =FTSAT (P (K+1))
CALL SATUR(T (K+1) ,DENS, ENS, ENW, VISS)
%= (ENTHK+1) -ENW) / (ENS—ENW)
111 WRITE($,2000) Z(K+1), P(K+1),T(K+1),ENTH(K+1),
1FRIT* (100, /DELL) , ACCT* (100, /DELL) , POTT* (100, /DELL),
2%, REG(1FP) ,VSW,VSS
2000 FORMAT (4%, 4 (1X,F10.2),4 (1X,F10.4),T99,A4,2F10.4)
WRITE(7,*)Z (K+1) /3.28084, (P(K+1)-14.7)/14,503774
WRITE (8, *)Z(K+1) /3.28084, (T(K+1) -32.) /1.8
WRITE (9, *) XGN, XLN
WRITE (10, *) XND
210 CONTINUE
WRITE (6,2626FR IMON, POTHMON, FRITP, POTTP, ACCTP
2626 FORMAT(///,7T30,’ ** PRESSURE ANALYSIS **/,/,
C /,25%,’70TAL FRICTION, LIQUID =/ ,F10.4," PSI",
1 /,25%,’ TOTAL POTENTIAL, LIQUID =’ ,£10.4,’ PSI",
2//,25%,’T0TAL FRICTION, TWO-PHASE =’ ,¥10.4,’ PSIT,
3 /,25%%,’70TAL POTENTIAL, TWO-PHASE =‘,¥10.4,’ PSI",
4 /,25%,’T0TAL ACCELE., TWO-PHASE =" ,F10.4,’ PSI")
GO TO 999

600 IF ((P5AT-P(1))/P(1l).LT.1.D-3) GO TO 200
WRITE (6,2020)

2020 FORMAT(///, 15X, SUPER HEATED STEAM, RUN TERMINATED" ,//)
TSAT=FTSAT (P (1))
WRITE(%,8899) P(1),TSAT

8899 FORMAT(1X,’FOR /,F10,2,’ TEMP SAT = ' ,F10.2
GO TO 999

100 WRITE (6,2040)

2040 FORMAT (* PRESSURE OR TEMPERATURE IS ABOVE CRITICAL POINT
1: PROGRAM EXECUTION IS TERMINATED ')

999 CONTINUE
WRITE(§,2001)

2001 FORMAT(1X,///)

STOP
END
C
C
SUBROUTINE ORKIS (HLNS,XLN, ¥GN, aNG,DL,0G, vM, D, VSG ,VSL,
19, RTUB, VL, VG, SUR,HL, DPDL, IREG, DPF, EKK, DENTP,
2XBL, XSL, XML, $IG)
IMPLICIT REAL*8 (A-H,0-2)
REL=1488, *DL*VM*D/VL
KOUNT=1
CENT3=1.
FAC=2.%*32.2*D
REG=1488, *DG*VSG*D/VG
ED=RTUB/D
C CHECK FOR SINGLE PHASE FLOW

IF(VSG.LT.,00001)GO TO 2500
IF(VSL.LT..00001)GO TO 2600
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[oNeNe]

10

11

12

13

XSL=50, 436, *XLN
KML=75,+84, *XLN** 75
HGNS=VSG/ VM
XBL=1.071-.2218*VM**2/D
IF (XBL.LT. .13 x8L= .13

IF (HGNS.LT. x8L) GO TO 1
IF(XGN .LT. XSL} GO TO 4
IF(XGN ,GT. XML} GO TO 5
KOUNT=2

GO 10 4

BUBBLE FLOW CALCULATIONS
ys=,8
HL=1.-.5%(1.+VM/VS=-DSQRT( (1.+VM/VS) **2-4.*VSG/VS))
IF(HL .LT .HLNS) HL=HLNS
RELB=1488.*DL*VSL*D/HL/VL
CALL FRFACT(RELS,ED,FF)
DPF=FF*DL*VSL*VSL/HL/HL/FAC
EKK=0 .
DENTP=DL*HL+DG* (1 .-HL)
IREG=]

GO TO 2000

SLUG FLOW CALCULATIONS

SIG=.045*DLOG10 (VL) /D**.799~.709~.162*DLOG10 (VM) -.888*DLOG10 (D)
TLI=-0.063%*W~0,1

IF(SIGLE.TLI}SIG=TLI

ITERATING FOR vB

VBl=.5*DSQRT (32.2*D)

I=0

REB=1488.*DL*VB1*D/VL

I=1+1

IF(I.GT.10)print *,"iteration limit exceeded for bubble velocity”
IF(I.GT.10)G0 TO 12

XX-DSQRT(32.2*D)
TX=(.251+8.74D~06*REL) *XX

VB=TX/2,+DSQRT (TX*TX+(13.59*VL)/ (DL*D3QRT (D} )) /2.
IF(RER.LE,. 3000.) VB=(.54648.74D-06*REL) *XX
IF(REB.GE.8000.)VB=(.35+8.74D-06*REL) *XX
If (DABS (VB-VB1) ,LE,.,001)G0 TO 12

VB1=VB

GO TO 10

CONTINUE

DENTP= (DL* {(VSL+VB) +DG*V3G) / (VM+VB) +DL*SIG
IF(SIG.EQ.TLI.AND,CENT3 . EQ.1,) GO TO 13
TLI=-vB* (L-DENTP/DL) / (VM+VB)
CENT3=CENT3+1.

IF(5IG.GE.TLI)GO TO 13

IF(($IG-TLI) .GT.-1.D-0%5) GO TO 13

SIG-TLI

GO TO 12

CONTINUE

KL= (DENTP-DGY (DL-DG)

CALL FRFACT(REL,ED,FF)

XX=FF*DL*M*VM/FAC

DPR=KXi* ((VSL+VB) / (VM+VB) +51G)
EKK=0 .

IREG-2

IF (KOUNT.EQ.2)GO TO 51

GO TO 2000

MIST FLOW CALCULATIONS

TRIAL AND ERROR CALCULATION FOR ED AND CORRECTED VSG
VSGP-VSG

EDG-ED
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REYG=1488 ., *DG*VSGP*D/VG
PR=454.*.0002048*DG/DL* (VSGP*VL/5UR) **2
EDC=.0749*3UR/DG/VSGP/VSGP/D
IF(PR.GT..005)EDC=.3713*SUR*PR**,302/DG/VSGP/VSGP /D
Y3GP=V3G/ (1 .—EDCY**2

1r (DaBs (EDC-EDG).LE.1.D-7)GO TO 50
EDG=EDC

GO TO 80

ED-EDC

IF(ED.LT..05)G0 TO 70
FF=1./(4.*DLOG10(.27*ED) ) **2 ,087*ED**1,73
GO TO 90

CALL FRFACT(REYG,ED,FF)
DPF=FF*DG*Y3GP*V3GP/FAC
DENTP=DL*HLNS+DG* (1.-HLNS)

HL=HLNS

EKK=VSGP*VM*DENTP/P/32.2/144
IF(EXK.GT..95) EXKK= .95

IREG-3

IF (KOUNT . EQ.2)G0 TO 52

GO TO 2000

CALCULATIONS FOR THE TRANSIT ON REG own
DPS=~ (DPF+DENTP*DSIN(ANG)) /144,
DENMS=DENTP
DPES=DPF
GO TO 5
DPM=~ (DPF+DENTP*DSIN (ANG) *XGN/XML) /144./ (1 .—EKK)
DENMM—-DENTP* (XGN/ x24L)
DPFM=DPF
A—- (XML~XGN) / {XML-XSL)
B= (XGN-XSL) / (:XML-X3SL)
DENTP=DENMS *A+DENMM*B
DPF=DPFS*A+DPFM*B
WRITE (6,5252), 8,0p5, DPM, DPFS ,DPFM, DENMS , DEMMM

CC 5252 FORMAT(1%, 8 (1%, F10.3))

2500

2600

2000
3000

DPDL=A*DPS+B4DPM
IREG=4
GO TO 3000

FOR SINGLE PHASE LIQUID
CALL FRFACT (REL,ED, F'F)
DENTP=DL

EXKK=0 .

HL=HLNS

IREG=5
DPF=FF*DL*VSL*VSL/FAC
GO TO 2000

CALL ¥RFACT (REG, ED,FF)
EKK=0.

DENTP-DG
DPE=FF*ADG*VSG*XVSG/FAC
IREG=3

DPDL=- (DPF+DENTP*DSIN (ANG) ) /144./(1.-EKK)
CONTINUE

RETURN

END

SUBROUTINE FRFACT( REY,ED,FF)

IMPLICIT REAL*3 (A-H,0-2

FFPl = 64./REY

FGI = .0056+.5/REY**, 32

I=1
DEN=1.14-2.*DLOG10 (ED+9.34/ (REY*DSQRT(FGI)))
FF =(1./DEN) **2
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DIFF=DABS (FGI-FF)
IF(DIFF-.0001)8,8,86
6 FGI= (FGI+FF) /2.
I = 1+1
IF (1-10) 5,5%5,7
7 FP=FGI
8 IF(FF-FF1)9,10,10
9 FP=FF1
10 RETURN
END

SUBROUTINE COWAT(T#, PP, DENL, EBP)

IMPLICIT REAL*8 (A-H,0-2

DIMENSION A(23),3a(12)

DATA &/
16.824687741D3,-5.422063673D2,-2.096666205D4,3.941286787D4,
2-6.733277739D4,9.902381028D4,-1.093911774D5,8.590841667D4,
3-4.511168742D4,1.418138926D4,-2.017271113D3,7.982692717D0,
4-2.616571843D-2,1.522411790D-3,2.284279054D-2,2.421647003D2,
51.269716088D-10,2.074838328D~7,2.174020350D-8,1.105710498D-9,
61.293441934D1,1.308119072D-5,6.047626338D-14/

DATA s34/
18.438375405D-1,5.362162162D-4,1.720000000D0,7.342278489D-2,
24.975858870D-2,6.537154300D-1,1.150D-6,1.51080D-5,
31.41880D-1,7.002753165D0,2.995284926D-4,2.040D~1 /

TC=((TF+40.)/1.8)-40.

TKR=(TC+273.15)/647.3

PBAR=PP/14.5038

PNMR=PBAR/2.212D2

¥=1,-34 (1) *TKR*TKR=SA (2) /TKR**§

ZY+ (SA(3) *Y*Y-2, *SA(4) *TKR+2 . *3A (5) *PNMR) **, 5

DENL=0.0

YD=~2.*SA(1) *TKR+6.*SA(2) /TKR**7

SNUM=0 .

DO 10 1=1,10

10 SNUM=SNUM+ (I-2) *A(I+1) *TKR** (I-1}

PRT1=A(12)® (ZX17.%(2/29.~¥/12.)+5.*TKR*YD/12.) +3A (4) *TKR-
1(sa(3)-1.) *7xR*y*yD) /2** (56./17.)

PRT2=pMMR* (A(L3)A(15) *TKR*TKR+A (16) ¥ (9. *TKR+5A(6) ) * (SA(6) -TKR) **5
24A(17) * (20 . *TKR**19+SA (7)) / (SA(T) +TKR**19) **2)

PRT3= (12 ATKR**11+3A (8)) / (SA8) +THR**11) **2x (A(18) *PNMR+A (19) *
3PNMR*PNMR+A (20) *PNMR*PNMR*PNMR)

PRT4=A (2L TRR**18% (17.*SA (9)+19. *TKR*TKR) * (1./ (SA(10) +PNMR) **3+
4SA(11) *PNMR)

PRTS5=A (22 *SA(12) *PNMR**3+21.*A(23) /TKR**20*PMMR* %4
ENTR=A (1) *TKR-SNUM+PRT1+PRT2~PRT3+PRT4+PRT5
EJG=ENTR*70.1204D0

EBP=EJG*429,923D-3

RETURN

END

FUNCTION FLAGR (%, Y, XARG, IDEG, NPT$)
IMPLICIT REAL*3 (A-H,0-2
DIMENSION X (1),¥(1)
N-NPTS
N1=IDEG+1
L=1
IF (NPTS.LT.0) L=2
IF(NPTS .LT.0)N=-N
GO TO (10,20),L
10 DO 11 MAX =N1,N
IF(XARG.LT.X(MAX)) GO TO 12
11 CONTINUE
MAX-N
GO TO 12
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20 DO 21 Max=N1,N
IF (XARG,GT. X (MAX)) GO TO 12
21 CONTINUE
MAK=N
12 MIN=MAX-IDEG
FACTOR=1,
DO 2 I=MIN,MAX
IF (XARG.NE.X(I)) GO TO 2
FLAGR=Y (1)
RETURN
2 FACTOR=FACTOR* (XARG-X (I)
YEST=0.
DO 5 I=MIN,MAK
TERM=Y (I) *FACTOR/ (XARG-X (1)
DO 4 J=MIN,MAK
IF(I _.NE.J) TERM=TERM/ (X (I)=X(J)
5 YEST=YEST+TERM
FLAGR=YEST
RETURN
END

~

FUNCTION FPSAT(T#)
IMPLICIT REAL * 8 (A-H,0-2)
REAL * 8 XK (9)
DATA XK/-7.691234564,-2.608023696D1,-1.681706546D2,6.423285504D1,
1-1.189646225D2,4.167117320D0,2.097506760D1,1.D9,6.D0/
TC=((TF+40.)/1,8)-40.
TKR=(TC+273.15)/647.3
TKRM=1.-TKR
SUM=0,
DO 10 1=1,5
10 SUM=SUM+XK (1) *TRRM** |
DENO=1, +XK (6) *TKRM+KK (7) *TKRM* TKRM
CONS=TKRM/ (XK (8) *TKRM*TKRM+KK (3))
PNMR=DEXP ( (1./TKR) *SUM/DENO~CONS)
PBAR=PNMR*2.212D2
PPSI=PBARX14,5038
FPSAT=PPSI
RETURN
END

FUNCTION FTSAT(?)
IMPLICIT REAL ® 8 (A-H,0-2)
T=116,845*pP*%(0,22302
DO 17 1=1,200
PCA-FPSAT(T)
X3IG=~1.0
IF((PCA-P).LT.0.) XSIG=1.
IF (DABS (PCA-P) /P .LT. 1D-3) GO TO 43
T=T+X8IG*,03
17 CONTINUE
43 FTSAT=T
RETURN
END

SUBROUTINE SATUR (TF,DES, EHS, EHW, VIS)
IMPLICIT REAL*8 (A-KH,0-2

DIMENSION TD (33),XVS(33),XES(33),XEW(33)
DIMENSION Xxvw (33

DATA X¥w/1.012100,1.0171D0,1,0228D0,1.0290D0,1.0359D0,1,0435D0,
C1.0515D0,1.0603D0,
01.0679D0,1.0798D0,1.0906D00,1.1021D0,1.1144D0,1.1275D0,1.1415DC,
C1.1565D0,1.1726D0,
p1.1900D0,1.2087D0,1.2291D0,1.2512D0,1.2755D00,1.3023D0,1.3321D0,
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C1,3655D0,1,4036D0,
Q01.4475D0,1.4992D0,1.5620D0,1.6390D0,1.7410D0,1.8940D0,2.220D0/

DATA TD/50.D0,60.D0,70.D0,80.D0,50.D0,100.D0,110.D0,120.D0,
c130 .DO,140 .D0,150 .D0,160 .DO,
2170.00,180.00,190.D0,200.D0,210.D0,220.D0,230.D0,240.D0,250.D0,
c260,D0,270.D0,280.D0,290.D0,
3300.00,310.D0,320.D0,330.D0,340.D0,350.D0,360.D0,370.D0/

DATA XVs/12045.D0,7677.6D0,5045.3D0, 3408.3D0,2360.9D0,
C1673.0D0,1210.1D0,891.71D90,
4668.32D0,508.66D0,392.57D0,306.85D0,242.62D0,193.85DC,
C156.35D0,127.19D0,104.265D0,

586.062D0,71.472D0,59.674D0, 50.056D0,42.149D0, 35.599D0,
C30.133D0,25.537D0,21.643D0,
618.316D0,15.451D0,12.967D0,10.779D0, 8.805D0,6.943D0,4.93D0/

DATA XES/2592.D0,2609.,D0,2626.D0,2643.D0,2650.D0,2676.D0,
C2691.D0,2706.D0,2720.D0,
72734.D0,2747.D0,2758.D0,2769.D0,2778.D0,2786.D0,2793.DC,
€2798.00,2802.D0,2803.D0,2803.D0,
82801.D0,2796.D0,2790.D0,2780.D0,2766.D0,2749.D0,2727.D0,
C2700.D0,2666.D0,2623.D0,2565.D0,

92481.D0,2331.D0/

DATA XEW/209.3D0,251.1D0,293.0D0,334.9D0,376.9D0, 419.1D0,
C461.3D0,503.7D0, 546.3D0,
X589.1D0, 632.2D0,675.5D0,719.1D0,763.1D0, 807.5D0, 852.4D0,
C897.7D0, 943.7D0, 990,300,
Y1037.6D0,1085.8D0,1135.0D0,1185.2D0,1236.8D0,1290.D0,
C1345.D0,1402.D0,1462.D0,
21526.D0,1596.D0,1672.D0,1762.D0,1892.D0/

TC= ({(TF+40,)/1.8) -40.

KD3=FLAGR (TD, Xvs, TC,2,33)
DES=1./XD3S*62,423

%XHs=FLAGR (TD XES,TC,2, 33)
EHS=XHS3*1000,/2324.4

XHW=FLAGR(TD, XEW,TC,2, 33)
BHW=XHW*1000,/2324.4
VTS=.407*TC+80.4~(1858.-5,9*TC) /XDS
VIS=YTS/10000,

XDW=FLAGR (TD, XVW, TC,2, 33)
DEW=1./XDW*62 428

RETURN

END

[eNoNe]

FUNCTION FSURW (TF, PP)

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION S$TVA(10),STV74(10},STV280(10)

DATA Stva/
10.00,1000.D0,2000.D0,3000.D0,4000.D0,5000.D0,
C6000.D0,7000.D0,8000.D0,9000.D0/

DATA sTv74/
275.D0,63.D0,59.D0,57.D0,54.00,52.D0,52.D0,51.D0,50.D0,49.D0/

DATA sTV280/
353.D0,46.D0,40.D0,33.D0,26.D0,21.D0,21.D0,22.D0,23.D0,24.D0/

TEM1=TF

p=pP

STW74=FLAGR{STVA, STV74,P,2,10)

STW280=FLAGR (STVA,STV280,P,2,10)

STH= (STH74-STW280) / (280, -74.) ® (TEML-74 .} * (=1.) +8TH74¢

IF(TEML.LT.74.) STW=STW74

IF (TEM1.GT.280.) STW=STW280

SURW-STW

FSURW-SURW

RETURN

END
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SUBROUTINE PVTW(TF,PP ,SGW,DEN, VIS)

IMPLICIT REAL*8 (A-H,0-2)

TA=TF-60.D0
BW=1.D0+1.2D-4*TA+1.D-6*TA*TA-3.33D-6*PP
DEN=62.43D0*SGW/BW

VIS=DEXP (1.003D0-1.479D-2*TF+1.982D~5*TF*TF)
RETURN

END
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APPENDIX B: Typical Input and Output Sheets

Input and output sheets attached are for Cerro-Prieto 90 well.
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TYPICAL INPUT SHEET

CERRO-PRIETO M-90 (TOP TO BOTTOM)

590. 484.3 0000.0
1. 356840. 577.44 00.00
43

90. 4260.7 0.0
+1

01

.5808 .5808

.0006 .0006

0000.0 4260.7

02

0000. 4000.

100. 400.
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APPENDJX C: Measured Pressure and Temperature Data

All measured pressure and temperature data for the ten wells are presented in the form

of tables. Reference at the end of each table indicates the source of the data.
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TABLE C-1
Measured flowing pressure and temperature data for Ngawha 11
DePth’ Pressure, | Temperature,
meter bar-g Deg C
0 19 206
100 225 2115
201 265 215
301 31 2185
3H1 339
401 37 220
451 40.6
501 2225
502 43.8
552 48
602 51.9 2235
702 60.1 224
802 69.2 2245
902 784 2245
952 2225
1002 86.3 2225

Data obtained from Bixley (1984).

TABLE C-2
Measured flowing pressure and temperature data for Los Azufres 18
DePth’ Pressure, | Temperature,
meter bar-g Deg C
0 30 238
100 31.2 2425
200 32.2 244
300 33.1 246
400 34.2 248
500 35.2 249
600 36.2 251
700 374 253
800 38.4 254
900 395 256
1000 40.8 2575
1050 419 258.8
1100 429 260.2
1150 438 2615
1200 45 263
1250 465 267
1300 50.1 271
1324 52.1 272

Data obtained from Molinar (1985).
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_ TABLE C-3 _
Measured flowing pressure and temperature data for Cerro-Prieto90

Depth, | Pressure, | Temperature,
meter bar-g Deg C
25 409 249
100 425 2505
200 453 254
300 48.1 2575
400 51 261
500 54 2645
600 57.4 269

700 60.5 272
800 64.3 2755
900 68.3 279

1000 722 283
1100 76.8 287
1200 82 2905
1225 83.6 2915
1250 85 292
1299 885 292

Data obtained from Ortiz-R. (1983).

_ TABLE C-4
Measured flowing pressure and temperature data for Okoy 7

Jepth, | Pressure, | Temperature,
meter bar-g Deg C
0 417 261
200 458 267
400 49.8 272
600 54.1 277
800 59.1 282
1000 64.9 288
1200 718 294
1400 814 300
1600 93 305
1800 106.3 314
2000 120.3 317
2200 134.7 318
2400 149 319
2600 162.9 319

Data obtained from Catigtig (1983).
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] TABLE C-5 )
Measured flowing pressure and temperature data for Cerro-Prieto91

Depth, | Pressure, | Temperature,
meter bar-g Deg C
0 56.5
150 62.5
200 288
250 66
350 70
400 2945
450 74
540 78
600 301
640 82
750 87
800 308
850 92
950 98
1000 3155
1050 104.
1140 1115
1200 322
1220 117

Data obtained from Goyal et al. (1980).

Depth, | Pressure, | Temperature,
meter bar-g Deqg C
0 35 157
304 5.2 171
607 74 182
902 9.2 189.5
1978 215 223

Data obtained from Chierici et al. (1981).
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_ TABLE C-7
Measured flowing pressure and temperature data for East Mesa 6
Depth, | Pressure, | Temperature,
meter bar-g Deg C
0 2.3
152 27 1255
305 31 134
457 37 1395
610 43 145
762 52 153
915 6.4 161
1067 79 170
1219 13.2 192
1234 14.3 196
1372 26.3 196.7
1524 39.6 197.2
1676 529 197.8
1829 66.3 198.3
2134 93 1985

Data obtained from Lundberg (1973).

) TABLE C-8
Measured flowing pressure and temperature data for Krafla 9

Jdepth, | Pressure, | Temperature,
meter bar-g Deg C
0 16.3 199
100 175 205.5
200 20 212
300 228 2195
400 258 2275
500 30 2355
600 343 2435

Data obtained from Ryley and Parker (1982).
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~ TABLEC-9
Measured flowing pressure data for Utah State 14

[ )eplh Pressure,
meter bar-g
10 27
4 27.8

85 2.4
169 31.2
233 3.8
296 A5
359 ¥.1

388 37
420 37.9
445 3RB.7
469 39.5
495 40.3
516 41.2
539 42
573 43.2
616 45
645 46.2
675 47.4
701 487
725 49.9
747 51.2
772 25
786 53.3
807 545
828 55.8
846 57
863 58.3
884 59.6
901 60.8
913 6.6

Data obtained from Butz and Plooster (1979).
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TABLE C-10
Measured flowing pressure and temperature data for HGP A well (70 klb/hr)
Depth,| Pressure, | Temperature,
meter bar-g Deg C
0 32 146
160 4 152.7
305 46 158.4
401 49 160
465 52 162.4
642 59 166.2
770 7.2 174.3
914 8.6 181.3
1067 98 186.5
1219 115 192.4
1316 122 196.2
1380 126 196.2
1524 14.1 200
1684 155 202.7
1765 16.1 205.4
1829 16.7 207
1925 16.7 207

Data obtained from Kihara et al. (1977).

) TABLE C-11
Measured flowing pressure and temperature data for HGP A well (66 klb/hr)

Depth, | Pressure, | Temperature,
meter bar-g Deg C
0 6 166
127 6.3 170.3
305 6.6 175
401 6.9 176
465 7 178.4
642 79 1819
770 86 1819
914 10.6 191.1
1067 125 197.8
1219 14.1 204
1316 15.2 208.1
1380 154 208.6
1524 163 2124
1684 178 212.2
1765 184 213.8
1829 194 216.8
1925 20.1 219.2

Data obtained from Kihara er al. (1977).
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TABLE C-12
Measured flowing pressure and temperature data for HGP A well (58 kib/hr)

Depth, | Pressure, | Temperature,
meter bar-g Deg C
0 15 201
160 16.1 203.2
305 17.2 206.8
401 175 208.1
465 17.7 208.6
642 18.8 213
770 20.1 216.8
914 21.6 219.2
1067 233 221.8
1219 24.7 223
1316 259 225.7
1380 265 227.8
1524 28.8 232.4
1684 31 237.8
1765 31.6 2385
1829 329 2405
1925 34 243.2

Data obtained from Kihara et al. (1977).

TABLE C-13
Measured flowing pressure and temperature data for HGP A well (50 klb/hr)

Depth, | Pressure. | Temperature,
meter bar-g | DegC
0 25.2 226
160 26.5 231
305 279 233
401 288 2335
465 295 236.8
642 309 2395
770 328 243.2
914 348 248.6
1067 379 251
1219 39.7 252.7
1316 414 255.2
1380 425 256.7
1524 448 258.2
1684 477 264.9
1765 494 266
1829 50.5 268.9
1925 52.6 271

Data obtained from Kihara et al. (1977).
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APPENDIX D: Papers Presented at 11th Stanford Geothermal Workshop

These papers describe the Orkiszewski (1967) correlations and present analysis of pres-

sure profiles for the ten geothermal wells used in our study.
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GEOTHERMAL TWO-PHASE WELLBORE FLOW:
PRESSURE DROP CORRELATIONSAND FLOW PATTERN TRANSITIONS

AK. Ambastha and J.S. Gudmundsson

Petroleum Enginesrirg Department, Stanford University

ABSTRACT

In this paper we pres¢nt some basic concepts of two-
phase flow and review the Orkiszewski (1967) correlations
which have been suggested by various investigatorsto per-
form well for geothermal wellbore flow situatios. We
also present a flow regime map based on the transition <i-
teria used by Orkiszewski (1967) and show that most
geothermal wells flow under slug flow regime. We have
rearanged bubble- to slug- flow transition criterion used by
Orkiszewski (1967) to show that we transition depends on
the dimensionless pipe diameter number in addition 1o di-
mensionless liquid and gas velocity numbers. Our aim is
also to identify what research may lead to improvements in
two-phase pressure drop calculations for geothermal
wellbore flow.

INTRODUCTION

The Orkdszewsk (1967) two-phase verdcal upward
flow correlations have k e n used by several investigatorsto
model stearn/water wellbore flow. In a companion paper
we Use 1 gsothermal wellbore simulator based on the Ork-
iszewski (1967) correlatons to calculate te flowing pres-
sure and temperature profiles in several wells (Ambastha
ind Cudmundsson, 1986). There we study under what
flowing conditions the measured and calculated profiles
match. Our study differs from others because we use data
S from several geothermal wells, but only one set of
two-phase flow correlations.

In addition to identifying ¢ conditions when meas-
ured and calculated wellbore data match, we want to identi-
fy what rese meh may lead to improvements of geothermal
wellbore simulators. For thiS we need to know e details
of we wellbore simulator used, flow r2giees transitions, and
pressure (rop calculations. \\2 also med to know how the
comelations relarz D swo-phase flow studies in gecerl.
The purpose of this saper is to pressat the deamils of e
Orkiszewski (1967) two-phase vertcal fow correlations
used in 1 geothermal wellbore siulatar, descrited by
Ordz-R. (1983). We also present a flow rrgime map
bxsed on the mansition crimria used by Orxiszewsk (1967)
& 1polied to geothermal wells.

PREVIOUS WORK

Early studies of two-phase flow in geothermal wells
are these of Gowd (1974) and Nathenson (1974). The
Gould (1974) study is bsed on flow pattern specific corre.
lations; the spolicatons considersd vere wellbore deposi-
aon and deliverability. Tee Natheason (1974) study con-

sidered no-slip (homogeneous) wellbore flow, coupled to
porous media flow in the reservoir. Tre problems con-
sidered by Nathenson (1974) were the same.

Geothermal wellbore flow simulators have been
developed by universities, national laboratories, industry,
and consultants. However. progress has beea slow since
the initial Gould (1974) and Nathenson (1974) studies.
Updhyay e: al. (1977) compared calculated and observed
pressure drops in geothermal wells producing steam/water
mixoures, They compared flowing pressure profiles to
several two-phase flow comlations and concluded that the
Orkiszewski (1967) correlations are satisfactory - the
Hagedorn and Brown (1965) correlatoas came second.
Findriara er af. (1981) developed u first version of the
wellbore simulator used by Ordz-R. (1983) and us. They
compared four correlations rad found that the Orkiszewski
(1967) method was the best - the Hagedorn and Broan
(1965) rad Dus and Res (1963) methods were found to
give reasonable resuls also. Miller (1979) and Mitchell
(1982) wrote geothermal wellbore simulators besed on the
Orkiszewski (1967) correlations. The above authors agreed
on e general applicability of the Orkiszewski (1967)
correladons to geothermal wellbore flow. Therefore, we
think they form whe best basis to compare predicted and
measured pressure/temperature profiles in geothermal wells.

TWO-PHASE FLOW

Tre total pressurs drop in welibares consists of three
components: frictional, ac¢zleratonal, and gravitational. In
typical rwo-phase wells the gravitational component dom-
inetes; the frictional component comtributes only at
flow ratss; and the acelerational component is usually
insignificant. In Aomozencous steady-state flow the total
przssurz drop in a constam cross-section duct is given by

_dp _xS  dGulow)
dz A dz

+ g P Sin® )

In t=rms of gressure drop components the equation takes
the form

B|$

P . 4y
& & & @



In separated steady-state flow the total pressure drop in a
constant cross-section duct is given by

4 15,5 4|2
rriy W s
+ _U_"‘_"ﬁ.] 3)
pul ~ @)
where a is the void fraction given by
Ag
a=— “)

An examination of Equatons 1 and 3 shows that in
homogeneous flow the wall shear stress t IS the unknown,
while in s¢parazd flow both the wall shear stress and void
frection @ arc unknown. The wall shear stress is used to
caleulate the fricticel component in both homogeneous
and separated flow. Tre void fraction is used to calculam
te gravitational component in both models, and the ac-
celeratonal componentin separated flow.

Two Kinds of correlations have beesn developed for
fricdonal pressure drop in two-phase flow; called general-
i2ed and specific correlations. The generalized correlations
are empirical and make no reference to the flow pattern and
physical nature of two-phase flow phenomena. Neverthe-
less, many engineering calculations arc carried out using
generalized methods; f a example that of Higedom and
Brown (1965). The specific correlations me specific to the
flow pattern (bubbly, slug, chum, annular) and flow situa-
i (vertical. incliced, horizontal),

The Orkiszewski (1967) correlations are the specific
kind. They o specific to vertdcal upward flow in oil and
gas wells and can also be used f a geothermal wells. In
addition to prescribing what correlation to use for pressure
drop in different flow regimes, it is necessary 10 prescribe
the criteria for wansidon betweea flow regimes. Small
discondnuitdes in pressure drop can occur @ transitions
berwezn flow patterns.

FLOW PATTERN TRANSITIONS

Our presentation follows that of Orkiszewski (1967),
Brill and Bsggs (1977), and Upsdhysy a al. (1977). The
flow regime transition criteria are #3sendally those of Ros
(1961), and Duns and Ros (1963). Toey defined the fol-
lowing limits for the transition between flow regimes:

Bubble Flow Ly, > veg/ver
Slug Flow L, < veg/ver , Ly > Ngv
Transidon Flow 4,< Ngy < Lya

Mist Row Lya <Nev
The definition Of wess terms arc given in the nomen-
clature. The N r are dimensionless expressioms of
superficial velocides, e v's 2 superficial velocides, 1d
the L'r arc flow regime boundary terms. They arc given
by the sxpressons:
vir

Ly, = 1071~ 02218 = 2 0.13 6))

L', =50+ 36 NLV (6)
Lyn =15+ 84 (Ny)*™ Q)
NLV = 1938 Vl[%]u (8)

025
Ngv = 1938 v,c[fci] )
L a
Vg = A (10)
96
vsg= = [48))
ver=vsg T vy 12)

Note that the constart 1.938 in Equations 8 and 9 ar-
ises when engineering units ere used. If we use the fol-
lowing definition of dimensionlesspipe diameter number

Np = 120872 d‘\j%- (13

the ariterion for bubble-to-slug flow can be rewriten as

2

Nov [NLV"'NGV]
— < 1,071 - 13.8335 14)
Np+Nov Np (

Thus, the wansition from bubble to slug flow involves a
nonlinear reladonship between liquid and gas velocity
numbers for a pardcular value of pipe diameter number.
We prepared a flow pattern mgp using the above flow re-

Jn ansition criteria. In our companion pager (Ambastha
and Gudmundsson, 1986), the pipe diameter nunber varied
in 2e ringe of 60 to 100. Therefore, the boundary
berwesn bubble and slug flow regime was evaluated for a
represeatative pipe diameter nunber of 80. Figure 1
presents the flow patern map on log-log coordinates. Fig-
ure 2 provides the same {mformation on cartssian coordi-
nates. Chierici aal. (1974) also present this flow patern
map 0On log-log coordinates. They note thet & boundary
betwesn bubbk and slug flow regimes results in a family
of curves, crespoadiag to different ¢ of p,, a rad d.
We observe that the three parametzrs can be combined into
a dimensionless pipe diameter number rad that the boun-
dery betwszn bubble and slug flow regimes can be
represented by Equition 14

In a companion gaper (Ambasta and Gudmundsson,
1986), we present flowing data for 10 two-phase geother-
mal wells. The flowrate ranges from 12.9 kg/s to 68.6
kg’s; the enthalpy from 965 ki/kg to 1966 kJ/kg; wellhead
pressure from 245 tFa to 6027 kPa; well depth from 913
m to 2600 m; welldore dametzr from about 7-5/8" D 9-
5/8". We used our Orkiszewski-based geothermal wellbore
simulator to calculate the flowing pressure and temperature
profiles in the 10 wells, The two-phase flow patterns M-
countersd in these caleulatons arc shown in Figure 3. The
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Figure 3. Flow regimes & geothermal wells.

figure gives the dimensionless superficial velocity of liquid
water agsinst steam vapor, 3o the flow lines for individual
wells go from left to right Low enthalpy wells tend to be
in the upper left hand part of Figure 3, and high enthalpy
wells in the lower right hand part. The steps in the lines

result fran wellbore diameter changes; increasad flav area
reduces the superficial velocity of both phases. Figure 3
shows that slug flow is the dominant flow regime in the 10
wells.

PRESSURE DROP CORRELATIONS

The Orkiszewski (1967) correlations for pressure drop
caleulatons are based on several works: Griffith and Wallis
(1961) for bubble flow regime, and Duns and Ros (1963)
for transition and MEL flow regimes. Orkiszewski (1967)
developed a new correlation for slug flow based upon the
experimental data of Hagedorn and Brown (1965). The
pressure drop correlatons for different flow regimes are
preseaizd below.

Bubble Row (Criffith and Wallis, 1961)

Liquid holdup in this flow regime is given by the
equation

1+-v—-
H=1-05(1+% -

“J(l+v;,-/v,)! - dvgr/vy ] (15)

Tre bubble velocity, va (also called the slip velocity) is as-
sumed to have a constant value of 0.8 fusec. Once the
liquid holdup is dotained, the mixaire density can be deter-
mined from

pw=pLHL . pc (1 - Hp (16)

The holdup is related to void fraction by
H=1-a an

The pressure drop due to friction is given by

Voo 2
foo [E]

—_— 18
254 (18)

&
&

The frictim factor f is obtained from e Moody diagram.
The Reynolds number for this purpose is given by

1488 PL vV d
Npe = HL e (19)

Note that the constant 1488 in Equations 19.22 and 23, ur-
ises when engineering units are used. In this flow regime,
pressure drop due to acceleration is considersd negligible.

Slug Flow (Orkiszewski, 1967)

The mixmre density in this flow regine is caleulazd
by
PL(vs + V) + PG Vs6
Iy T e 4
Ver + Vp



where v, is bubble rise velocity rad is given by
v = C)Cng_d (21)

C, is a function of Nga and C, is a function of both Neas
rad Mo, defined as

1488 p; v3 d
Npop = e 22
2t ™ (22)
1488 PL Vst d
Napy = i 23
/%3 e (23)

The Griffith rad Wallis (1961) coefficients, C; and
Cy, were orasenied by Orkiszewski (1967) in the form of
figures. Because Of the interreladonship of v, and Npe, the

calculation of vy requires an iterative procedure. v can
also be calculated using Equations 24 through 27.

When Ng.ss 3000,

vy = (0.546 + 874 x 1078 Npu Wed 24)
When Ny 8000,

vg = (0.35 + 8.74 x 107° Npy Wed 25)

When 3“” < N“ < sm:

13.50,
vy =05 [v+ v+ — v (26)
W = (0251 + 8.74 x 1076 Ny WVad Q@n

where v is an arbitrarily defined parameter,

The Orkiszewski (1967) liquid distribution coefficient
6, which is an empirical coefficient relating teory to reali-
ty. is given by e expressions:

For ve<10,
6 = (0.013 log p¥d'*® - 0.681
+02321og ver - 0.428 log d 28)
with e limit§ 2 - 0.065 vsr
For V;r)]O,
8§ = (0.045 log p vd®™ - 0.709
+0.162 log vsr — 0.888 log d (29
with €K limit

-
Vst + Va PL

Pressure drop due to friction E given by

ok [[va+w
gk lanly o

The friction factor f is obtained from tk Moody diagram
using the Reynolds number given by Equation 23. The
pressure drop due to acceleraton in the stug Bow regime is
neglected.
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Transtion Flow (Duns and Ros, 1963)

In the transition flow regime, & total pressure gra-
dient is obtained by linear interpolatoa berween tk slug
and mist flow boundaries. Tte pressure gradient in the
wansition flow regime is then

=M [%]m +(1-M) [%]“ an

Ll- - NGV
M= — 32
LI- - Lll ( )

Mist Flow (Dunsand Ros, 1963)

The gas ghas¢ is continuous in this flow regime. The
slip velocity is assumed to k zero; that is, homogeneous
flow. The mixture density is given by

Pu = PL Va/VsT + PG Vso/VsT (33)

The frictiona) pressure drop is calculated as:

2
% - Lo g gg:’f 34)

The friction factor f is obtained from # Moody diagram
and e Reynolds number deficed by

1488 d
Ny, = 18 Pcvsc d 35)
Ho

A modified relative roughness factor (e/d) is calculat-
ed to k used with te Moody diagram. This is done w
take into account te effect of the liquid filn on the pipe.

Pressure drop due w acceleration is given by

dp, _VstVsoPw |dp
& " P [dz] 39

WELLBORE SIMULATOR

The wellbore simulator used in our work is that of
Fandriana et 4/ (1981) and Ordz-R. (1983). It is basad
on the Orkiszewski (1967) recommended flow regimes and
pressure drop correlatons. The computer code is written
such that we can start the czlculadons from e wellhead or
wellbotom, We divide & wellbore into segments and cal-
culate the pressure drop due to friction, gravity, and ac-
celeration. To calculate tk fricdona! pressur drop, the

casing roughness needs to t¢ specified. The kat transfer
m/from the wellbore can also be calculaed. We specify
the geothermal gradient ind e overall kat wmansfer
coefficient, which are then used 1 calculaz the heat
Joss/gaia Detwe2o each w2llbore segment aad surrounding
farmation. Thermodynamic progerties used in the comput-
er code are fran s2um tables. However, when calculadng
te density of liquid wawr, its saliaity is included. The
effect of non-<ondsnsible gases is oot included in our
simulator.



SUMMARY

MBSt of the gecthermal wells =swed in our companion
parer (Ambastha and Gudmundsson, 1986), flowed in the
slug flow cegime, as shown in Figure 3. As reportad in the
campanion r (Ambastha and Cudmuadsson, 1986). we
obiained no%apig(()od maches for some of de weus,) and
these wells also fall in the slug flow regime. Trerefors,
further research for geothermal fwo-phase Row applications
should be directzd towards the slug fow regime.

ACKNOWLEDGMENTS

This work was supported by te Stanford Geotherrnal
Program, through coarast DE-AT03.80SF(1459 with the
U.S. Deparament of Energy. This work was carried out in
cooperation With CFE in Mexico. METU in Turkey. and
MWD in New Zealand.

NOMENCLATURE

A Pife inside area, sq. fr.
Ag Pipe =2 occupied by gas. sq. A.
C-C; Parameters to ¢alculaz
bubble rise velocity
d Pipe inside diameter, ft
e Absolute pip roughness, ft
f Moody friction factor
Gu  Total mass flux. 1bmy/sec- f2
g Acceleration due to gravity,
32.2 fv sec?
g Conversion constant,
32.2 lbm-fuibf- sec?
H Liquid holdup, fraction
Ly, Bubble-slug boundary term
Ly, Slug-ransidon boundary term
Lya  Transition-misthoundary term
M Paramerc defined by Bq. 32
Np  Pipe diameter number
Nov Gas velocity number
Ny Liquid velocity number
Ny Reynolds number
Nea Bubble Reynolds number
Naw Liquid Reynolds number
P Pressure, psf
dp/dz Acceleration pressure
gradient, psfift
dpsd:  Frictiael pressure gradient, psi/tt
dpydz Gravitational pressure
gradient, osfift
) Wetted Perimetar, ft
vp Bubble rise velocity. fv/sec
ver Total superficial velocity, fusec
vsG superficial gas velocity. fvsec
Ve Superficial liquid velocity, ft/sec
z Yertcal length, ft

Greek symbols

Void fraction

Liquid disribution eoefdcient
Gas viscosity

Liquid viseesity

Mixuwre viscosity

Parameter defined by Eq.27
Cus &2rsity, by

Liquid density, Ibrv £
Mixture density, Ibny/ fi*
Interfacial tension, dynes/cm
Wall shear stress, dynes/ cm’
Inclination angle, radian
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PRESSURE PROFILES IN TWO-PHASE GEOTHERMAL WELLS:
COMPARISON OF FIELD DATA AND MODEL CALCULATIONS

AXK. Ambastha and J.S. Gudmundsson

Petroleum Engineering Department, Stanford University

Abstract

Increased ¢confidence in the predictive power of two-
phase correlations is a vital part of wellbore deliverability
and deposition studies for geothermal wells. Previously,
the Orkiszewski (1967) set of comlations has ken recom-
mended by many investigators to analyzse geothermal
wellbore gerformance. In this study, we use measured
flowing ﬁressure profile data from ten geothermal wells
pound the world, ¢overiag a wide range of fowrate, fluid
enthalpy, weilhead pressurs and well depth. We compare
measured aod calculamd presswe profiles using me Ork-
iszewski (1967) correlations.

Introduction

Two-phase szam/watsr flow occurs in geothermal
reservolrs, wellbores, rad surface pipelines. The produc-
tion of steam/watsr mixtures depends 0N how the resenoir,
wellbore, and surface facilices operate in seriss, It means
that the overall performance of the system can be dominat-
ed by poor performance by any of is components. Im-
proved understanding of the system carponents, therefore,
may lead to tensr production methods for geothermal
resources of the liquid- and boilingdominazd type. In this
paper we ¢oasider the wellbore part of the system.

A feature common to previcus studies of geothermal
wellbore flow, is that several twe-ghase flow conrelatios
arc compared to a single or few data sets, and the best-fit
correlation identified. A limitation of this approach is that
a pardcular correlation ¢an be maiched to a single st of
flowing data by adjusting a number of parameters. This
leaves open the question of geceralizabilicy; that is, the -
plication of the best-fit wellbore medel to cther geothermal
wells. It may also oct = dear what wellbore coxrelations
to use for predictive purposes. Furthermore, the several-
models and siagle data- i poroach mry e what aspects
of modeling rad measurements would teze ft franresearch
md devilopment. In this paper we address the issue of
perendiudilitcy by adopting an aperosch of a single-model
and several-data-sets.

The Orkszewski (1967) wellbore correlations rad
simulator used I our work me discussed In a companion
sxrer (Ambastha and Gudmundsson, 19%5). A related pa-
pa ir tat of Gudmundsson ct d . (1984).

Field Data

Flowing pressure rad temperawmre profiles fian 10
geothermal Werl)ls were oollecnﬁor d:ep';.rp::s-e of our

study. Tre wells me in 6 countries: the United States,

. New Zealand, the Philippioss, leeland, and Italy.
The discharge data for these wells are shown in Table I.
The total flowrate ranges from 129 kg/s to 63.6 kg/s; the
mixture enthalpy from 965 kJkg to 1966 klkg
(corresponding to liquid water at 225°C and up); wellhead
pressure fran 23 bar-g to 56.5 bar-g (245 kP2 to 6027
kPa); well depth fron 913 m to 2600 m. The wellbore di-
ameter is also given in Table 1, the nominal using size
near the surface ranging from 7-5/8" to 9-5/8". We wete
not able © compile the chemical data (dissolved solids and
non-condensible gas content) for the wells.

Flowing data for wells Cerro Prieto %0, East Mesa 6-
1, and Uah State 14-2 are given by Ordz-R. (1983).who
in turn obtained the data fran Castaneda (1983), Fandriida
er al. (198D). rad Butz rad Plooster (19/9). respectively.
The different sources of the same data sets are listed hers
to assist investigators in further studies. The data for wall
East Mesa 6-1 has ke n used in several studies; for exam-
ple. Gould (1974). Nathenson (1974), and Jugrasert and
Sanyal (1977). The original East Mesa reference is that of
Lundberg (1973). A reference for the Roosevelt Hot
Springs vell Uuah SEle 14-2 data is that of Butz and
Mickley (1982). Flowing data for well Cerro Prieto 91
was obtained fran Ryley and Parker (1982).who in turn
used a paper by Goyal et al. (1980). The Ryley and Park
& (1982)paper was also the source for the data for Krafa
9in Iceland. The daa for well Okoy 7 in the Philippines
were taken from a report by Catigtig (1983). A papr au-
thored by Chierici er al. (1981)provided the data for the
lulian vell Mofete 2  Information on vell HGP-A in
Hawaii was taken fron Kihara ez al. (1977)and Yuen e:
al. (1978). The New Zealand data on well Ngawha 11 was
provided by Bixley (1984);the Mexican data on well Los
Anufres 18 was peovided by Malioz . Moe
vellbore profile data = found in Upadnysy aal (1977),
Barelli eral. (198). Butz and Mickley (1982). rad Wilson
(1984).

Wellbore Simulation

The pressure rad emperanue profiles for the 10
wells, rpectively, are shown in Figure 1 and Figurz 2.
However. well Utah State 14-2 had no temperature profile
data. Using the data in Teble 1, we used the Orkiszewski-
based simulator discussed in the companion saeer (Ambas-
tha rad Gudmundison, 1986), © calculae the flowing
profiles. All calculations were done from the surface to
well bottom. The matches we obtained with the measured
profiles ranged from good to not-so-good. It is not possi-
ble to show all the materes in this . lnstead, we
determined the average pressure gradieat in the first 500 m
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Table 1. Data used to calculate pressure and temperature

profiles from wellhead to bottom
Total Flowrate | Mixwre | Wellhead Toul Deptt
Well kg/s Enthalpy | Pressure Wellbare Suing Design m
K’kg bar-g

A-- Cerro Prieto 90 45 1343 40.7 0.5808 ft from O-bottom 1299

B.-Los Azufres 18 267 1607 300 07296 f1 from 0-959 m 1324
0.5153 ft fron 959 m-borom

C--Ngawha 11 68.6 965 198 0652 f1 from ¢~673.5 m 950
04934 ft from 673.5 m-boaom

D--Okoy 7 132 1403 456 0.7251 ft from 0-1308 m 2600
0523 fi from {38 m-boaom

g —Carro Priew 91 342 1372 565 05361 ft from O~1942 m 2294
0.3370 ft from 1542 m-hoaom

FuMofete 2 164 1834 35 0.7283 ft from 0.1272 m 1989
05118 ft from 1272 m-bottom

G-HGP-A 13.9 1966 32 0.802 fi from 0-680 m 1966
0.5833 ft from 680 m-hoaom

H--East Mesa 6-1 129 1197' 23 0.7267 ft from 0-bottom 2134

I--Krafla 9 25 1532' 163 0.7297 ft from 0-1053 m 1251
05856 ft from 1053 m-bottom

J--Utah Stz 14.2 409 1648° 26.7 0.7433 ft from O-bottom 913

* — Based on measured bottom-hole temperature
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Figure 1. Measured pressure profiles.

Depth (m)

Temperature {*°C)

\IWN \\\
NEEANN
oL )3
I

Figure 2. Measured remperarure profilles.




Table 2. Values representing two-phase nature of low at/near wellhead

Total Quality Steam | Wellhead | Measured Pressure Calculated
Well Mass Flux | st Wellhead | Mass Flux | Pressure Gradient Pressure Gradient | Ratio
kg/s-m’ kg/s-m’ | barg bar/m bar/m

A--Cerro Prieto 90| 1830 0.15 215 40.7 0.0275 0.0275 1.00
B--Los Azufres 18 687 033 27 30.0 0.0104 0.0088 038s
C-—-Ngawha 11 211 0.025 55 190 0.0454 0.0770 1.56
D--Okoy 7 344 0.16 55 46.5 0.0207 0.0220 1.06
E--Cerro Prieto 91 1630 0.11 179 56.5 0.0398 0.0333 0.84
F--Mofete 2 424 0.57 242 s 0.0064 0.0071 1.11
G-HGP-A 296 0.63 187 32 0.0042 0.0049 1.17
H--East Mesa 6-1 335 0.14 47 15 0.0030 0.0060 2.00
I--Krafla 9 644 0.08 52 209 0.0274 0.0117 042
J-Utah State 14-2 1015 0.08 83 30.6 0.0275 0.0192 0.70

of each well (from the wellhead and 500 = down) and L]

compared the messured and calculamd values. These _ Py

values are shown in Table 2 fr the 10 wells. Also given d== 0))

is the ratio of the caloula=d and measwrsd pressure gra- n

dients. A pressure gradient ratio of unity indicazes a good

metch; a gradient ratio less than unity meass that the meas- . et

ured is greater than tk calculated; a gradient ratio greater pICRE

then uaity mears that the caleulazd pressure gradient is 6= | Z—r (6)

greater. Owur Visual iaspection of the measured and calcu- n-1

lated profiles suggested that the matches were reasocable
when the caleulaed pressure gradient was within about 20
percent of the measured gradient. This means that not-bo-
good matches were obtained for wells Ngawha 11, East
Mesa 6-1, Utah State 142 and Krafla 9. VAl Cerro Prieto
90 give a good maich, and other wells reasonable matches.
VAl Ckoy 7 was a special case. The calaulad and meas-
ured pressure gradients near # wellhead were similar, but
divergsd with depth.

We looked & tk quality of muiches by estimating
:cnelzlan and standard deviation of error and percent error, aS
ollows:

m

€; = Pmk = Pmeas

= Pesic = Puess

d, x 100 @

P~

where p. and pa,, are calculated and measured pressures
at any point respectively.

pY2
7= -?i— 3)
. n
2(6‘ - ?)z
o, = (= @

where ¢, is the error, TS arithmetic mean error, ¢, is the
standard deviation about & asd n is the—number of data
points. Similarly, 4; is the percent error, d is mean percent
error, and ¢, is the standard deviation about 4. Such Sta-
tistical parameters have bezn used before to evaluate the
acouracies of two-phase correlatons (Vohra er al., 1975).
Results of our calculatons are summarizad in Table 3. For
8 good match, we should have a low mean and standard
deviation. Looking at the mean and standard deviation of
error, we fiod that Ngawha 11. Ckoy 7, East Mesa 6-1,
Krafla 9 and UEh Saut 142 fall in the category of not.
so-good matches. Similar conclusion is drawn by looking
at the columns of mean percent error and standard devia-
gon of percent error, except thdt now it seems that Mofets
2 and HGP-A are also not-50-good matches. But these two
wells are low pressure wells and beec: small deviation in
calculated pressure gets magnified when we calculae per-
cent error. SO mean and standard deviation of percent er-
ror is 5o necessarily 8 good wty to determine the quality
of mateies in low pressure caes. Thus three different ori-
teria to determine the quality Of m e+ suggest that we
have not-30-good matches for S wells.

The Cerro Prieto 90 , Ngrwha 11 (ratic greater gmn
unity), and Krafla 9 (ratio Jess ®aa unity) pressure profiles
are shown in Figures 3. 4, and §, respectively. They
demonstrate the range of result obxained In our work. All
the wellbore calculations reported her» were done assuming
N0 beat transfer to/from tk formation; tk absoluts casing
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Figure 3. Pressure profile match for well Cerro Prieto 90.
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Figure 4. Pressure profile match for well Ngawha 11.

roughness used throughout was 0.0006 feet; the wellbore
was divided into about 50 segments in most cases. The
effects of noncondensible gases and dissolved solids were
not considered.

We think that the Orkiszewski (1967) method per-
forms as well as any other method for geothermal wellbore
flow; that is, the method seems to have general applicabili
ty. What we would like o , is under what con:

¥

g
;

ditons it performs best, and under what conditions it
should not be ¢ to give good results. We looked at
the 10 matches of calculaed and measured profiles, and
tried to group the good and not-so-good wells using two-
phase flow related criteria such as mass flux, void fraction,
and pressure. We found that by plotting the "steam mass
flux at the wellthead” against "wellhead pressure,” the wells
exhibiting not-so-good matches formed a group away from
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Figure 5. Pressure profile match for Krafla 9.
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Figure 6. Steam mass dux vs. wellhead pressure

the better matched wells. This result is shown in Figure 6.
The values used 1 draw this figure are given in Table 2.
The rationale for Figure 6 are these: (1) the steam mass
flux represents the dryness ar void fraction of the flow, a&r-
bitrarily taken at the wellhead; (2) the wellhead pressure
correlates the physical properties Of steam and water.
There are more points I Figure 6 than are given in
Table 2. Nine of the wells in Table 2 are represented by
circles in Figure 6. The well not shown by a circle is
HGP-A in Hawaii; it is represented by stars. There are
four stars in Figure 6. The highest flowrate one is that
given in Table 2 The other three are lower flowrate
prifiks that we also matched using the wellbore simulator
The five crosses in Figure 6 are data points from a paper
by Upadhyay et al. (1977), from wells in the Philippines




Table 3. Comparison of measured and calculated pressure profiles

Standard
Mean | Devistion | Mean | Standard

Well Data Puints | Measured Pressure Range, | Emor | of Error, | Percent | Deviation of

bar-g bar-g | barg Error | Percent Error
A—Cerro Prieto 90 16 409-88.5 03 08 06 1.1
B--Los Azufres 18 18 30.0-52.1 -11 12 265 22
C-Ngawha 11 14 19.0-86.3 10.8 5.1 28 10.4
D--Okoy 7 14 41.7-1629 53 41 5.1 39
Ly famw 71 13 56.5-117.0 0.15 26 0.66 29
F--Mofete 2 5 3.5-21.8 0.4 0.4 4.9 5.1
G-HGP-A 17 32167 0.6 0.4 6.1 27
H-East Mesa 6-1 15 23929 110 94 506 532
I-Krafla 9 8 16.340.0 5.5 5.4 -17.5 13.8
J--Utah State 14-2 30 27.0-61.6 6.7 4.6 -136 6.9

and the United States. Upadhyay er al. (1977) stated that
reasonable matches were obtained when comparing Neas-
ured profiles to calculawd profiles using a wellbore simula-
1 based on Orkiszewski's (1967) correlations. The total
flowrate of these two-phase wells ranged fram 3 kg/s to 11
kg/s. It appears from Figure 6 that the Orkiszewski (1967)
correlations do not work as well when the steam ness flux
is below 100 kg/s-m?,

Discussion

In general, the Orkiszewski (1967) correlations work
well for different geothermal wellbore flow situations. The
mean percent errors for Ngawha 11, East Mesa 6-1, Krafla
9 and Utah State 14-2, however, were larger than 10%.
Ngawha 11 has 1.4% of noncondensible gas in the total
uow. This may be the reason for the bad match, because
the wellbore simulator does not consider the effect of non-
condensible gases.

Krafla 9 is said to have wellbore deposition problems
which reduces the effective area open to flow I the
wellbore and this could be the reason for the bad match. If
we reduce the wellbore string diameter, we will hv e larger
pressure (Irop and can match the measured pressure profile.
\\e are not aware Of any problems with well Utah State
14-2, 30 we can not propose | reason for the not-so-good
match in this case.

East Mesa 6-1 is a special case. The mean percent
error and standard deviation about mean percent error for
East Mesa 6-1 were unusually large. This match is shown
in Figure 7. \\e see that calculawed pressure profile is dis-
placed away from the measured pressure profile by a con-
sunt positive pressure i single-phase section Of the
wellbore. This means that the predicted depth of flashing
is higher up i0 the wellbore than the actual depth Of flagh-
ing. The calculated depth of flashing is highly dependent

on the fluid enthalpy value used. Thus fluid enthalpy is an
important parameter which determines the depth of flaslung
and hence the quality of match.

Conclusions

The Orkiszewski (1967) correlations have been used
to compare the measured and calculamed pressure profiles
from ten wells that cover a wide range of fiowrate, fluid
enthalpy, wellhead pressure and well depth. We conclude
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Figure 7. Pressure profile match for well East Mesa 6-1.




the following:

1. The Orkiszewski (1967) correlatdons se2m to
have ge=eeral applicability for geothermal
wellbore flow, and work well under a variety of
situations.

2. Good matches between the calculated and meas-
ured pressure profiles were obtained using the
correlations if the steam mass flux is larger then
100 kg/s-m?,

3. Gas content and fluid eathalpy are important
parameters in detsrmining the depth of flashing
and hence the agreement between calculard and
measured pressure profiles.
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