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ABSTRACT 

An experimental simulation of an actual 
steam-water geothermal well based on field 
data obtained in New Zealand is carried out 
in a two-phase flow facility using 
dichlorotetrafluoroethane, known 
commercially as refrigerant 114. The 
simulation of steam-water flow is 
accomplished by a similaf-ity theory which 
is achieved by using appropriate 
dimensionless numbers; namely, the Mach, 
Froude, and Reynolds numbers at the 
flashing front. The theory is used to scale 
the flow properties from that of water to 
thaf of refrigerant 114 in the two-phase 
region, and permits the prediction of 
steam-water characteristics in a flowing 
well, under much reduced pressure and 
temperature levels. Two experimental series 
were conducted to confront the similarity 
theory with actual measurements from a 
flowing well with significant 
noncondensable gases. Experimental results 
using refrigerant 114 indicate that the 
pressure distribution along the pipe can be 
predicted accurately in the two-phase 
region of a geothermal well. 
NOMENCLATURE 

a 
A 
C 
D 
F 
Fr 
9 
h 
K 
i 
M 
Ma 
n 
P 
3 
Re 

V 
X 
X 
z 
w 

sonic velocity (m/s) 
distribution coefficient 
specific heat (kJ/kg/OC) 
pipe diameter (m) 
mass fraction of noncondensable gas 
Froude number 
acceleration of gravity (m/s2) 
enthalpy (kJ/kg) 
Henry's constant (atm) 
mass flow rate (m/sec) 
molecular weight (g/gmole) 
Mach number 
number of moles (gmole) 
similarity parameter 
pressure (bar, a) 
Reynolds number 
apparent gas constant (kJ/kg/OC) 
temperature (K) 
specific volume (m3/kg) 
dryness fraction 
mole fraction 
height from flashing front (m) 
velocity (m/s) 
mass flux (kg/m2s) 

p dynamic viscosity (Pa.s) 

SubscriDt 

a apparent 
c carbon dioxide C02 
f liquid 
fg evaporation/condensation 
g gaseous phase 
M measured 

meas measured 
o stagnation condition 
or orifice 
r refrigerant R-114 
ref reference 
res reservoir 
sat saturation condition 
T total 
v vapor 
w water H20 

Suverscrivt 

* flashing condition 
BACKGROUND 

In the mid 1980s the U . S .  Department of 
energy funded a research project at Brown 
University aimed at developing a reliable, 
safe, predictive and relatively inexpensive 
method of simulating the two-phase flow of 
geothermal fluids in a controlled 
laboratory environment. The working fluid 
f o r  the laboratory studies would not be 
water (due to the high temperatures and 
pressures) but a fluid that would simulate 
water (a similarity fluid). 
The concept of similitude (or scaling) is 
well-established for single-phase flows, 
but is less fo r  two-phase, liquid-vapor 
flows. This study should not be confused 
with other studies whose goal is to model 
actual two-phase flows, particularly in 
geothermal wells [1-4].. The theoretical 
basis for the Brown University study, and 
details of the laboratory setup are given 
in Refs. [5-61. 

The fundamental premise €or this effort is 
depicted schematically in Figure 1. A 
reliable and predictive similarity theory 
provides laws for all physical variables 
pertaining to the problem. These include, 
in this case, pipe diameters and lengths, 
fluid flow rates, temperatures and 
pressures. Expensive, cumbersome, risky 
and inaccurate field measurements may thus 
be replaced with relatively inexpensive, 
controlled, safe and highly accurate 
laboratory experiments. Having in hand the 
analytical tools to relate the laboratory 
results to field results, one nay easily 
design the field equipment (surface piping 
as well as production and injection wells) 
for optimum characteristics. 
In this paper, we offer a brief summary of 
the basic similarity theory developed by 
the Brown University team. The case of 
geofluids with significant amounts of 
noncondensable gas is examined through the 
use of the laws of Henry and Raoult. The 
experimental facility is described as it 
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existed at Brown University and the results 
of a series of measurements designed to 
prove out the theory are presented. 
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I 

Figure 1 .  
of geothermal fluid flow 

Basic Concept of laboratory simulation 

___- SUMMARY OF SIMILARITY THEORY 

Basic Theory 

Many'similarity theories have been proposed 
in two-phase flows [7-10] to simulate 
water-steam mixtures using fluorinated 
hydrocarbons. In this work no attempt is 
made to test these theories since our 
experimental arrangement required certain 
reference parameters which differ markedly 
from other proposed criteria. The reference 
groups which we identified as the important 
controlling inlet conditions for pipe flow 
[ll-121 are ,the M$ch, Froude, and Reynolds 
numbers (.Ma , Fr , Re*) at the flashing 
front defined as: 

Ha* = wf*/a* 
Fr* = Wf*/(g'D)ll2 

Re* = $ D/ * (3) 

where Wf* = $ vf* = (&/A) vf*. (4) 
The sonic velocity a* is avaluated under 
the assumption that the two-phase flow 
mixture at flashing is homogeneous [13]. 
In an earlier work [5] we developed a 
similarity theory to relate reference 
parameters for R-114 with those of water- 
steam mixtures. Here we will only summarize 
the theory. The basic assumptions are the 
following: 

1) vf = constant. (5) 
2) hfg = hg - hf = constant. (6) 

P vg = Ra TI 
or P Vfg = Ra T 

3 )  Saturated vapor phase obeys the perfect 
gas equation of state: 

(7a) 
(7b) 

since in general, vg >> vf. 

These assumptions are valid for water 
substance over the range 100-300°C and for 
R-114 in the range of -20 to 7OoC. 

With the appropriate choice of reference 
parameters, the theory shows that the 
temperature, pipe diameter and height 
correspondences between water substance and 
R-114 are given by: 

(Tr/Tw) = (hfg,r Ra,w)/(hfg,w Ra,r) r (8) 

(9 )  (Dr/D") = (Tr Cf, r)/ (Tw Cf,w) t 
and (zw/zr) = (Dw/Dr) (10) 

Maw* = Mar*, (11) 
and Frw*/Frr* = NoIw/N~,r, (12) 

respectively. At the flashing front, 
similarity requires that 

where 

The whole idea can be summarized in the 
following way. From the stagnation 
temperature in the reservoir (= flash 
temperature under adiabatic conditions) 8 

the mass flow rate of water, together with 
the pipe diameter, one can determine the 
required flash temperature, pipe diameter, 
and the mass flow rate of R-114 to simulate 
the steam-water conditions using this 
similarity theory. Then, the results of 
tests on the R-114 under controlled 
laboratory conditions can be used to 
predict the temperature and pressure of 
steam-water mixtures in an actual vertical 
flow. According to eqs.(8-9), to simulate a 
case where water, flowing at 42 kg/s, 
flashes at 25OoC in a 15 cm pipe, for 
example, R-114 would have to be flowing at 
0.2 kg/s, and flashing at a temperature of 
45.4Oc in a 2 cm pipe. 
If one measures the temperature of R-114, 
Tr, along the test section, then the 
temperature T for water-steam mixture can 
be calculate3 from eq. (8), and the 
saturation pressure Pw can be found from 
standard steam tables. 
The accuracy of the predicted pressure Pw 
in the. two-phase region can be tested by a 
comparison with actual pressure 
measurements from field data. 
Noncondensable Gas Effects 

Since most geothermal fluids carry 
noncondensable gases (mostly carbon 
dioxide, it is necessary to 
investigate ""&is effect. A thermodynamic 
analysis based on phase equilibrium between 
water-steam mixtures and CO at any 
temperature shows that the latzer behaves 
as a solute in a dilute liquid solution of 
H 0. If we treat H 0 as an ideal solution, 
den we can use &nry*s law which states 
that the partial pressure of C02 is given 
by: 

Pc = Kc Xcr (14) 
where X, is the mole fraction of CO 
liquid phase of the steam-water mixgure: 

in the 

xc = "c,f 1 @c,f + "w,f)- (15) 
Henry's constant can be found in Ref. [14]. 
Using the distribution coefficient A [15], the ratio of moles of C02 in the liquid 
phase to that in the vapor phase can be 
expressed as: 

("c,f/"c,v) = A ("w,f/"w,v) - (16) 
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In the vapor phase: 

Of the total mass flow rate i, the mass 
flow rates of C02 gas and water-steam 
mixture are: 

&-.v = F i (19) 

l;k = (1 - F) G ,  (20) 
respectively. F is the mass fraction Of 
noncondensable gases. The fraction of 
that is vapor can be determined in terms 3 
the dryness fraction x in the absence of 
C02; that is, 

i , v  = x iW. (21) 

Xc = [l + x(1-F)MJ(A F %)I-'. 

Hence, eq.(15) can be written in terms of 
eqs. (16-21) as: 

(22) 

The dryness fraction x can be calculated 
from the energy balance between the 
stagnation point and any section in the 
two-phase region, for an adiabatic well. 
Refs. 111,161 shpw that the kinetic and 
potential energies per unit mass are 
negligible in comparison to the latent heat 
of evaporation. In this case, the dryness 
fraction is given by: 

From Raoult's law, the pressure of liquid 
water is given by: 

The total calculated pressure is 

EXPERIMENTAL FACILITY 

The experimental work was conducted at 
Brown University [17] where a facility was 
designed specifically to study two-phase 
flow of single substance with phase change, 
and to simulate flow conditions in 
geothermal wells. A schemafic of th+s 
%omputer-controlled facility is shown in 
Figure 2. The test section is shown 
vertical and lies between two isolation 
butterfly valves (BFV-D and BFD-U) as shown 
in Figure 3 .  The working fluid is 
known as refrigerant 114 (R-113). THe 
temperature and absolute pressure are 
measured at the inlet of the test section 
(stagnation point). Along the test section, 
the temperature and differential pressure 
are measured at four stations, 1.219 m 
apart. 

Opening the two butterfly valves initiates 
the flow in the upward direction under the 
pressure difference between the accumulator 
and the condenser. When the gate valve (GV) 
is slightly open, the fluid flows as 
single-phase liquid up to and past an 
orifice plate at the inlet of the test 
section, and flashes somewhere in the test 
section to form a two-phase flow. 
Adjustin7 the opening of the GV with a 
computerized servomotor varies the degree 
of flashing in the test section by changing 
the back pressure on the orifice plate. 

dichlorotetrafluoroethane (CClF -CClF ) 

Between the two extreme positions of the 
GV, a sequence of flows with different 
topologies can be generated in the test 
section that would otherwise occur in 
different positions along a much longer 
pipe, starting with bubbly flow near 
flashing that changes ultimately to an 
annular flow as the GV is progressively 
opened. 
Thus, if we imagine that the fixed test 
section can be "shifted@' in the flow 
direction, then the set of data can be 
essentially "pieced1' together to represent 
temperature, and pressure distributions 
along a very long pipe [ I l l .  

ACCUMULATOR 

FIGURE 2 VERTICAL SECTION OF THE TEST FACILITY 

BFV-U 

w v  

R-114 VAPOR- 

Q+=z+FD 
FWRE 3 VERTICAL TEST SECTION CONFIGURATION 
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In this experiment a commercially available 
copper tube was used and it was completely 
insulated. In order to accurately 
determine the position of the flash front 
four additional thermistors, 0.457 m apart, 
were added along the test section. The 
first thermistor was at 0.910 m from the 
stagnation point near the BFV-D. 
MEASUREMENTS RESULTS 

Survey of Well F i e l d  Data 

We have collected data on wellflow 
characteristics from a number of wells in 
New Zealand [lS]. They include KA (10,16) 
(Kawerau) ; NG (3,9,11,12,13) (Ngahwa) : and 
BR (11,21) (Broadlands/Ohaakl). Geofluid 
parameters are given in columns 2-4 in 
Table 1. 

T l t t  1 

1 1 M 1 1 1 1 1 1 1  CONO111011S FOR S l L l C l E O  YELLS 

GtOFlUIO R l F R I G t R A l l - l l *  

0 1 i "a' fP 0 1 i Ma' F P  

m o c  w r  ye11 110. cm o c  W r  

11-10 I5 04 250 42.0 0 IO5 2.417 2 00 45.4 0.201 0.101 1.037 

11-16 15.01 248 19.0 0.019 1.098 2.01 44.3 0.092 0.049 0.169 

ffi-3 15.04 228 20.0 0.068 I.117 2.04 3 1 . 1  0.104 0.069 0.a96 
ffi-I 15.04 228 24.4 0.081 1.362 2 04 11.7 0.127 0 084 0 605 
ffi-I1 I9.M 224 64 4 0.111 1.719 2.71 31.6 0.340 0.134 0.797 
YI-11 19 88 224 68.8 0.142 1.895 2 11 11.6 0.362 0 142 0.849 
m-$2 I9.m 228 I 3 . 3  0.026 0.370 2.70 13 .1  0.069 0.026 0.164 
m-13 2 2 . 0 5  ZZS 19.4 0.032 0.411 1.00 32.1 0 LO2 0 032 0 185 

ffi-13 22.05 225 53 0 0.088 I 131 1.00 12 .1  0.280 0.088 0.506 

OR-ll 19.88 240 62.2 0.102 1.161 2.m 4 0 1  0.111 0.101 0.165 

81-21 19.88 260 21.9 0.028 0.615 2.61 50.S O.IO0 0.028 0 210 
11~21 I9.W 260 26 .1  0.013 0.169 2.61 50.5 0.120 0.013 0.321 

The stagnation temperature of most wells is 
very high which leads to a relatively high 
stagnation temperature even under 
laboratory conditions, as our similarity 
theory requires (column 8 in Table 1). The 
instrumentation however was not designed 
f o r  stagnation temperatures much higher 
than 3OoC for R-114. Unfortunately, field 
data with low stagnation temperatures were 
not available. Hence, we settled on one set 
of data obtained in a well identified as 

The characteristics of well NG-11 are given 
in Table 2 and 3. The 1.4 % gas content 
of the total mass flow rate represents 
noncondensable gases that are greater than 
95 % C02 [18]. From the data of Table 3 it 
appears that the difference between the 
measured pressure (above the flashing 
front), and the saturation pressure is due 
to the partial pressure of carbon dioxide 
present as a noncondensable gas. To check 
this observation, let us analyze the two- 
phase region which consists of a mixture of 
steam-water and carbon dioxide gas. 

NG-11. 

TABLE 2 

CHARACTERISTICS OF WELL NG-11 

R e s e r v o i r  t e m p e r a t u r e ,  T (OC) 2 2 4 . 0  
R e s e r v o i r  p r e s s u r e ,  Pres ( b a r , a )  93 .0  
S t a g n a t i o n  e n t h a l p y  (kJ /kg)  965 
Mass f l o w  r a t e ,  h ( k g / s )  6 4 . 4  
Noncondensable gas c o n t e n t  
NGC/% t o t a l f l o w  (by mass) 1 . 4  

TABLE 3 

PRESSURE AN0 TEMPERATURE AS A 
FUNCTION OF DEPTH FOR YELL NG-l l  

0 206 20.0 17.65 
100 211.5 23.5 19.67 
200 215 27.5 21.12 
300 218.5 32.0 22.56 
400 220 38.0 23.18 
500 222.5 44.8 24.20 
600 223.5 52.9 24.70 
700 221 61.1 25.00 

Note: PHZO,rat was calculated frm Stem 

Tables I t  the measured tmpiriture.  

Table 4 shows the values of parameters 
which lead to the predicted total pressure 
PT. The data clearly. indicates that 
equations (14-26) give an accurate 
description of the pressure distribution P 
along the pipe. There is strong agreemen? 
with the measured pressures between 0-400 
m. However, the calculated pressure 
disagrees with the measured pressure at a 
depth of 500 m. This means that the flash 
front lies between 400 and 500 m. Figure 4 
shows the temperature profile along the 
pipe as a function of depth. It can be seen 
that temperature points at depth greater 
than 400 m have a steeper slope than points 
shallower than 400 m. We will assume that 
flashing occurs at a depth of 400 m. At 
depths greater than 400 m, the mixture is 
compressed liquid. 

The analysis above shows that the vapor 
pressure of water can be separated from 
that of carbon dioxide according t? the 
laws of Henry and Raoult. This is an 
important result since the similarity 
theory which is being tested was developed 
for pure substances in the absence of any 
noncondensable gases. This means that the 
pressure similarity is between the 
saturation pressure of the laboratory fluid 
(R-114) and the partial pressure of water 
vapor rather than the total pressure of the 
water-steam and carbon dioxide mixture. 

TABLE 4 

PREDICTED PARTIAL VAPOR PRESSURE 
AND TOTAL PRESSURE 

AS A FUNCTION OF DEPTH FOR UELL NG-11 

0 
206 

6280 

327 
4.38 
4.05 

2.58 

17.64 

20.22 

20.0 

100 
211.5 

6170 

286 
3.09 
6.57 

4.11 

19.66 

23.77 

23.5 

200 
215 

6100 

262 
2.25 
9.85 

6.10 

21.10 

27.20 

27.5 

300 
218.5 

6030 

240 
1.42 
17.01 

10.41 

22.52 

32.93 

32.0 

400 
220 

6000 

231 
1.11 
22.60 

13.76 

23.13 

36.89 

38.0 

500 
222.5 

5950 

217 
0.53 
50.25 

30.34 

24.08 

54.42 

44.80 

Note: Pco was calculated from Henry's law: PH 

Raoult's law. 

was found from 
2 2 
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Figure 4. Tempera ture  prof i le  for WELL NG-11 

Method of Testing 

From the reservoir temperature, mass flow 
rate, and pipe diameter of well NG-11, we 
calculated the mass flux, flash Mach, 
Froude, and Reynolds numbers. This is shown 
in row 1 of Table 5. Similarity theory 
requires a constant flashing Mach number, 
and scaled temperature and diameter for 
R-114 based on eqs.(8-9). The matching 
conditions for R-114 are shown in row 2 of 
Table 5. 

I. Y * t C J I )  197 16 64.4 0.1988 2075 0.131 1.779 

304 16 0.14 0 025l 611 0.156 0.9kO 
2. 1-11412) 
I I - I 1 4  lest 

1 XUnrcltllnlY fO I1 tO.50 

304 12 o 34 0.0271 189 0.131 o 797 

t l . 0  fQ.51 
(scrlcr 5) 

5 IOevlltlOn 

6 11-114 lest 304 01 0.292 0.0211 576 0.134 0.801 
Betieen Row 2 L 3 0.12 0.0 -6.3 13 9 16.1 17.9 

1 1  0 + L O  

~ ~ t w e n  ROWS 2 L 6 -0.23 -14.0 -6 3 -2.2 0.0 0.5 

iscr1cr 6) 
I 1. ""certainty fO 02 ' 0  99 
8 w e n a t l o "  

3161 
50.07 
53.65 

t0.70 

7.1 
45.16 

?0.70 

-9.2 

mass flow rates deviate by 0.12% and 0% 
from what is required. However, the 
discrepancy of 6.3% in the diameters 
resulted in l3rge deviations in the fla2h 
Mach number Ma , and the Froude number Fr , 
as seen in row 5 of Table 5. In an attempt 
to compensate for the diameter discrepancy, 
the mass flux was scaled rather than the 
mass flow rate. From the data in Table 5, 
simil rity requires a mass flux of 589 
kg/(m s )  , whereas the actual measured mass 
flux in the laboratory is 671 kg/(m2s) in 
Series 5. 19 a 0.0254 m pipe, a mass flux 
of 589 kg/(m s )  would require a mass flow 
rate of 0.30 kg/s instead of 0.34. Thus, a 
new series of tests (Series 6) was carried 
out to correct for the discrepancies +n 
Series 5. The measured parameters in 
Series 6 are shown in row 6 along with the 
experimental uncertainty in row 7. As can 
be seen from row 8, Series 6 meets the 
similarity requirements for mass fluxes 
rather than mass flow rates. 

Laboratory Results versus Field Data 
Results of measured temperatures for Series 
5 only are shown in Table 6A; measurements 
of Series 6 are nearly identical, as we 
will see. Temperature measurements from 
only the top three probes are considered 
(Fig. 3) since they are the furthest from 
the flashing front. 
It is interesting to note that the method 
of "piecing" measurements together is a 
very convenient way to predict conditions 
for a long pipe using a much shorter pipe 
in the laboratory. For example, in row 7, 
the probe for T2 is 9.36 m from the 
flashing front, for a given GV o ening, and 

As the 
GV is opened further, the flashing front 
moves upstream toward the orifice plate and 
away from the Tz-probe. But the T -probe is 
now at 9.35 m as shown in row 5.  Notice 
that at essentially the same distance from 
z , the T1-probe reads 20.43OC, 
approximately the same as the T2-probe at 
the previous GV setting. 

Using the measured temperatures T T and 
T3 of R-114 from Series 5 ang 6:' the 
temperatures and heights of water-steam 
mixtures are calculated from eqs. (8) and 
(10) respectively. Values from series 5 are 
shown in Table 6 ~ .  

3 

the measured temperature is 20.4 g C. 

TABLE 6A 
. ~ . ~  ...... ~ ........... 
rllo.,. ,.,en frm w e l l  I G I I .  121rcc.rrin~ to Il.ll.7itY t h e o w  

EXPERIMENTAL TEMPEWPURES AND HEIGHTS FOR Rll4 - SERIES 5 

2 1  12 z3 T1 T2 TI 

l m )  ( rnl  (In) (OCI 1%) ioc1 
- ~ ~ - ~ -  
1.22 2.14 1.66 26.89 25.65 24.60 
2.21 1.43 1.65 25.88 24.86 23.84 
3.14 4.36 5.58 25.10 2a.12 21.16 
6.26 7.18 8.70 22.65 21.70 20.87 
7.10 8.32 9.54 22.00 21.16 20.25 
7.79 9.01 10.23 21.52 20.64 19.69 

Under laboratory conditions, similarity 9.35 10.57 11.78 20.13 19.56 18.66 
12.02 13.24 14.46 18.51 17.61 16.80 requires a pipe of 0.0271 m. Due to the 12.11 13.11 1 4 . 5 5  18.42 17.59 16.72 
13.19 1 4 . 4 1  15.61 17.65 16.81 15.97 
11.63 15.85 17.07 16.66 15.78 14.94 
1 5 . 4 5  16.67 17.89 16.07 15.18 14.27 
16.16 17.38 18.60 15.55 14.66 13.79 0.0254 m commercially available copper 16.73 17.95 19.17 15.11 14.22 13.32 
1 8 . 1 4  19.35 20.57 11.09 13.14 12.21 
19.11 20.31 21.55 11.13 12.33 11.33 
20.21 21.43 22.65 12.43 11.37 10.35 
21.83 71.05 21.26 11.05 9.95 8.81 Using this tube, a series of 27 experiments 24.36 25.58 26.80 8.89 7.80 6.54 
21.69 25.91 27.11 8.59 7.50 6.28 
24.81 26.03 27.24 8.49 7.40 6.12 
26.93 28.14 29.36 6.13 5.13 3.98 

rate, with a very small experimental 29.28 10.50 11.72 4.06 2.88 1.46 
29.40 30.62 11.84 3.95 2.77 1.15 uncertainty. Row 4 shows the uncertainty 39.63 30.85 12.07 1.72 2.51 1.06 

constant for Series 5. From the data it N-: zl, z 2 ,  z3 are measured relative to the flashing front lz* = 0 )  

8.14 9.16 10.58 21.27 20.40 19.57 

difficulty of finding a commercial pipe of 
exactly 0.0271 m, it was decided to use a 

tube. 

(called Series 5) were conducted under 
fixed flashing conditions and mass flow 

(in percent) in holding flashing conditions 

can be seen that the flash temperature and 

29.17 10.18 31.60 4.18 2.94 1.44 
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TARLE C B  

PPFI'IZTFA TFNFFRATl'RFS ANO HEIGHTS FOR STEAM-WATER 
M I \ T I ' A F  FROM TAALE SA PAFED ON SIMILARITY THEORY 

' I  72 2 1  Tl T2 TI 
( " 1  In1 (In) (OC) (OCI P C )  

- - - -  - _ _  
P.9. 
16.2, 

45.97 
57.09 
57.20 
59.75 
08.59 
88.25 
88.86 
96.82 
101.36 
113.16 
118.59 
122.81 
131.09 
140.25 
148.30 
160.18 
178.77 
181.17 
182.05 
191.60 
214.04 
214.90 
215.14 
211.48 

21.08 
17.89 25.18 

12.02 54.92 
61.04 
66.15 
68.69 
77.53 
97.19 
91.81 
105.16 
116.31 
122.31 
121.5. 
131.76 
142.04 
149.20 
151.25 
169.12 
181.71 
190.17 
191.00 
206.55 
222.98 
221.85 
224.68 
226.43 

26.84 
14.13 
40.97 
61.86 
69.99 
15.10 
77.64 
86.48 
106.14 
106.16 
114.11 
125.26 
131.16 136.48 
140.11 
150.99 
158.15 
166.20 
178.01 
196.66 
199.12 
199.94 
215.50 
231.93 
232.80 
233.63 
235.38 

216.30 
214.65 
213.18 
209.19 
208.13 
207.54 
201.13 
205.16 
202.63 
202.49 
201.21 
199.61 
198.65 
197.80 
197.12 
195.42 
194.18 
192.11 
190.46 
186.94 
186.41 
186.29 
182.93 
119.26 
119.06 
178.88 
118.51 

211.28 
212.99 
211.78 
201.84 
206.95 
206.11 
205.12 
204.34 
201.16 
201.13 
199.86 
198.18 
197.20 
196.35 
195.61 
193.81 
192.55 
190.98 
188.67 
185.16 
184.67 
184.51 
181.13 
111.23 
117.14 
116.96 
116.53 

212.57 
211.13 
210.22 
206.48 
205.47 
204.56 
204.36 
202.88 
199.84 
199.11 
198.49 
196.81 
195.12 
194.93 
194.11 
192.36 
190.92 
189.32 
186.86 
183.11 
182.68 
182.42 
118.93 
114.19 
114.82 
174.64 
114.17 

+: zl, 12, z3 are measured relative to the flashing front ( r *  - 01 

o &or 

+ predicted temperoture-SERIES 6 
predicted temperature-SERIES 5 

single-phase 
flow region 

600 0 

7 0 d O '  ' '1;5' ' '150' ' '1$5' ' '200' ' '2%' ' 

Well temperature ( "C) 

Figure 5 .  Predicted and actual temperature profiles 
for WELL-NG 1 1  

a actual pressure-WELL NG-11 

+ predicted pressure-SERIES 6 

700 

Well pressure (bar,a) 

Figure 6. Predicted and actual pressure profiles 
for WELL-NG 1 1  

DISCUSBION 

A comparison of predicted and actual 
temperatures is shown in Figure 5.. with 
average and maximum relative deviations of 
5% and 9% respectively. However, the 
comparison is more reasonable when we 
compare pressures. 

From the predicted temperatures of 
steam-water in Table 6B, the partial 
pressures are calculated from standard 
steam tables. The result is shown in Figure 
6. Two observations should be made. The 
first one is that the predicted partial 
pressure at flashing is below the actual 
pressure by exactly the partial pressure of 
C02 at the flashing front. The second 
observation is that the predicted pressure 
qradients for Series 6, away from flashing, 
is within 3% of that in the actual well as 
shown in Figure 7. This indicates that if 
C02 were not present, the predicted 
pressure would be coincident with the 
actual pressure at the flashing front, and 
would develop with a pressure gradient 
deviating by 3% from the actual one. The 
effect of the presence of C02 is to 
suppress the whole predicted pressure curve 
by an amount equal to the pressure of CO 
at flashing. adding the partia3 
pressure of COZBYat flashing to the 
predicted pressure, then the calculated 
total pressure and the actual pressure in 
the well will be identical at the flashing 
front as shown in Figure 8 .  

From Figure 8 ,  the agreement between the 
predicted pressure and the actual pressure 
of water in the well is very good if the 
predicted and actual pressures are anchored 
at the flashing front as required by the 
similarity theory. 

It is worth noting that the attempt to 
correct for the diameter discrepancy By 
matching the mass flux resulted in a mass 
flow rate in Series 6, 14% lower than that 
in Series 5. This effect decreased the 
initial acceleration pressure gradient at 
the flash front (Fig. 7), and the pressure 
became closer to the actual one in the 
well. 

Y o pressure gradient-WELL NC-I 1 
pressure gradient-SERIES 5 

+ pressure grodient-SERIES 6 

0 

100 0 

7 0 8 . ~ ~  6oo : 0.05 0.10 0.15 0.20 

pressure gradient (bar/m) 

Figure 7. Predicted and actual pressure gradient 
profiles for WELL NC-11 
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0 

100 - 

a actual pressure-WELL NG-11 

+ predicted pressure-SERIES 6 

700 
Well pressure (bar .a )  

f igure  8. Predicted a n d  actual  pressure profiles 
for WELL-NG 1 1  

CONCLUSION 
In this study we showed that a similarity 
theory can be used successfully in the 
presence of significant noncondensable 
gases, to predict the pressure along a 
vertical pipe of an adiabatic geothermal 
well. The input field data required for 
laboratory simulation using R-114 are the 
mass flow rate of water, the pipe diameter, 
the stagnation pressure and temperature, 
and mass fraction of noncondensable gases. 
From this information, flashing conditions 
under laboratory conditions are established 
from similarity theory, and measurements 
are conducted under those conditions. From 
the measurements, the partial pressure of 
water is predicted using similarity theory. 
The contribution of the partial pressure of 
C02 at flashing is calculated using Henry's 
law. Hence, the total pressure in the 
two-phase region, as well as the height 
above the flashing front can be predicted. 
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