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EXECUTIVE SUMMARY 

The o b j e c t i v e  o f  t h i s  s tudy  was t o  eva lua te ,  
s e l e c t ,  and c o n c e p t u a l l y  des ign  c a l o r i m e t e r  sys-  
tems t h a t  c o u l d  p o t e n t i a l l y  p e r m i t  economical, r e -  
l i a b l e  and accu ra te  measurements o f  t h e  e n t h a l p y  
o f  m u l t i p h a s e  f l u i d s  a t  geothermal w e l l  heads. 
T h i s  s t u d y  i d e n t i f i e d  seven cand ida te  c a l o r i m e t e r  
methods t o  o b t a i n  we l l -head  e n t h a l p y  measurements: 

r e g e n e r a t i v e  hea t  exchanger 
s ing le -pass  heat  exchanger 

0 m i x i n g  t e e  condenser 
0 p r e s s u r i z e r  sp ray  condenser 

mu l t i phase  t a n k  
l i q u i d i z e r  

0 q u i c k - c l o s i n g  va lves.  

Based on t h e  analyses performed d u r i n g  t h i s  
s tudy,  t h e  m i x i n g  t e e  condenser and s ing le -pass  
h e a t  exchanger c a l o r i m e t e r s  a re  recommended f o r  
f u t u r e  development < f o r  measuring wel l -head e n t h a l -  
p i e s .  T h i s  recommendation i s  based p r i m a r i l y  on 
t h e  good accuracy, h i g h  r e l i a b i l i t y ,  low cos t ,  and 
o v e r a l l  a p p l i c a b i l i t y  o f  t h e  two c a l o r i m e t e r  meth- 
ods. 
changers r e q u i r e  c o o l i n g  water, t h e  m u l t i p h a s e  
tank  method i s  recommended f o r  a d d i t i o n a l  develop-  
ment f o r  p o t e n t i a l  use a t  w e l l  heads w i t h  no 
a v a i l a b l e  c o o l i n g  water. 

I n  t h e  conduct o f  t h i s  study, i t  was d e t e r -  
mined t h a t  a sampl ing system was r e q u i r e d  t o  w i t h -  
draw a " r e p r e s e n t a t i v e "  sample f rom t h e  geothermal 
f l o w .  A r e l a t i v e l y  low sample f l o w  r a t e  was r e -  
q u i r e d  t o  p e r m i t  compact, p o r t a b l e ,  c a l o r i m e t e r  
systems t o  be considered.  Consequently, f i v e  can- 
d i d a t e  i s o k i n e t i c  sampl ing probe c o n f i g u r a t i o n s  
were i d e n t i f i e d  and eva lua ted  d u r i n g  t h i s  s tudy .  
These probe c o n f i g u r a t i o n s  were: 

Nonlinear-spaced, r e t r a c t a b l e ,  m u l t i p l e  

Tinear=spacFd, r e t r a c t a b l e ,  m u l t i p l e  

0 S i n g l e - p o r t ,  r e t r a c t a b l e ,  t r a v e r s a b l e  
0 Fixed, m u l t i p l e - p o r t ,  n o n r e t r a c t a b l e  
0 S i n g l e - p o r t ,  f i x e d ,  n o n r e t r a c t a b l e  

Because m i x i n g  t e e  and s ing le -pass  heat  ex- 

equal  -area p o r t s  (REAP probe)  

v a r i a b l e - a r e a  p o r t s  

Based on t h e  e v a l u a t i o n  performed d u r i n g  t h i s  
s tudy,  f u r t h e r  development o f  t h e  REAP p r o b e , w i t h  
removal hardware i s  recommended. T h i s  sampl ing 

scheme a l l o w s  s imul taneous f l u i d  e x t r a c t i o n  across 
t h e  p i p e  d iameter ,  o r  i f  approp r ia te ,  s i n g l e - p o i n t  
sampling. M i x i n g  f l o w  streams f rom m u l t i p l e  sam- 
p l i n g  p o r t s  y i e l d s  a s i n g l e  r e p r e s e n t a t i v e  sample, 
b u t  o n l y  r e q u i r e s  t h e  e x t r a c t i o n  o f  a smal l  pe r -  
centage (20.5 t o  4%) o f  t h e  t o t a l  f l o w .  The non- 
l i n e a r  spacing o f  t h e  p o r t s  r e s u l t s  i n  more sample 
c o l l e c t i o n  p o i n t s  near  t h e  p i p e  w a l l  where ve loc -  
i t y  and q u a l i t y  g r a d i e n t s  a re  l a r g e s t ,  t h e r e b y  
p r o v i d i n g  improved accuracy. The p r o b e ' s  r e t r a c t -  
a b i l i t y  a l l o w s  longer  hardware l i f e t i m e s ,  and 
t h e r e f o r e ,  lower  cos ts .  Once t h e  necessary w e l l -  
head m o d i f i c a t i o n  has been performed, t h e  sample 
probe may be removed, cleaned, and r e i n s t a l l e d  
w i t h o u t  any i n t e r r u p t i o n  o f  w e l l  o p e r a t i o n .  

t h e  recommended sampling probe and c a l o r i m e t e r  
systems can p o t e n t i a l l y  p r o v i d e  an e s t i m a t e  o f  t h e  
t o t a l  mass f l o w  r a t e  f rom t h e  geothermal w e l l .  
The accuracy o f  t h e  samp le r / ca lo r ime te r  t o  e s t i -  
mate t h e  t o t a l  mass f l o w  r a t e  f r o m  t h e  geo the r i i a l  
w e l l  should be determined d u r i n g  t h e  f i e l d  t e s K i n g  
o f  t h e  samp le r / ca lo r ime te r  system. 

It i s  recommended t h a t  t h e  m i x i n g  t e e  and 
s ing le -pass  hea t  exchanger c a l o r i m e t e r s  and t h e  
REAP sampl ing probe be designed, f a b r i c a t e d ,  and 
t e s t e d  a t  a geothermal w e l l  head such as t h e  East 
Mesa Tes t  F a c i l i t y  owned by  t h e  DOE. 

NOMENCLATURE 

It should be no ted  t h a t  t h e  comb ina t ion  o f  

Symbol - 
kP 
9, 

h 

J -  

z 
P 
QL 
qL 

R 
U 
U 

V 
V 
W 
Z 
P 

- 

1 

Q u a n t i t y  
Spec i f i c heat  
Diameter 
G r a v i t a t i o n a l  cons tan t  

Ent h a1 py 

Convers ion f a c t o r  
(1 B t u  = 
778.26 f t  - l b f )  

Mass 
Mass f l o w  r a t e  
Pressure 
Heat l o s s  
Heat l o s s  pe r  

u n i t  mass 
Radius 
I n t e r n a l  energy 
I n t e r n a l  energy 

p e r  u n i t  mass 
Vo 1 ume 
Average v e l o c i t y  
U n c e r t a i n t y  
E l e v a t i o n  
D e n s i t y  

U n i t s  
B t  u /  1 bm-OR 
inch,  f t  
32.174 l b m  - ft;! 

l b f  - sec 

Btu/ lbm 
f t  - l b f  

778.26  tu 

lbm 
lbm/sec; lbm/min 
1 b f / f  t 2  
B tu  
Btu/ lbm 

inch, f t  
B tu  
Btu/lbm 

f t 3  
f t / s e c ;  f t / m i n  
Btu/ lbm 
f t  
1 bm/f t 3  



v Spec if i c volume f t3/ 1 bm 
S Qua1it.y --- 

Subscripts 

f fluid 
fg difference in value between gas and fluid 

9 gas 
i into system 

is initial system 
fs final system 

0 system 

e exit conditions 

1,2,3,4 measurement points 1,2,3,4 in 
calorimeter systems 

CONVERSION TABLES (U.S. to Metric) 

To Convert 
Btu 
Btu  
Btu 
Btu/mi n 
Stu/mi n 
cubic feet 
cubic feet 
cubic feet 
feet 
gallons 
g a l l o n s  
gal 1 ons/mi n 
inches 
inches 
lb+ 

lbi/sq. in. 
sq. ft 
sq. inches 
temperature (OC 
+273.15 

temper at ure (OC 

temper at ure (OF 
+17.78 

Multiply by 
7.7826 x l oL  

- 
2.52 x lo2 
1.055 x lo3 
2.356 x 
1.757 x l o m 2  
2.832 x lo4 
2.832 x 

3.048 x 10-1 
1.337 x 10-1 

6.308 x 
2.540 

7.481 

3.785 10-3 

To Obtain 

gram-calories 
joules 
horsepower 
ki 1 owatts 
cu. cms. 
cu. meters 
gal lons 
meters 
cubic feet 
cubic meters 
1 i ters/s 
centimeters 

ft - lbf 

2.540 x 10-2 meters 
4.448 Newtons 
4.536 x 102 grams 
4.882 kgs./sq. meter 
7.031 x 102 kgs./sq. meter 
9.29 x sq. meters 
6.452 sq. cms 
1.0 absol Ute 

1.8 temperature(OF) 
temperature ( O K )  

1.0 absol Ute 
+459.67 temperature (OR) 

temper at ure ( OF ) 5/ 9 temperature (OC) 
-32 

1.0 INTRODUCTION 

In the search for alternate energy sources, 
the exploitation of geothermal energy has gained 
increasing importance. The main objective of cur- 
rent geothermal development is to convert geother- 
mal energy into usable energy for the private and 
commercial sectors of society at a cost that i s  
economically competitive with other conventional 
sources of energy. 
cost of energy generated by a geothermal well, the 
power cycles and equipment must be optimized for 
the particular geothermal resource at which the 
equipment is installed. This requires that the 
specific thermal hydraulic characteristics such as 
enthalpy and mass flow rate of geothermal wells be 
accurately determined before valid engineering op- 
timization can be accomplished. 
istics are required to determine well power poten- 
tials and are needed to monitor the performance of 
operating wells which supply working fluid to geo- 
thermal power plants. 

To minimize the production 

These character- 

A few calorimeter designs have been used to 
measure the enthalpy at geothermal we1 1 heads.1-6 
The measurement of enthalpy values from single- 
phase liquid wells or superheated single-phase 
steam wells may be performed without great diffi- 
culty. For single-phase liquid wells, a measure 
of the liquid temperature is required and super- 
heated single-phase steam enthalpies can be mea- 
sured using a standard throttling calorimeter. 
However, geothermal wells that have multiphase 
flows do not presently have a simple, economical, 
reliable, and accurate method to measure the 
ent ha 1 py. 

The principal objective of this study was to 
evaluate, conceptually design, compare, and recom- 
mend calorimeter system(s) for future testing that 
will permit economical, reliable, and accurate 
measurements of enthalpy values at geothermal well 
heads. A secondary objective of this study was to 
evaluate, select, conceptually design, compare, 
and recommend techniques which will withdraw a 
"representative" sample from the geothermal flow 
and may be used in conjunction with the recommend- 
ed calorimeter designs. Although this secondary 
objective was not originally an objective of this 
study, it was determined early in the project that 
a relatively small but representative sample flow 
rate was essential to permit compact, portable 
calorimeter systems to be coniidered. 

The purpose of this report is to present the 
results of the evaluation of potential geothermal 
well-head calorimeter systems and flow sampling 
techniques. 
flow sampling configurations are presented and 
discussed. The systems and configurations are 
compared and ranked relative to their potential 
usefulness for obtaining enthalpy measurements and 
representative sample flows at geothermal well 
heads. A preliminary test plan is presented to 
briefly indicate the type of field tests that are 
recommended for further development of selected 
candidate calorimeter methods and sample flow 
withdrawal apparatus. 

The candidate calorimeter systems and 

2.0 CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations 
are based on the evaluations and analyses per- 
formed during this study. 

2.1 Conclusions 

The seven candidate calorimeter methods con- 
sidered in this study were ranked as follows 
according to overall usefulness in measuring 
geothermal well-head enthalpies: 

1 /2 )  - Mixing tee condenser 
1/2) - Single-pass heat exchanger 
3) - Multiphase tank 

4/5/6) - Pressurizer spray condenser 
4/5/6) - Regenerative heat exchanger 
4/5/6) - Quick-closing valves 

7) : Liquidizer 

For geothermal well heads where no process 
cooling water is available, the multiphase 
tank is considered the most applicable 
calorimeter method. 

2 
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2.2 

The five candidate isokinetic sampling probe 
configurations considered during this study 
were ranked as follows based on applicability 
in obtaining a "representative" sample from a 
geothermal well-head flow: 
1) - Nonlinear-spaced, yetractable, multiple 

2) - Linear spaced, retractable, multiple 
3) - Single-port, retractable, traversable 
4) - Fixed multiple-port, nonretractable 
5) - Single-port, fixed, nonretractable 
All sampling must be performed using isoki- 
netic sampling techniques to obtain a "repre- 
sentative" sample in geothermal multiphase 
flows. 

A system consisting of a calorimeter, such as 
the single-pass heat exchanger or the mixing 
tee condenser, and a "representative" sam- 
pling system, such as the REAP sampling 
probe, may potentially be used to simultane- 
ously estimate the total mass flow rate of 
the geothermal well and determine the enthal- 
py of the geothermal fluid. 

Recommendations 

It is recommended that the mixing tee and 
single-pass heat exchanger calorimeter be 
further developed for future use at geother- 
mal well heads. This development will in- 
clude design, fabrication, and testing at a 
geothermal we1 1 head. 

It is recommended that the REAP sampling 
probe and associated well-head hardware be 
developed for potential use at geothermal 
wells. This development will include design, 
fabrication, and testing at a geothermal well 
head. 

It is recommended that a system composed of 
the recommended sampling probe and calorime- 
ters be field tested and evaluated to deter- 
mine i t s  potential use for measuring total 
mass flow rates of geothermal wells. 

- equal-area ports (REAP probe) 

variable-area ports 

3.0 CANDIDATE CALORIMETER METHODS 

The purpose of this section is to describe, 
evaluate, and compare candidate calorimeter meth- 
ods identified for measuring the enthalpy of mul- 
tiphase geothermal fluids at well heads. The fol- 
lowing seven candidate calorimeter methods were 
considered: 

1) regenerative heat exchanger, 
2) single-pass heat exchanger, 
3) mixing tee condenser, 
4) pressurizer spray condenser, 
5 )  multiphase tank, 
6) liquidizer, and 
7) quick-closing valves. 

Based on the results of the evaluation and compar- 
ison of the candidate calorimeter methods, it is 
recommended that the mixing tee condenser and 
single-pass heat exchanger be considered for fu- 
ture research, which should include design, tabri- 
cation, and testing at an actual geothermal well 
head. 

3.1 Discussion of Candidate Calorimeter Methods 

The function of each of the following candi- 
date calorimeter methods is to measure the geo- 
thermal well-head enthalpies either by having a 
"representative" sample flow through or into the 
calorimeter system or by sampling the total flow. 
A representative sample quantity is estimated to 
be in the range of 0.5% to 4% of the total well- 
head flow rate based upon the sampling schemes 
presented in Section 4.0, Geothermal Fluid Sam- 
pling Techniques. A sample flow rate of 30 Ibm/ 
min was assumed to select the size of the candi- 
date calorimeter systems. This value was based on 
the 0.5% to 4% sampling range and on the total 
well-head flow rates presented in Table 1. In all 
cases it is assumed that the sample flow becomes 
stationary (i.e., all moments are invarient with 
time) when the mass flow rate into the calorimeter 
equals the mass flow rate out. 

3.1.1 Regenerative Heat Exchanqer. The re- 
generative heat exchanger calorimeter employs two 
heat exchangers t o  determine the enthalpy o? a 
geothermal fluid, as shown schematically in 

TABLE 1. Typical Well-Head Conditions for Low Quality Geothermal Fluids 

Flow Rate (lbm/min Enthalpy Tgmp Pressure 
We1 1 Liquid Gas Totaf. Quality (%) (Btu/lhm) ( F) (Psia) 

Mesa 8-1 (7) 2832 236 3068 7.8 312 260 35(a) 
Wairakei(4) 4/1 5550 533 6083 8.7 . 434 388(a) 215 
Wairakei(') 27 7033 1450 8483 17.1 505 388(a) 215 
Wairakei(4) 38 583 400 983 40.7 700 388(a) 215 
Wairakei(4) 40 5400 1667 7067 23.6 560 388(a) 215 
Wai~ikei(~) 14 178 490 668 73.4 950 324(a) 95 
Wairakei(4) 4/2 4300 1633 5933 27.5 540 324(a) 95 
Mesa 8-1 (7) 736 23 759 3.0 314 315 ' 83(a) 

(a) Taken from steam tables for saturated conditions, Reference 8. 

3 



F i g u r e  1. 
e r a t i v e  heat  exchanger a t  P o i n t  1 and i s  coo led  
u n t i l  s ing le-phase f l o w  c o n d i t i o n s  e x i s t  a t  
P o i n t  2. The geothermal f l u i d  subcools  f u r t h e r  as 
i t  passes through a cool-down heat  exchanger i n  
which t h e  c o o l i n g  medium i s  process water. The 
subcooled geothermal l i q u i d  then  e x i t s  t h e  c o o l -  
down hea t  exchanger and r e - e n t e r s  t h e  r e g e n e r a t i v e  
hea t  exchanger a t  P o i n t  3, t he reby  becoming t h e  
c o o l i n g  f l u i d  f o r  t h e  f i r s t  pass o f  t h e  regener-  
a t i v e  heat  exchanger. The geothermal f l u i d  then  
e x i t s  t h e  c a l o r i m e t e r  a t  P o i n t  4 as a subcooled 
l i q u i d  a l though w i t h  a h ighe r  temperature than  i t  
had a t  P o i n t  3. 

The geothermal f l u i d  e n t e r s  t h e  regen- 

COOL I NG 
WATER 

I N S U I A ~  /QL 1 [ C Z !  , 
HEAT EXCHANGER. 

- 
. $ REGENERATIVE 
; HEAT EXCHANGER 

1 
h = h -h +h t Q;hl 1 2 3 4  

FIGURE 1. Regenerat ive Heat Exchanger 

Per forming an energy balance across t h e  r e -  
g e n e r a t i v e  heat  exchanger, w h i l e  assuming t h a t  
d i f f e r e n c e s  i n  k i n e t i c  and p o t e n t i a l  ene rg ies  o f  
f l u i d s  e n t e r i n g  and l e a v i n g  t h e  system are n e g l i -  
g i b l e ,  r e s u l t s  i n  t h e  f o l l o w i n g  equa t ion  f o r  t h e  
en tha lpy  ( h i )  o f  t h e  geothermal sample f l u i d :  

-9, + mlhl + m3h3 = m2h2 + m4h4 (3.1) 

S ince ml = m2 = m3 = m4, 

QL hl = h2 + h4 - h +;- 3 

If t h e  heat  l o s s  te rm o f  Equat ion 3.2 i s  n e g l i g i -  
b l e ,  t h e  o n l y  measurements r e q u i r e d  t o  determine 
t h e  en tha lpy  o f  t h e  sample geothermal f l u i d  a r e  
temperatures taken a t  P o i n t s  2, 3, and 4. Comple- 
mentary p ressu re  measurements a re  r e q u i r e d  a t  
P o i n t s  2 and 4 t o  ensure t h a t  t h e  f l u i d  i s  a 
s ing le-phase l i q u i d .  

Based upon t h e  u n c e r t a i n t y  a n a l y s i s  presented 
i n  Appendix A, Sec t i on  A.4, t h e  pe rcen t  u n c e r t a i n -  
t y  expected when measuring t h e  en tha lpy  o f  t h e  
geothermal f l u i d  w i t h  t h e  r e g e n e r a t i v e  h e a t  ex- 
changer i s  l ess  than  +1.5% o f  t he  t r u e  value. The 
a n a l y s i s  shows t h a t  t h e  heat  loss t e rm (QL), f o r  
a w e l l - i n s u l a t e d  hea t  exchanger does n o t  c o n t r i -  
b u t e  s i g n i f i c a n t l y  t o  t h e  u n c e r t a i n t y  o f  t h e  en- 
t h a l p y  measurement. 

4 

The r e g e n e r a t i v e  heat  exchanger method has 
been s u c c e s s f u l l y  employed b y  t h e  P c i f i c  Nor th -  

p a s t  e i g h t  y e a r s  t o  o b t a i n  measurements o f  e n t h a l -  
py  i n  h igh-pressure (up t o  2300 p s i )  and h i g h -  
temperature (62OOF) l a b o r a t o r y  t e s t s  assoc ia ted  
w i t h  nuc lea r  r e a c t o r  research  and development. 
The method's advantages a r e  i t s  h i g h  accuracy and 
t h e  f a c t  t h a t  f l o w  r a t e  measurements a r e  n o t  r e -  
q u i r e d  i f  t h e  hea t  loss term, QL, i s  n e g l i g i b l e .  

g e n e r a t i v e  hea t  exchanger method as a geothermal 
c a l o r i m e t e r  are:  1) t h e  expense o f  two hea t  ex- 
changers es t ima ted  between $5,000 t o  $8,000 pe r  
exchanger, 2 )  t h e  d i f f i c u l t y  o f  c l e a n i n g  geother-  
mal f o u l i n g  ( s c a l i n g )  f rom t h e  heat  exchangers, 
and 3 )  t h e  r e s t r i c t i o n  t h a t  geothermal f l u i d  q u a l -  
i t y  must be below approx ima te l y  30 t o  40%. 

i s  expected t o  be e s p e c i a l l y  d i f f i c u l t  because t h e  
geothermal f l u i d  passes th rough  b o t h  t h e  t u b e  and 
s h e l l  s i des  o f  t h e  hea t  exchanger. The cool-down 
hea t  exchanger c o u l d  be made l e s s  d i f f i c u l t  t o  
c l e a n  by pass ing  t h e  geothermal f l u i d  through t h e  
s h e l l  s i d e  and t h e  c l e a n  c o o l i n g  water  th rough  t h e  
t u b e  s ide .  

Because t h e  mass f l o w  r a t e  o f  t h e  c o o l a n t  
t h rough  t h e  r e g e n e r a t i v e  hea t  exchanger i s  i d e n t i -  
c a l  t o  t h a t  o f  t h e  geothermal sample f low,  the 
amount o f  c o o l i n g  t h a t  can be accomplished b y  t h e  
r e c i r c u l a t i n g  geothermal f l u i d  i s  l i m i t e d  by  t h e  
mass f l o w  r a t e ,  t h e  degree t o  which t h e  f l o w  can 
be subcooled i n  t h e  cool-down hea t  exchanger, and 
t h e  maximum temperature a t  which t h e  f l u i d  e x i t s  
t h e  r e g e n e r a t i v e  heat  exchanger as a s ing le-phase 
l i q u i d .  
q u a l i t y  o f  t h e  f l o w  t h a t  can be accepted by  t h e  
r e g e n e r a t i v e  hea t  exchanger. 

3.1.2 Sinqle-Pass Heat Exchanger (Counter- 
c u r r e n t l .  The s ing le -pass  h e a t  exchanger c a l o r i -  
meter uses one hea t  exchanger as dep ic ted  i n  F i g -  
u r e  2. The mu l t i phase  geothermal sample f l u i d  
e n t e r s  t h e  hea t  exchanger a t  P o i n t  1, passes 
th rough  t h e  hea t  exchanger, l o s i n g  hea t  t o  t h e  
c o o l i n g  f l u i d ,  and e x i t s  a t  P o i n t  2 as a s i n g l e -  
phase, subcooled l i q u i d .  
t h e  heat  exchanger a t  P o i n t  3, f l o w s  coun te rcu r -  
r e n t  t o  t h e  geothermal f l u i d ,  and leaves a t  
P o i n t  4, rema in ing  i n  a subcooled l i q u i d  s t a t e .  

west Labora to ry  (PNL) and by  o t h e r s  4 over  t h e  

The p r i n c i p a l  disadvantages o f  u s i n g  t h e  r e -  

Cleaning o f  t h e  r e g e n e r a t i v e  h e a t  exchanger 

These parameters r e s t r i c t  t h e  maximum 

The c o o l i n g  wa te r  e n t e r s  

INSULATED 

1 

- COOLING WATER 

m 
SAMPLE 

FLOW 
GEOTHERMAL G1 : 

m2 

m2 h l = h 2 + T  h - h  t Q / i  m l  ( 4  3) L 1 

FIGURE 2. Single-Pass Heat Exchanger 
(Coun te rcu r ren t )  



INSULATED Assuming a s t a t i o n a r y  f l o w  process w i t h  neg- 
l i g i b l e  changes i n  k i n e t i c  and p o t e n t i a l  energ ies,  
t h e  en tha lpy  ( h i )  o f  t h e  geothermal f l u i d  may be 
so l ved  f o r  as f o l l o w s :  

GEOTHERMAL SAMPLE +A+L i2 (COOLING WATER) 
FLOW 

-QL + mlhl + m2h3 = mlh2 t m2h4 (3.'3) 

o r  
m3 

QL h = h + - (h4 - h3)  + - 1 2 .  (3.4) 

Based upon t h e  u n c e r t a i n t y  a n a l y s i s  presented 
i n  Appendix A, S e c t i o n  A.5, t h e  pe rcen t  u n c e r t a i n -  
t y  expected when measuring t h e  en tha lpy  o f  t h e  
geothermal f l u i d  w i t h  t h e  s ing le -pass  hea t  ex- 
changer i s  l e s s  than  approx ima te l y  +2% o f  t h e  t r u e  
va lue.  Th is  assumes t h a t  t h e  mass f l o w  r a t e s  can 
be measured w i t h i n  ?2%. If t h i s  requi rement  can- 
n o t  be met t h e n  t h e  u n c e r t a i n t y  w i l l  be l a r g e r .  
The a n a l y s i s  a l s o  i n d i c a t e s  t h a t  t h e  heat  loss 
t e r m  (QL) f o r  a w e l l - i n s u l a t e d  heat  exchanger 
may be neg lec ted  i n  Equat ion 3.4. Thus, t h e  v a r -  
i a b l e s  which must be measured are t h e  temperatures 
a t  P o i n t s  2, 3, and 4 and t h e  mass f l o w  r a t e s  o f  
t h e  geothermal f l u i d  sample and t h e  c o o l i n g  
water. Complementary p ressu re  measurements should 
be made a t  P o i n t s  2 and 4 t o  ensure t h a t  t h e  f l u i d  
i s  a s ing le-phase l i q u i d .  

changer c a l o r i m e t e r  f o r  geothermal use a re  i t s  
r e l a t i v e l y  h i g h  accuracy, a p p l i c a b i l i t y  over  a 
wide range o f  f l u i d  q u a l i t i e s ,  and t h e  f a c t  t h a t  
t h e  des ign  has been used s u c c e s s f u l l y  f o r  seve ra l  
y e a r s  w i t h  two-phase f l o w s  i n  t h e  n u c l e a r  
i n d u s t r y .  

changer f o r  geothermal c a l o r i m e t r y  are: 1) t h e  
r e l a t i v e  h i g h  c o s t  o f  t h e  hea t  exchanger ($5,000 
t o  $8,000), 2 )  t h e  requ i remen t  o f  measuring two 
mass f l o w  r a t e s ,  and 3 )  t h e  d i f f i c u l t y  i n  c l e a n i n g  
t h e  hea t  exchanger. 

3.1.3 M i x i n g  Tee Condenser. The m i x i n g  t e e  
condenser c a l o r i m e t e r  i s  a con t fnuous - f l ow  system, 
s c h e m a t i c a l l y  shown i n  F i g u r e  3. The geothermal 
sample f l u i d  e n t e r s  t h e  t e e  a t -  P o i n t  1, w h i l e  t h e  
p r e s s u r i z e d  process c o o l i n g  water  e n t e r s  t h e  t e e  
a t  P o i n t  2. The two a r e  mixed a long t h e  t h i r d  l e g  
o f  t h e  t e e  and e x i t  a t  P o i n t  3 i n  a subcooled l i q -  
u i d  s t a t e .  

The advantages o f  t h e  s ing le -pass  heat  ex- 

The d isadvantages o f  t h e  s ing le-pass hea t  ex- 

The f o l l o w i n g  s e t  o f  equa t ions  r e s u l t  i n  an 
exp ress ion  f o r  t h e  e n t h a l p y  ( h i )  o f  t h e  geother-  
mal f l u i d .  These equa t ions  assume t h a t  t h e  d i f -  
f e rences  i n  k i n e t i c  a n d . p o t e n t i a 1  energ ies  o f  
f l u i d  e n t e r i n g  and l e a v i n g  t h e  system a r e  n e g l i -  
g i b l e ,  t h a t  t h e  f l o w  i s  s t a t i o n a r y ,  and t h a t  no 
work i s  per formed on t h e  system. 

-QL + mlhl + m2h2 = m3h3 

FIGURE 3. M i x i n g  Tee Condenser 

m3 - m2 Since ml = 

The a n a l y s i s  i n  Appendix A, S e c t i o n  A.6, i n -  
d i c a t e s  t h a t  t h e  pe rcen t  u n c e r t a i n t y  i n  measuring 
t h e  geothermal f l u i d  e n t h a l p y  i s  l e s s  than  ?4% o f  
t h e  t r u e  va lue.  T h i s  assumes t h a t  temperatures 
a r e  measured w i t h i n  ?2OF and t h a t  f l o w  r a t e s  a r e  
measured w i t h i n  ?2% o f  t h e i r  t r u e  va lue.  Fo r  a 
w e l l - i n s u l a t e d  tee, t h e  hea t  l o s s  te rm i s  n e g l i -  
g i b l e  compared t o  t h e  o t h e r  terms as shown i n  t h e  
u n c e r t a i n t y  a n a l y s i s .  Therefore,  t h e  v a r i a b l e s  
which must be measured a r e  t h e  temperatures,  p res -  
sures, and t h e  mass f l o w  r a t e s  a t  P o i n t s  2 and 3. 

c a l o r i m e t e r  a r e  i t s  s imp le  design, r e l a t i v e l y  h i g h  
accuracy, ease o f  c lean ing ,  a n t i c i p a t e d  low cos t ,  
and a p p l i c a b i l i t y  over  a wide range o f  f l u i d  qua l -  
i t i e s .  The inc reased  s u r f a c e  roughness caused b y  
geothermal f o u l i n g  w i l l  enhance t h e  i n s u l a t i n g  and 
m i x i n g  c h a r a c t e r i s t i c s  i n  t h e  m i x i n g  l e g  o f  t h e  
tee .  It i s  a n t i c i p a t e d  t h a t  t h e  m i x i n g  l e g  c o u l d  
be f l a n g e d  t o  a commercial t e e  such t h a t  t h e  t e e  
c o u l d  be e a s i l y  cleaned, and t h e  m i x i n g  l e g  c o u l d  
be used u n t i l  t h e  f l o w  r e s t r i c t i o n  becomes exces- 
s i v e .  -The  m i x i n g  l e g  c o u l d  be r e p l a c e d  w i t h  a 
low-cost  spare, and t h e  o r i g i n a l  m i x i n g  l e g  c o u l d  
be sen t  t o  a l a b o r a t o r y  w i t h  t h e  number o f  ope ra t -  
i n g  hours f o r  use i n  s c a l i n g  a n a l y s i s .  

The d isadvantages o f  t h e  m i x i n g  t e e  c a l o r i -  
meter  f o r  use i n  geothermal a p p l i c a t i o n s  i s  t h a t  
two mass f l o w  r a t e s  must be measured and t h e  c o o l -  
i n g  wa te r  must be s u p p l i e d  a t  e s s e n t i a l l y  w e l l -  
head pressure.  The d isadvantage o f  measuring two 
mass f l o w  r a t e s  i s  most l i k e l y  i n s i g n i f i c a n t .  
Supp ly ing  c o o l i n g  water  a t  wel l -head p ressu re  
c o u l d  be expensive f o r  some w e l l s  because a r e l a -  
t i v e l y  h igh-pressure boos te r  pump may be r e q u i r e d .  

The advantages o f  t h e  m i x i n g  t e e  condenser 

3.1.4 P r e s s u r i z e r  Spray Condenser. The 
p r e s s u r i z e r  spray condenser c a l o r i m e t e r  i s  a 
con t inuous - f l ow  system, shown s c h e m a t i c a l l y  i n  

(3.5) 
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Figure 4. The representative geothermal fluid 
sample enters the calorimeter at Point 1 while 
pressurized process coolinq water is injected at 
Point 2. The flow rate of the cooling water must 
be sufficient to ensure that the ex-isting flow at 
Point 3 is in a subcooled liquid state. 

SAMPLE 
GEOTHERMAL 

FLOW 

INSULATED 

FIGURE 4. Pressurizer Spray Condenser 

The following equation is used to derive a 
final expression for the enthalpy of the geother- 
mal fluid. It is assumed that-the differences in 
kinetic and potential energies of fluids entering 
and leaving the system are negligible, that no 
work, i s  performed on the system, and tha t  the pro-  
cess i s  stationary. 

-Q, + mlhl + m2h2 = m3h3 (3.7) 

I /  

Thus mlhl = m3h3 - m2h2 + Q, I 

m2 Since ml = m3 - 

Note-that Equation 3.8 is identical to Equa- 
tion 3.6, which is the equation for the enthalpy 
of the geothermal fluid using a mixing tee. The 
basic difference between the two processes is the 
method by which the geothermal fluid and cooling 
water are mixed. 

The uncertainty analysis in Section A.7 of 
Appendix A indicates that the percent uncertainty 
in measuring the 'geothermal fluid enthalpy is ex- 
pected to be less than +4% of the true enthalpy 
value. This analysis assumed that temperatures 
can be measured to k2OF and that flow rates can 
be determined within ?2%. 

The advantages of the pressurizer spray con- 
denser calorimeter for enthalpy measurements of 
geothermal flow are its relatively high accuracy, 
anticipated medium cost, and applicability over a 
wide range of fluid qualities. The primary dis- 
advantages of the pressurizer spray condenser is 

that cooling water must be supplied at well-head 
pressure, two mass flow rates must be measured, 
and scale build-up near the outlet could require 

, frequent and somewhat difficult cleaning. 

3.1.5 Multiphase Tank. The multiphase tank 
calorimeter -is an evacuated vessel. (see Fiqure 5) 
into which the multiphase geothermal fluid-is in- 
jected at Point 1 until the tank pressure comes 
into equilibrium with the line pressure. The sys- 
tem is also operable if the pressure in the tank 
is less than the line pressure. The liquid phase, 
including dissolved solids, will settle to the 
bottom of the tank (Point 3 in Figure 5) and the 
liquid level will be measured by pressure differ- 
ential, acoustic level sensor, or other means. 

GEOTHERMAL 
QL 

f 

L IQUID 

INDICATOR 
C- LEVEL 

1 Q, 

2 5  
P Z V 2  + p3v3 

x =  
FIGURE.5. Multiphase Tank 

The following is an an2lysis of the appli- 
cable thermodynamic equations leading to a solu- 
tion for determining the enthalpy of the geother- 
mal fluid flowing in the sample line. 

+ &(mu .k .k $)IS (3.9) 

I 

The subscripts IS, i, and e refer to sys;tem values, 
"into" system values, and "exiting from" system 
values, respectively. 

This analysis for entry of geothermal fluid 
into the evacuated tank assumes that no work is 
performed, that no fluid leaves the system, and 
that the kinetic and potential energies of fluids 
entering the system are negligible. 
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Thus 

dQ . dm - dmu dU x+ hl x - dt = x 
0 0 

-QL + hlJdm = Ufs - uis = Ufs [dm +<] - Uis$ 

where 

fdm = P3V3 + P2V2 

and the subscript "is" refers to "initial system" 
and the subscript "fs" refers to "final system." 
Theref ore 

-QL + hl(P3V3 + P2V2) = ufs(P3V3 + P2v2) 

where 

Thus 

h 1 = [ h f + Xh. fgI3 - p3 [Vf + XVfgI3 

+ QL 
7p3v3 + p2v2) 

(3.10) 

The uncertainty analysis presented in Appen- 
dix A,  Section A.8, shows that the percent uncer- 
tainty associated with measuring the enthalpy of 
geothermal fluids with the multiphase tank calori- 
meter is .estimated to be +5% of the true enthalpy 

QL 

GEOMERMAL 
SAMPLE FLOW 

value. Section A.8 estimates the size of the tank 
to be approximately 12 ft3 (90 gallons) to hold 
a 1/2 min sample from the geothermal sample line. 

meter for geothermal use are that the system re- 
quires no cooling water and has relatively good 
accuracy. 

orimeter for geothermal use are: 
be evacuated by a vacuum pump before operation; 
2) several preliminary runs should be made before 
a measurement run to bring the walls of the tank 
into thermal equilibrium with the geothermal flow 
to prevent excessive heat loss to the walls of the 
container; 3) additional valving at the inlet is 
necessary so that the-geothermal sample line flow 
is not interrupted by the operation of the system; 
4) the liquid level measure may be somewhat diffi- 
cult; 5) tank cleaning will be required for accu- 
rate volumetric measurements; 6) the multiphase 
tank calorimeter yields an instantaneous sample of 
the geothermal fluid enthalpy; and 7) vacuum pump 
seals will most likely have to be replaced often. 

3.1.6 Liquidizer. The liquidizer calorime- 
ter permits the determination of the enthalpy by 
condensing the geothermal fluid. Condensing is 
caused by compressing and cooling the geothermal- 
fluid with compressed cooling water in a closed 
tank. 
the enthalpy of the geothermal fluid from the fi- 
nal state of the liquid in the tank. 

The advantages of the multiphase tank calori- 

The disadvantages of the multiphase tank cal- 
l) the tank must 

The following analysis is used to determine 

A closed system can be constructed as in Fig- 
ure 6 to contain the geothermal brine in Tank 2 
plus the amount of water required to compress the 
geothermal fluid to a single-phase liquid state. 
If the amount of liquid required to compress the 
geothermal fluid to a single-phase liquid state is 

HE1 GHT BEFORE I NJECTI ON INTO 2 

> HEIGHT AFlER INJECTION INTO 2 w VACUUM o- 
WATER AT h (HIGH PRESSURE 
BUT LOCAL AMPERATURE) 

PUMP 

I 

FIGURE 6. Liquidizer 
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AV3, then the final volume of geothermal liquid 
is equal to (V2 - AV3), where V2 is the volume of 
Tank 2. Assuming the density of the liquid geo- 
thermal fluid is approximatelv eaual to the densi- 
ty of the compressed water 
analysis resulted in 

QL ui = hl - p(V2 - AV3) 

where 

u i  = internal ener 
insertion of %e 

the multiphase tank 

n Tank 2 directly after 
geothermal brine. 

Upon pressurizing Tank 2 with compressed liq- 
uid from Tank 3, the following equation holds. 

- P AV "final - 'initial 3 3 

where 

= P(V~ - AV3)hl - QL + pAV3u3 
'initi a1 initial 

and, thus, 

"final = P ( V 2  - AV3)hl + pAV3[h3 - P3v3] ' 

+ P3AV3. 
- ''initial - ''final 

= P(V2 - AV3)hl + PAV3h3 - QL 

= PV h - P2V2 2 2  

or 

hl = [pV2h2 - P2V2 - ?AV3h3 + QL]h(V2 - AV3) 

or 

hl = (h2 - %) ( V2 v2 - AV3 -) - h3 ( V2 - AV3 ) 
+ QL 

P(V2 - AV3) (3.11) 

From the uncertainty analysis for the liqui- 
dizer calorimeter, presented in Appendix A, Sec- 
tion A.9, it was determined that the uncertainty 
in the measured enthalpy value could be of the 
same order of magnitude as the actual value of the 
ent h a 1 py . 

The potential advantage for using the liqui- 
dizer calorimeter is that only a temperature mea- 
surement would be required in the tank containing 
the geothermal fluid and that limited process wa- 
ter would be required. The principal disadvantage, 

which became evident upon performing the uncertain- 
ty analysis, is that a i100% uncertainty can exist 
in the measurement of the enthalpy of the geother- 
mal fluid. This fact alone requires that this sys- 
tem not be recommended for use as a calorimeter. 
Other disadvantages of this system are similar to 
those of the multiphase tank. 

3.1.7 quick-Closing Valves. The quick- 
closing valve calorimeter "snatches" an instanta- 
neous representative sample of geothermal fluid by 
isolating a section of the flow exiting a geother- 
mal well. 
setup i s  presented in Figure 7. 

A schematic of a quick-closing valve 

- VALVE 

QUI CK-CLOSI NG VALVE 

QUICK-CLOSI 
VALVE 

QUICK-CLOSING VALVE 

d' I * HEAD 

FIGURE 7. Quick-Closing Valves 

To obtain a representative sample, two valves 
close simultaneously, isolating a sample of the 
geothermal fluid. The action of quickly closing a 
valve can cause severe water hammer problems. 
reduce the water hammer effect, a bypass should be 
used as shown in Figure 7. 
mal sample will have the same enthalpy as the 
flowing geothermal fluid, assuming the kinetic 

I energy of the flow is negligible. 
the geothermal fluid i s  given by: 

To 

The isolated geother- 

The enthalpy of 

(mg + mf)hl = m h + mf hf 92 92 - 2 2 
or (3.12) 

hl = h + Xh 
f 2  fg2 
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The temperature and liquid level are measured in 
the isolated sample. From the measurements the 
enthalpies, hf? and hfg , and quality are de-' 
termined and uSed in Eqgation 3 .12  to solve for 
the geothermal fluid enthalpy. 

tion A.10, indicates that the uncertainty expected 
in the measured enthalpy value will be approxi- 
mately ?6% of the true enthalpy value. 

The advantages of the quick-closing yalve 
calorimeter for measuring geothermal fluid enthal- 
pies are 1) the system does not require a sample 
line; 2) the system does not require process cool- 
ing water; and 3 )  the system inherently takes a 
sample of the entire geothermal flow. 

calorimeter for measuring geothermal enthalpies 
are 1) quick-closing valves large enough for 
well-head pipe diameters do not appear to have 
been used previously; 2) quick-closing valve sys- 
tems in current use have leakage problems; 
3 )  valve seals must be replaced often; 4) the liq- 
uid level measurement required in the system may 
be difficult; 5) some water hammer will be un- 
avoidable; 6) only an instantaneous sample is 
analyzed and many runs would be required to esti- 
mate an average value; 7) although an error analy- 
sis indicates a measurement accuracy of *6%, the 
true accuracy could be considerably less if there 
is any leakage or if the valves do not close pre- 
cisely at the same time; 8) a well would have to 
be shut down for installation of the system; and 
9) if there is flow slippage the measured quality 
would be different than the flowing quality. 

The uncertainty analysis in Appendix A, Sec- 

The disadvantages of the quick-closing valve 

3.2 Comparison of Candidate Calorimeter Methods 

The seven candidate calorimeter methods con- 
sidered were compared on relative merit in the 17 
following areas. 

1) accuracy 
2 )  reliability 
3) 
4) calibration 
5) relative cost 
6) operabi 1 ity 
7) flow regime 
8) mode o f  well operation 
9) previous two-phase flow use 

mai nt ai nab i 1 i ty 

10). type of measurement 
11) response time and measurement time . 

13)- previous use in geothermal wells 
14) other ,advantages in geothermal appl ica- 

tions 
15) other disadvantages in geothermal appli- 

cations - . 
16) appl icabi 1 i ty 
17) overall ranking., 

' 12) safety 

Table 2 provides a.matrix describing the candidate 
calorimeter systems.and their associated rating 
with regard to each of .the above areas. The fol- 
lowing are brief definitions of the 17 areas and 
the criteria used in each area to determine the 
relative merit of each candidate method. 

1) Accuracy: Accuracies were estimated by per- 
forming uncertainty analyses on each of the 

candidate methods. These uncertainty analy- 
ses are presented in Appendix A along with 
all assumptions. If the uncertainty associ- 
ated with the measurement o f  the enthalpy was 
within ? Z %  of the true enthalpy value, the 
accuracy was considered excellent. If the 
uncertainty in the measurement was +3% to 
i6%, the accuracy was considered good. 

Reliability: Reliability was interprete9 to 
mean the degree to which the calorimeter sys- 
tem could be relied upon to perform satisfac- 
torily under normal geothermal conditions if 
properly installed. 

Maintainability or Cleanability: These terms 
were used to describe the deqree of diffi- 
culty required to maintain the system in an 
operational mode and to describe the diffi- 
culty in cleaning a system fouled by the geo- 
thermal fluid. 

Calibration: This criteria refers to the 
number of measurements required which must be 
traceable to NBS standards. 

Relative Cost: 
tion model. 

Relative cost for a produc- 

Operability: Operability assesses the degree 
of difficulty and sophistication required to 
perform a valid field measurement. 

Flow Regime: This criteria describes the 
various fluid phases for which the calorime- 
ter may be applied (e.g., multiphase fluid, 
single-phase liquid, single-phase steam). 
When the term single-phase is used as a de- 
scriptor for geothermal fluids it refers to 
both single-phase liquid and single-phase 
steam. 

Mode of Well Operation: This term indicates 
whether the calorimeter method is applicable 
to production wells or wells in the temporary 
completion stage. 

Previous Two-Phase Flow Use: This item indi- 
cates whether the cdlorimeter method has pre- 
viously been used in two-phase flows. 

Type of Measurement: Type of measurement in- 
dicates whether the calorimeter uses a repre- 
sentative sample of the goethermal well-head 
flow or the total well-head flow. 

Response and Measurement ;Time: This term in- 
dicates either a time average measurement or 
an instantaneous measurement, It is antici- 
pated that the enthalpy measurements obtained 
from instantaneous methods would have to be 
repeated several times to obtain an average 
value. 

Safety: 
with the understanding that all components 
would be built to applicable codes. 

Previous Use in Geothermal Wells: None of 
the proposed systems are believed to have 
been used at geothermal well heads. 

The safety of each system was rated 



Calorimeter 

Itethod 

C r i t e r i a  

Accuracy 
(uncer ta in ty  i n  
measurement I )  

R e l i a b i l i t y  

~~ 

M i n t a i n a b i l i t y  or  
(cleanabi 1 i t y )  

Ca 11 b ra t i on  

Relat ive Cost 

Operabi l i ty  

F l a  Regime 

W e  o f  Ye l l  
Operation 

. Previous 2-Phase 
F l a  Use 

Type o f  Pleasure- 
ment 

Reswnse and Heas- 
u r a n n t  Time 

Safety 

Previous Use in 
Geathemal 'dells 

Other advantages i n  
G e o t h e m l  @p l i ca -  
t i ons  

Other disadvantages 
In Gcothenal  
Appl i ca  t i  on5 

@ P l i c a b i l i t y  

Overa l l  
Ranking 

Pressurizer Quick- 
Mu1 t iphase Closing 

Regenerative Sln~le-PaSs 

L iqu id i ze r  Valves 
Heat Heat n1r ing Spray 

Exchanger Exchanger Tee Condenser Tank 

Good Good Very poor Good 
+ 1 52 t 2% + 42 + 4% t 5 1  t 100% t 6% 
Excel lent  Excel lent  Good 
- 

- 
High High High Medim requi re-  Very lor Medium foul- 

i ng  6 valve m n t  for i n i -  
t i s 1  YacYm seals could 
could reduce reduce 
re1 iabr  1 i t y  r e l i a b i l i t v  

High 

Poor F a i r  Good F a i r  Fa i r  F a i r  Poor 

Temperature T-rature 6 TeRperaturP 6 Temperature 6 Temperature. Temperature Temperature 
Ca l i b ra t i on  F lon r a t e  Flow r a t e   low r a t e  L iqu id  l eve l  Pressure L iqu id  l eve l  
only (Easy) (Moderate) (Moderate) 

High 

moderate 

(Moderate) (Moderately Volume (Moder- (Moderately , 
d i f f i c u l t )  a t e l y  d i f f i c u l t )  d i f f i c u l t )  

k d i m  Lo*  Wediun Medrum-High Wedim-High High 

Moderate Modera t e  Moderate Moderately Moderately D i f f l cu l t  
d i f f i c u l t  d i f f i c u l t  

Multiphare Multiphare Multiphase Multiphase 
or s ing le  o r  s ing le or s ing le  or s ing le  phase 

phase l i q u i d  

Mvltiphase Multiphdse Mul t iphare 
or s ing le  or s ing le  or s ing le 
phase l i q u i d  phase phase phase phase 

Production Production Production 
or temporary o r  t eqo ra r )  o r  temporary temporary temporary 
cmp le t i on  c o q l e t i o n  completion c m p l e t  I on canplet ion c o w l  e t i  on 

Yes Yes Yes Yes no No Yes 

I 

Production or Production or Production or Temporary 
temporary c o w l e t i o n  

Sanple S a q l e  Sample Sample Sample Sample Tota l  ______ 
Time Average. Tim Average. Time Average. Time Average. l o c a l  measure- Local measure- Local measure- 
01 continuous o r  continuous o r  continuous nr continuous ment.must be mnt.must be ment.must be 

measurement measurement measurement measurement perfonned perfonned performed 
( 1  h r  r e t  up (1 h r  se t  up (1 h r  r e t  up ( 2  h r  set  up several times several times several t imes 

time) 4 hrs  set  up 4 hrs  se t  up 4 hrs se t  up time) time) 
t ime time 

time) 
time - 

Good ~ Po ten t i a l  
d i f f i c u l t y  w i t h  
water h a m r  

Good Good Good Good Good Gwd 

NO tl0 No No NO NO NO 

Only temper- Useful ovey 
ature mas-  wide range 
urements of q u a l i t i e s  
requi m d  

Useful over 
wide range 
o f  q u a l i t y  

~~ 

Heat exchanger Heat exchanger 
d i f f i c u l t  t o  d i f f i c u l t  t o  
clean. requi res clean. Two mars 
cool ing water f low rates must 

be masured. 

i ng  water 
reqv i res cool- 

TWO mars flow 
ra tes,  must be 
measuwp4. 
requi res cool- 
i ng  water 

~ 

Useful over Useful over L imi ted process Sampler e n t i r e  
wrde range o f  wide range of water requi red flor 
q u a l i t i e s  q u a l i t i e s  I no cool i ng 

N i t e r  requi red 

Two mass f low Requires vacuum Requires a Instantaneous 
rates,  must be i n  tank p r i o r  vacuum i n  samole. valve 
measured. t o  operat ion primary tank. seals must be 
requi res cool- Very poor kept clean 
ing  water *CC"raCY 

- 
Fair  ' Good Very good F a i r  Good PWr Fa i r  

41516 112 112 41516 3 7 4/5/6 

TABLE 2. Comparison of Cand 

Other Advantages in Geothermal Applications: 
This item includes a description of calorime- 
ter system advantages which' were not dis- 
cussed- previ ously. 

Other Disadvantases in Geothermal Applica- 
t i o n s :  This item includes a description of _ _ _  
calorimeter system disadvantages which were 
not discussed previously. 

Appl icabi 1 i ty : 
rating under this criteria is based upon a 
composite weighting of all of the previous 
15 terms. The relative rating is meant to 
indicate the system's potential for commer- 
cial field use. 

Overall Ranking: 
of the calorimeter systems. 
ranked 1 is the most preferable. 

The 'calorimeters re1 at i ve 

This is an ordinal ranking 
The system 

date Calorimeter Methods 

3.3 Recommended Calorimeter(s) for Future Testing 

Based upon the relative merits of the seven 
candidate calorimeter methods considered in this 
study, the mixing tee and single-pass heat ex- 
changer calorimeters are recommended for further 
development at geothermal well heads where process 
cooling water is available. Selection of a single 
method will depend upon the relative-ease with 
which the methods operate with the selected sam- 
pling system. It is assumed that most geothermal 
drilling operations require that cooling water be 
available for drilling purposes and that this 
cooling water supply will be in excess o f  that 
required for these calorimeter methods. The +2% 
to ?4% uncertainty range in.the measurement of the 
geothermal well-head enthalpy was considered sat- 
isfactory and could be improved if the mass flow 
rate of the cooling water can be measured with 
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better than 22% uncertainty. Only the regener- 
ative heat exchanger concept was rated as having 
better accuracy. 

The multiphase tank was ranked below the mix- 
ing tee because a vacuum must be established prior 
to sampling, higher cost, more difficult calibra- 
tion, and the need to perform several measurements 
to get an average value of enthalpy. However, be- 
cause the multiphase tank requires no cooling 
water, the method may be considered for future 
development for use at geothermal well heads which 
do not have a supply of process cooling water. 

rated as having better accuracy than the two re- 
commended systems, it was considered not as appli- 
cable, primarily because of the difficulty associ- 
ated with cleaning the geothermal fouling fyom two 
heat exchangers. The heat exchangers were also 
deemed more expensive and less compact than the 
recommended systems. The regenerative heat ex- 
changer concept may be considered if higher accu- 
racy is desired. 

The pressurizer spray condenser, which is . 
similar in many respects to the mixing tee, was 
felt to be more difficult to clean, is more expen- 
sive and less portable than the mixing tee, and is' 
not recommended for future development. 

Quick-closing valves were rated below the 
mixing tee and single-pass heat exchanger because 
of the difficulty in maintaining a good seal, the 
difficult operability, and higher cost. The 
quick-closing valve system is best suited for 
wells in the temporary completion stage. The 
principal advantages that the quick-closing valve 
calorimeter would have are that neither a sample ' 
line nor cooling water are required. 

J The liquidizer is not recommended for future 
testing because of its extremely low measurement 
accuracy. The liquidizer also has all of the dis- 
advantages of the multiphase tank. 

4.0 GEOTHERMAL FLUID SAMPLING TECHNIQUES 

A1 though the regenerative heat exchanger was 

The purpose of this section i.s to present 
candidate techniques for withdrawing representa- 
tive fluid samples from flowing geothermal wells 
at the well head. The development of sampling 
techniques considered 1) requirements such as 
accuracy and compatability,with candidate calori- 
meters and 2)  the environment in which the sam- 
pling probes must operate. 'These considerations ,_ 
are discussed in hetail in the'following SubSeC- 
tions. 
then described, after which the Ietractable, mul- 
tiple gqual-area Forts (REAP) probe is recommended 
for future development. 

4.1 Sampling Requirements 

the successful development of compact geothermal 
calorimeters. If the fluid withdrawn from the 
geothermal well head does not provide a represent- 
ative sample to the calorimeter, the enthalpy mea- 
surement cannot properly represent that of the 
total geothermal flow. Previous experimental 

' 

Five candidate sampling techniques are 

An accurate sampling system i s  essential for 

sampling studies of multiphase geothermal fluid 
have been complicated because the liquid and vapor 
phases ar n ither well mixed nor well sepa- 
rated. lo 3 f1 9 f2 Candidate sampl i ng systems must 
not only be capable of drawing off a representa- 
tive amount of fluid at a selected location, but 
must also permit the determination o f  the coordi- 
nates of the sample location. 

Geothermal fluids are typically characterized 
by relatively low temperatures (212 to 650OF). 
It is apparent that the lower the fluid temper- 
ature, the greater the inaccuracy in calorimetric 
measurement due to inappropriate sample point se- 
lection. This is because the differences between 
saturated liquid and saturated vapor enthalpies is 
much greater at lower saturation temperatures (see 
Figure 8). 
device positioned ,improperly such that the quality 
of the sample flow is ?5% of the average. The fi- 
nal calorimetric enthalpy measurement would have a 
+7 .3% error at a fluid temperature of 212oF, a 
?5.8% error at 350OF, and a 23.1% error at 600oF. , 

For example, consider a flow sampling 

100 200 300 400 5M) 6M) 700 

FLUID TEMPERATURE, OF 

FIGURE 8. Evaporative Enthalpy Versus Fluid 
Temperature 

The quality of geothermal fluid at the se- 
lected sampling location and the fluid velocity 
gradient in the radial direction have strong ef- 
fects on enthalpy measurements. 
dient in the radial direction is caused by the 
walls where a no-'slip condition exists, causing 
the formation of a boundary layer which exists 
across the flow. The maximum shear occurs near 
the wall, with the shear going to zero at the cen- 
ter. This results in a velocity profile which is 
maximum at the center of the pipe and minimum at 
the walls. The magnituhe of the velocity gradient 
i s  largest near the walls, and zero at-the pipe 
center line. These characteristics are present in 
all flows but may not be apparent from instanta- 
neous measurements in non-steady or quasi-steady 
flows. It is suspected that for geothermal appli- 
cations the flow will be completely turbulent and 
the mean velocity profile will be a function of 

The velocity gra- 
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the quality of the flow, pipe characteristics 
(roughness, diameter, etc.), flow regime (slug 
flow, annular flow, bubble flow, churn flow), flow 
rate, and inlet and outlet temperatures and 
pressures. 

For annular flow, the less-dense higher- 
quality steam will be concentrated in the central, 
high-velocity, regions. 
quality and velocity distributions in the radial 
direction. Unless the selected fluid extraction 
technique accounts for these radial distributions, 
the sample may not be representative of the entire 
flow. 

That is, there are fluid 

Again, the fact that geothermal fluids are 
found at relatively low temperatures introduces a 
sampling problem. Figure 9 shows a graph of rela- 
tive density (saturated 1 iquidhaturated vapor) 
versus saturation temperature. Notice the change 
of over four orders of magnitude in relative den- 
sity between 100 and 700OF. This indicates that 
the lower the fluid temperature, the larger the 
relative density ratio of the liquid and gaseous 
phases. Since this density gradient exists across 
the pipe radius, it will have an effect on the ve- 
locity profile in the radial direction. If a sin- 
gle point is used to withdraw a fluid sample, the 
relative density effect could increase the error 
associated with the enthalpy measurement. 

/ 

I 
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FIGURE 9. Density Ratio Versus Fluid 
Temperature 

In general, a sampling system i s  needed that 
will account for the major effects of quality and 
velocity variations, that will be durable enough 

to exist in the geothermal environment, that will 
be flexible enough to use at a variety of well 
sites with minor modifications, and that will be 
compatible with the installed well-head piping. 
The sampling configuration must also be consistent 
with the selected calorimeter design. To select a 
design which meets the above criteria, four major 
steps were taken during this phase of the geother- 
mal calorimetry project: 

1) characterize the operating environment 
of the sampling device 

2) review the availability and adequacy of 
existing sampling techniques 

3) modify existing methods or establish new 
methods of multiphase fluid sampling 

4) evaluate and select flow sample de- 
vice(s) for further development includ- 
ing testing at actual geothermal well 
heads. 

The discussion of these steps in the following 
sections i s  designed to help explain and support 
the detisions made as to the most appropriate sam- 
pling system, which is recommended for future 
development. 

4.2 Operating Environment 

Geothermal fluids may consist of single-phase 
water, two-phase steam/water, superheated steam, 
DreciDitates i'n and out of solution. nonconden- 
sible' gases (C02, CH4, Na, and HZ),-and'particu 
lates. The flow, alttiough quasi-steady-state, 
neither uniform nor homogeneous. In addition, 
there are markedly different fluid characterist 
depending on the specific locations of the geo- 

S 

cs 

thermal we1 1 sites: temperatures range between 
212 and 650OF; total dissolved solids (TDS) 
range between 200 and 350,000 ppm; pH ranges be- 
tween 1.4 and 9.6; and the fluids may be consid- 
ered as brine, saline, brackish, or fresh. Over 
26 common elements are found in var 'ng concentra- 
tions in typical geothermal fluids.I3 Even if 
only one well site is considered, the fluid prop- 
erties can be markedly different, depending on the 
exact location of the downhole sample. 

erties are not the only variables that affect 
representative sampling. The well depth, pipe 
diameter, mass flow rate, friction factor, draw- 
down factor, and gas/liquid velocity ratio will 
affect the selection of an appropriate fluid with- 
drawal technique. In addition, the piping syStem 
layout (bends, valves, orifices, strainers, etc.) 
and methods by which the plant is operated (steady 
state or transient) will significantly affect the 
location of the representative sampling point. 

figured to operate in a transient, corrosive, en- 
vironment. Although the general design should be 
flexible enough to be incorporated, into a wide 
range of plants and/or operating scenarios, no 
attempt has been made to develop a "worst-case" 
system. The construction materials, wall thick- 
nesses, protective coatings, and design lifetimes 

The variations in fluid thermophysical prop- 

An appropriate sampling system must be con- 
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of a sampling system will necessarily be dependent 
on a chemical analysis of a particular geothermal 
fluid. 2 .  

4.3 Description of Candidate Sampling 
Configurations 

An extensive literature search on sampling of 
multiphase flows was conducted, and although a 
large amount of information was available, only 
References 14 and 15 provided detailed reviews of 
the current state of the art. The sampling re- 
quirements, the operational environment, and the 
current state of the art of sampling techniques 
place constraints on design selection. 
certain considerations, however, that aid in de- 
termining the type of sampling techniques that may 
prove applicable. 
candidate sampling configurations that were evalu- 
ated during this study, it is worthwhile to pre- 
sent the considerations that led to the selection 
of those five systems. 

point of withdrawal must not exert a force on the 
fluid being evaluated. If the sample port de- 
flects the flow towards (suction) or away from 
(positive pressure) the withdrawal point, two com- 
plications result. First, the fluid may be de- 
flected to different extents depending on its den- 
sity. Second, if more than one withdrawal point 
is used to combine and produce an "average" sam- 
ple, the multiple ports may exert pressure effects 
on each other and/or deflect flow in a different 
manner at different withdrawal point locations. 
Both complications can lead to obtaining a nonre- 
presentative sample. TherefoLe, all selected sam- 
pling techniques have been configured to allow for 
isokinetic sampling. 

fully by a number of investigators @f5perimen- 
tally measure flows and enthalpies. The 
basic method involves using static pressure taps 
at the sample inlet ports and a static pressure 
tap which measures the free stream static pres- 
sure. Throttling flow control valves placed 
between each sample line and the calorimeter are 
adjusted until the isokinetic static pressure dif- 
ference between the measuring points matches a 
null value or some other predetermined value. 

There are 

Prior to discussing the five 

To withdraw a representative sample, the 

Isokinetic sampling has been used success- 

A primary consideration is whether the sam- 
pling device will be designed to withdraw repre- 
sentative flows from both'the main channel (high 
quality) and the surface layer (low quality) near 
the pipe wall. Because of the problems that would 
be encountered in trying to combine and operate 
two separate sampling systems, and because of the 
uncertainty in establishing where the dividing 
line between the region of applicabi1,ity exists, a 
single configuration for fluid withdrawal was 
deemed appropriate. 

Two shape characteristics were considered: 
1) the profile presented to the flow by the probe 
housing that contains the sample ports and 2) the 
shape of the inlet ports. These characteristics 

are discussed in Appendix B. A preliminary evalu- 
ation resulted in the recommendation that a 
straight-pass, circular-inlet port housed by a 
circular probe be used. 

In addition to the above criteria, three op- 
tions were considered. First, should the samples 
be withdrawn with single or multiple ports? 
cond, should the probe, which houses the single or 
multiple sampling lines, be fixed or traversable? 
Third, should the probe be retractable from the 
flow stream without shutting a well down? Com- 
bining the three options resulted in four logical 
candidate systems: 

single port - fixed - nonretractable 
single port - traversable - retractable 
multiple ports - fixed - nonretractable 
multiple ports - fixed - retractable 

For the multiple-port, retractable probe, two 
options were considered: 1) linear-spaced, 
variable-area ports, and 2) nonlinear-spaced, 
equal-area ports. The multiple-port, fixed, non- 
retractable system would require a much more ex- 
tensive effort for removal, inspection, cleaning, 
and reinstallation. Because of the problems asso- 
ciated with differential clogging of different in- 
let port areas and the effect of clogging on fluid 
sampling accuracy, the first option was not con- 
sidered for the nonretractable systems. 

Se- 

4 
Probe. 
then a 

.3.1 Single-Port, Fixed, Nonretractable 
If multiphase homogeneous flow existed, 

single sample point could conceivably draw 
off a representative sample. The design shown in 
Figure 10 would provide a simple, relatively low- 
cost system. However, the fixed probe would be 
subject to continuous exposure, could not be used 
to check for asymmetric flow in the pipe, and 
would not permit mapping of the radial enthalpy 
and quality profiles. An additional problem is 
introduced by the required size of the probe. 
the inlet port is positioned at the pipe center 
(for example), a 1% extraction of fluid will re- 
quire a probe that at a minimum produces a 6.5% 
flow blockage. The increased aspect area will 

If 

1 
i 
A P  

m 
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FLOW 

FIGURE 10. Single-Port, Fixed, Nonretractable -___ 
Probe 
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require special materials to ensure the probe is 
strong enough to withstand the impact forces, and 
prevent flutter or axial vibration. It would be 
possible to have the probe extend completely 
across the pipe and be anchored at the far side; 
however, this would double the required probe 
as pec t area. 

4.3.2 Single-Port, Traversable, Retractable 
Probe. Using a single-port, traversable sampling 
probe would eliminate exposure and mapping prob- 
lems. Figure 11 shows a sketch of a retractable 
probe which enters the geothermal flow through a 
hole in a spool piece. 
screw which is used to traverse the probe. When 
the probe is removed, a gate valve on a spool 
piece is closed, seali.ng off the probe entry loca- 
tion. If flutter is expected, separate fixed 
probes may be used which when interchanged allow 
different points to be sampled. This latter meth- 
od would include the anchoring mechanism for the 
probe which reaches completely across the pipe. A 
variation of the traversable probe concept would 
be to move the sample port across the radial 
length of the probe. 
be set such that the time in each position is pro- 
portional to the area of the annular ring at the 
radiu being sampled. While this method has been 
used,19 there are certain inherent problems: 

The traverse speed and position control in- 

The probe is mounted on a 

The rate of traversal would 

troduces a new source of error. 

0 Simultaneous samples are not possible. 

A moving probe will change the backpressure 
on the sample line during the traverse, mak- 
ing isokinetic sampling more difficult. 

0 Noncircular inlet ports cannot be used.. 

0 At maximum 'extension, the probe thickness 
will necessarily be large to prevent flutter 
or vibration. 

0 Since the quality and enthalpy of the mixture 
being withdrawn will vary during the tra- 
verse, the calorimeter will need to be de- 
signed to operate with transient inlet 
conditions. 

TO 
CALORIMETER 

DIS-ENGAGE 
HAND WHEEL 

n 

Like the nonretractable, single-port probe, the 
traversable system has the problems of not permit- 
ting simultaneous readings, producing flow block- 
age, and possible flutter or vibration. 

4.3.3 Multiple-Port, Fixed, Nonretractable 
Probe. As shown in Figure 12, it is possible to 
use a single sample probe or cross supports mount'- 
ed to allow s'iting of an array of sample points. 
This will result in less blockage relative to the 
percentage of flow extracted and allow for simul- 
taneous sampling. The continuous exposure problem 
and the necessity to interrupt plant operation to 
remove, clean, change or inspect, and reinstall 
the sampling hardware still remain as major draw- 
backs. The siting of sample points is based on 
equal area ports, spaced nonlinearly as discussed 
in Appendix C. The basic intent of the nonlinear 
spacing is to position the,ports to adequately 
represent the annular regions. 

4.3.4 Multiple-Port, Fixed, Retractable 
Probe. 
multiple-inlet ports, with the withdrawal ports 
sized and sited in either of the two manners dis- 
cussed in Appendix c: 

o nonlinear (variable) spacing, equal area 
(retractable with gqual-area Forts, REAP) 
linear (equal) spacing, variable area . '  

Figure 11 can be easily configured to have 

4.4 Recommended Sampling Confiquration for Future 
Development ' 

Table 3 gives a breakdown of the five config- 
urations and the attributes used to evaluate their 
performance and provide an ordinal ranking. 
though individual requirements may suggest the use 
of alternate systems, the preliminary design that 
appears to be the most promising con'sists of a re- 
tractable, isokinetic probe with nonlinear spacing 
of the multiple gqual-area inlet ports, REAP. The 
advantages of such a design are summarized below 
for clarification: 

Al- 

1). The REAP configuration does not inter- 
fere with plant operations before, dur-' 
ing, or after obtaining enthalpy 
measurements. 

Radial profile measurements are possible. 2 )  

I SOLAT ION 
GATE VALVE 

L - D I S C O  

VALVE 

GEOTHERMAL 
FLOW 

FIGURE 11. Traversable, Retractable Probe 
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STRAIGHT CRUCIFORM 3)  

C I RCULAR Y 

FIGURE 12. Multiple-Port, Fixed, Nonretractable .: Probes 

The sampling equipment is only intermit- 
tently exposed to the geothermal 
environment. 

Sample probes can be substituted. 

The flow restriction is relatively small. 

The configuration allows a minimum num- 
ber of penetrations in the well-head 
pi ping . 
Cleaning is relatively simple. 

The system provides simultaneous flow 
sampling. 

More sample ports occur in the regions 
of maximum velocity gradients and qual- 
ity gradients along the pipe wall. 

When used in conjunction with the calor- 
imeter systems recommended in Sec- 
tion 3 . 3 ,  the REAP sampling probe can 

2 

TABLE . 3 .  Conf i gurati on-Attri butes Eva1 uation 
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possibly be used to estimate total mass 
flow rates. 

11) The chemical composition of the geother- 
mal sample fluid should be representa- 
tive of the average composition of the 
total geothermal flow. 

5.0 FUTURE TESTING OBJECTIVES 

The purpose of this s&tion is to describe 
the test objectives associated with laboratory and 
field testing of the recommended calorimeters and 
sampling probe was well as to provide a prelimi- 
nary test procedure. 

5.1 Sample Probe Testing 

The purpose of testing the.REAP sampling 
probe is to evaluate its usefulness for withdraw- 
ing a representative fluid sample from a geother- 
mal well head under varying conditions of enthalpy 
and quality. 
should be performed in a thermal hydraulics facil- 
ity such as the high-pressure/temperature heat 
transfer facility located at PNL. Controlled la- 
boratory testing will permit an evaluation of the 
operation and accuracy of the recommended probe/ 
calorimeter(s) and well-head spool piece. The 
evaluation would include probe insertion, retrac- 
tion, and operation in pressurized single- and 
two-phase flows. 
estimates will be obtained with the probe/ 
calorimeter systems and be compared with values 
obtained with calibrated temperature (enthalpy) 
and flowmeter devices. Successful laboratory 
testing will identify mechanical design problems, 
provide accuracy information, and minimize 
problems during field testing of the probe/ 
calorimeter systems. 

the well-head spool piece and probe/calorimeter( s )  
should be installed on a geothermal well head for 
final field testing and evaluation. The isoki- 
netic probe will be inserted into the well-head 
flow while the well is operating, and sample fluid 
will be supplied to calorimeters for enthalpy de- 
termination. 
fluid will be chemically analyzed and compared to 
results obtained by conventional sampling 
met hods. 

Laboratory testing of the probe 

Enthalpy and mass flow rate 

Once laboratory testing has been completed, 

Samples of the withdrawn well-head 

5.2 Calorimeter Testing 

The purpose of testing the calorimeters is to 
evaluate their performance in controlled labor- 
atory and actual geothermal well-head environments 
(lab/well environments). The mixing tee and 
single-pass heat exchanger calorimeters each use a 
small sample of the geothermal well-head flow, 
which allows complementary testing of the REAP 
probe/sampling system. The testing requirements 
of the sampling probe were discussed in 
Section 5.1. 

To evaluate the accuracy of enthalpy determi- 
nations using either the mixing tee or the single- 
pass heat exchanger, the actual enthalpy of the 
lab/well fluid must be known. The value of the 
actual enthalpy of the fluid may be obtained using 
the steam tables8 by measuring the upstream 

fluid temperature and pressure when the fluid is a 
single-phase liquid. 
reduced such that the quality of the lab/well 
fluid may be varied at the sample withdrawal loca- 
tion. 
orimeters from which the enthalpy is detervined 
and compared to the upstream enthalpy. 
ses between upstream and sample withdrawal loca- 
tions must be eliminated or determined to permit a 
meaningful comparison. 

5.3 Total Mass Flow Rate Estimates 

The fluid pressure is then 

The sample is then passed through the cal- 

Heat 10s- 

Appendix C provides the theory by which the 
REAP probe and either of the recommended calorime- 
ters may be used to estimate the total mass flow 
rate in a laboratory simulation or actual geother- 
mal well. Basically, an estimate of the total 
mass flow rate is obtained by multiplying the sam- 
ple mass flow rate by the ratio of the total lab/ 
well cross sectional flow area to the sum of the 
REAP probe sampling port cross sectional areas. 
The evaluation of the system will require that a 
venturi or other mass flow rate measuring device 
be placed in an upstream section where the lab/ 
well flow is a single-phase liquid. 
ment o f  the total mass flow rate obtained with the 
REAP probe/calorimeter systems will then be com- 
pared against the upstream mass flow rate 
measurement. 

5.4 ' Well Selection 

Mesa, Hawaiian, and the Geysers) were contacted by 
PNL personnel and considered as potential sites 
for field testing the recommended calorimeters and 
sampling system. The following well-head require- 
ments were considered: 

The measure- 

Three candidate geothermal well sites (East 

0 Upstream enthalpy must be measurable. 
0 The well must be able to be shut down for  

system installation and special tests. 
0 Well-head mass flow rate must be measurable. 
0 Capability to vary fluid quality at with- 

drawal location must be available. 
0 Office space and electrical services are 

desirable. 

The East Mesa Test Facility is the only can- 
didate well which meets all of the above require- 
ments. Also the management of that facility has 
expressed a strong desire to have, field calori- 
metry testing performed there, and has indicated 
that support personnel and facilities would be 
available during testing. Therefore;it is recom- 
mended that the East Mesa Test Facility be used 
for testing the REAP sampling probe, the mixing 
tee condenser calorimeter, and the single-pass 
heat exchanger calorimeter. 

5.5 Preliminary Test Requirements and Procedures 
for Sample Probe/Calorimeters 

This section lists the measurements necessary 
to evaluate the abilities of the REAP sample 
probe, the mixing tee condenser calorimeter and 
the single-pass heat exchanger calorimeter. 
preliminary procedure is also provided for testing 
the combined sample probe/calorimeter system. 

A 
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5 . 5 . 1  Rquired Measurements Associated with 
the REAP Sainple Probe. 
i s  n s s u w d  at a location upstream from the sample 
~.~ithdrawal location and isokinetic sampling is 
occurriiig at each sample port, the following mea- 
si1 remen t s s timi 1 d be ob t a i ned : 

Once Single-phase liquid 

1) temperature, pressure, and*mass flow 
rate at an upstream location where the 
flow is a single-phase liquid 

temperature and pressure of the total 
flow near the region of sample withdrawal 

temperature and pressure of the combined 
flow from the individual sample lines 

enthalpy and mass flow rate of the with- 
drawn sample (These measurements wi 1 1  be 
made with the calorimeters presented in 
the following sections.) 

flow rate calculated using Equation C.4 
presented in Appendix C. 

2) 

3 )  

4) 

5) the total lab facilitylwell head mass 

Comparisons should be made between the chemi- 
cal properties of the geothermal fluid withdrawn 
from the REAP sampler and the average geothermal 
fluid flowing through the well. The representa- 
tiveness of the withdrawn sample may be partially 
evaluated by induction from the results obtained 
from the enthalpy and mass flow rate measurements 
as well as from measured geothermal fluid 
properties. 

the 
uid 
- 

5.5.2 Required Measurements Associated with 
Mixing Tee Condenser. Once single-phase liq- 
is assured at the downstream measurement loca- 

tion in the mixing leg and all sample lines are 
operating isokinetically, the following measure- 
ments should be obtained: 

temperature and mass flow rate of pro- 
cess cooling water 

temperature, pressure, and mass flow 
rate of the combined cooling water and 
test fluid in the-mixing leg 

temperature and pressure of the test 
fluid (not necessary for the enthalpy 
computation) 

the enthalpy computed for the single- 
phase liquids existing in the cooling 
water leg and the mixing leg 

enthalpy of the test fluid calculated 
using Equation 3.6 presented in Set: 
tion 3.l.3 (The heat loss through the 
well-insulated sampling device and cal- 
orimeter may be assumed small.) 

the total lab facilitylwell head mass 
flow rate calculated using Equation C.4 
presented in Appendix C. 

5.5.3 Required Measurements Associated with 
the Single-Pass Heat Exchanger. 
fluid is assured at the exit of the single-pass 

Once single-phase 

heat exchanger and all sample lines are operating 
isokinetically, the following measurements should 
be obtained: 

temperature (enthalpy) , pressure, and 
mass flow rate of the test flu'l'd exiting 
from the single-pass heat exchanger 

entrance and exit temperatures, pres- 
sures, and mass flow rate of the cooling 
water 

temperature and pressure of the sample 
fluid (not necessary for the enthalpy 
computation ) 

the enthalpy computed for the exiting 
sample fluid and the enthalpy of the 
entering and exiting cooling water 

enthalpy of the test fluid calculated 
using Equation 3.4 presented in Sec- 
tion 3.1.2 (The heat loss through the 
well-insulated sampling device and cal- 
orimeter may be assumed small.) 

the total lab facility/well head mass 
flow rate calculated using Equation C.4 
presented in Appendix C. 

5.5.4 Preliminary Test Procedure for Sample 
Probe/Calorimeter(s). The following condensed 
procedure may be used to test the sampling calo- 
rimeter systems under controlled laboratory or 
field conditions: 
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A vertical section of the lab facility/well 
head must be modified to permit installation 
of the spool piece which includes the sam- 
pling device and insertion valve hardware. 
Upstream temperature probes must be installed 
to permit determination of the fluid enthalpy 
where the flow is a single-phase liquid. 
upstream mass flow rate measuring device must 
also be installed if the REAP probe/ 
calorimeter systems are to be evaluated for 
measuring total lab/well head flow rates. 
Once this is accomplished, the lab facility/ 
well may be operated at all times whether the 
sampler is in, out of, or being inserted/ 
retracted from the flow channel. 

The main sample line is then attached to the 
calorimeter inlet line and cooling water sup- 
plied to the calorimeter. 

The valves on each sample line (one to each 
port) should be closed and the sample probe 
inserted into the flow channel. 

With the lab facility/well flowing, the 
valves on each sample line will be adjusted 
to give a null (zero) pressure difference be- 
tween the static reference pressure tap and 
the static pressure tap located in each sam- 
ple port. Once this is achieved, sokinetic 
sampling is attained. 

An 

The mixing tee calorimeter cooling 
exit pressure must be adjusted to 

water and 
nsure the 



single-phase liquid exists in the downstream 
measurement location of the mixing leg. 

The cooling water mass flow rate must be ad- 
justed in the single-pass heat exchanger as 

: well as the exit pressure of the sample to 
insure that the fluid exiting the heat ex- 
changer is a single-phase liquid. 

At all times, the differential pressures as- 
suring isokinetic sampling must be monitored 
and adjusted. 

APPENDIX A - UNCERTAINTY ANALYSIS FOR 
CALORIMETER METHODS 

A.l Introduction 

The purpose of this appendix is to estimate 
the accuracy (uncertainty) o f  each candidate cal- 
orimeter system for determination of the enthalpy 
of'multiphase geothermal flows. The uncertainty 
associated with the enthalpy determined with each 
calorimeter will be used as one measure for com- 
paring the various calorimeter methods. 

A.2 General Procedure 

Each candidate calorimeter method relies on a 
number o f  experimental measurements o f  intensive 
and extensive thermodynamic properties of the geo- 
thermal fluid and, in certain cases, a cooling 
fluid. 

In all cases the enthalpy of the geothermal 
fluid is denoted as hi and is written as a func- 
tion of several other variables. This may be ex- 
pressed as: 

hl = f(X1,X2,X 3....Xn) (A.1) 

From the chain rule for differentiation the sub- 
stantial or total derivative of hi is expressed 
as 

3 
ahl ahl ahl dh =-dX +-dX +-dX 1 axl 1 ax2 2 ax3 

ahl axn dXn + ... + - 

The square of dhl being 

(A.2 

+ ... + ($S(dXn)' n 

ahl ahl 
+ -- dX dX + . e .  axl ax, 1 2 (A.3) 

Taking an ensemble average, ( >  , o f  both 
sides o f  Equation A.3, with the restriction that 
all the variables, Xi, Xp ... Xn are inde- 
pendent of one another, the following equation 
resu 1 ts : 

(A.4) 

where (( )2) is the variance of ( ), and the 
square root of the variance is the standard devia- 
tion. Since both sides of Equation A.4 can be 
multiplied by any desired constant, it follows 
that each term of the above equation can be 
equated to any desired number of standard devia- 
tions of the individual variables. 

We can, therefore, write Equation A.4 as:  

(A.5) 

where wh and Wx are the uncertainties in the 
measuremhts of 
confidence level. Unless otherwise stated, a con- 
fidence level of 95% was used throughout this un- 
certainty analysis. This means that 19 out of 20 
samples will fall within the value indicated by 
Wh or Wx,. 

the uncertainty, it w i l l  be used for all uncer- 
tainty analysis performed in this text without be- 
ing rederived for each case. 

viding the uncertainty, calculated from Equa- 
tion A.5, by the nominal value of the variable. 
That is: 

and Xn within a desired 

1 
Since Equation A.5 is a general equation for 

The percent uncertainty is calculated by di- 

% uncertainty = k- whl 
h, I \ '. 

A.3 Uncertainties Associated with Specific 
Variables 

This section examines the uncertainties asso- 
ciated with some o f  the variables common to many 
of the candidate calorimeter designs. 

18 



A.3.1 U n c e r t a i n t y  o f  En tha lpy  Measurement o f  
S ing le-phase L i q u i d .  
phase l i q u i d  i s  s t r o n g l y  dependent on temperature 

The e n t h a l p y  o f  a s i n g l e -  

and o n l y  v e r y  weakly  dependent on pressure.  
Therefore,  t h e  u n c e r t a i n t y  assoc ia ted  w i t h  t h e  en- 
t h a l p y  o f  a s ing le-phase l i q u i d  may be w r i t t e n  as: 

w h = c w  
P T  (A.7) 

which co es f rom t h e  d e f i n i t i o n  o f  Cp, t h a t  i s ,  
Cp = ($IF. For t h e  purpose o f  t h i s  paper t h e  
uncer  a i  
surement i s  cons idered t o  be +2.0°F. S ince Cp 
i s  app rox ima te l y  1.0 Btu/lbm-OR f o r  compressed 
o r  s a t u r a t e d  water  and about 0.5 Btu/lbm-OR f o r  
superheated o r  s a t u r a t e d  vapor i n  t h e  temperature 
and p ressu re  ranges assoc ia ted  w i t h  geothermal 
wel l -head f l ows ,  t h e  u n c e r t a i n t y  o f  any s p e c i f i c  
en tha lpy  measurement i s  

y assoc ia ted  w i t h  any temperature mea- 

B t u  Wh = 22.0 5 (subcooled o r  s a t u r a t e d  
wa te r )  

fA.8) . ,  
B tu  

h steam) 
W = 21.0 (superheated o r  s a t u r a t e d  

A.3.2 U n c e r t a i n t y  o f  Heat Loss f r o m  a Heat 
Exchanger. From p r e v i o u s  experience, t h e  hea t  
l oss ,  QL, f r o m  a s ing le -pass  heat  exchanger i s  
app rox ima te l y  20 Btu/min f o r  hea t  exchanger s h e l l  
temperatures c o n s i s t e n t  w i t h  nominal geothermal 
wel l -head f l u i d  temperatures.  I t  i s  t o  be no ted  
t h e  heat  l o s s  f rom t h e  hea t  exchanger i s  a func -  
t i o n  o f  t h e  hea t  exchanger s h e l l  temperature.  The 
u n c e r t a i n t y  assoc ia ted  w i t h  heat  l osses  f r o m  hea t  
exchangers i s  o f  t h e  magnitude o f  t h e  hea t  los- 
ses. Therefore,  t h e  u n c e r t a i n t y  assoc ia ted  w i t h  
hea t  l osses  f rom hea t  exchangers may be expressed 
as : 

WQL = 220 (s) 
o r  per  u n i t  mass f l o w i n g  through a system 

= 220 (s) /m ' (fi) lbm 
wgL 

(A.9) 

(A. 10)  

where i s  t h e  f l o w  r a t e  o f  the' f l u i ' d  f l o w i n g  . 
th rough  t h e  system. 

A.3.3 U n c e r t a i n t y  o f  Mass Flow Rate. The . 
u n c e r t a i n t y  assoc ia ted  w i t h  t h e  measurement o f  
mass f l o w  F a t e  i s  cons idered t o  be equal  t o  +2.0% 
o f  t h e  t o t a l  mass f l o w  r a t e .  

A.4 U n c e r t a i n t y  'Analys is  f o r  t h e  Regenerat ive 
Heat Exchanger 

The equa t ion  f o r  ' the en tha lpy  o f  t h e  geother-  
mal f l u i d  e n t e r i n g  t h e  r e g e n e r a t i v e  hea t  exchanger 
i s  

From Sec t ion  A.2 t h e  u n c e r t a i n t y  o f  t h e  geothermal 
e n t h a l p y  measurement may be w r i t t e n  as: 

(A.12) 2 
'hl = [wh: + 'h3 + 

The sampl ing techn iques  proposed i n  Sec- 
t i o n  4.0 o f  t h i s  r e p o r t  i n d i c a t e  t h a t  t h e  geother-  
mal sample f l o w  r a t e  w i l l  be i n  t h e  range o f  0.5% 
t o  4% o f  t h e  t o t a l  geothermal f l o w  f rom t h e  w e l l  
head. Based upon nominal f l o w  r a t e s  a t  w e l l  head, 
a v a l u e  o f  30 lbm/min w i l l  be used as t h e  f l ow '  
r a t e  o f  t h e  geothermal sample. 

Equat ion A.12 becomes: 
Using t h e  r e s u l t s  p resen ted  i n  S e c t i o n  A.3, 

B t u  
lbm 

1 /2 
= 23.53 - (A.13) = [ 4 + 4  +4+; ]  

w h l  

where t h e  e r r o r  assoc ia ted  w i t h  hz, h3, h4 and 
qL a r e  22, +2, + 2  and +2/3 Btu/lbm, r e s p e c t i v e l y .  

f l u i d  ranges f r o m  approx ima te l y  300 Btu/ lbm t o  
700 Btu/ lbm f o r  geothermal f l u i d  q u a l i t i e s  f o r  
which t h i s  system i s  a p p l i c a b l e .  Thus, t h e  r e l a -  
t i v e  o r  percentage u n c e r t a i n t y  assoc ia ted  w i t h  
t h i s  c a l o r i m e t e r  system i s  l e s s  t h a n  1.5%, which 
may be expressed: 

The v a l u e  o f  t h e  e n t h a l p y  o f  t h e  geothermal 

% u n c e r t a i n t y  = - = - (A.14) 300 

A.5 U n c e r t a i n t y  A n a l y s i s  f o r  t h e  Single-Pass 
Heat Exchanger 

The equa t ion  f o r  t h e  e n t h a l p y  o f  t h e  geother-  
mal f l u i d  e n t e r i n g  t h e  s ing le -pass  h e a t  exchanger 
has been g i ven  i n  Sec t i on  3.1.2: 

m, 
(A.15) 

Using t h e  a n a l y s i s  f o r  u n c e r t a i n t y  g i v e n  i n  
S e c t i o n  A.2, t h e  u n c e r t a i n t y  assoc ia ted  w i t h  t h e  
measurement o f  h i  i s  expressed as: 

2 

(h4 - h3)] W( + $:['2 (A.16) 

An m2 must be es t ima ted  which w i l l  e x t r a c t  
s u f f i c i e n t  hea t  f r o m  the.geotherma1 sample such 

hl = h2 - h3 + h4 + qL ( A . l l )  
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t h a t  t h e  sample w i l l  become a s ing le-phase l i q -  
u i d .  A geothermal f l u i d  whose temperature i s  
3900 w i t h  an en tha lpy  o f  700 Btu/ lbm w i l l  he 
used f o r  e s t i m a t i n g  m2. 
t h i s  c o n d i t i o n  has a q u a l i t y  o f  app rox ima te l y  40%, 
which i s  w e l l  above t h e  q u a l i t i e s  expected i n  t h e  
I m p e r i a l  V a l l e y  and i s  t hus  a somewhat conserva- 
t i v e  value. Based upon these  c o n d i t i o n s ,  app rox i -  
m a t e l y  t h r e e  t imes  as much c o o l i n g  water  must f l o w  
through t h e  heat  exchanger as geothermal f l u i d .  
That i s ,  m2 2 90 lbm/min (10.8 ga l /m in ) .  

c o o l i n g  water f l o w  r a t e  c o u l d  be about o n e - t h i r d  
o f  t h e  geothermal sample f l o w  r a t e  o r  about 
10 lbm/min (1.2 ga l /m in ) .  However, f o r  t h e  f o l -  
l ow ing  a n a l y s i s  t h e  c o n s e r v a t i v e  v a l u e  o f  90 lbm/ 
min f o r  t h e  c o o l i n g  water mass f l o w  r a t e  w i l l  be 
used. 

u n c e r t a i n t y  requi rements f o r  each v a r i a b l e ,  as 
desc r ibed  i n  Sec t i on  A.3. Thus, Equat ion A.16 
becomes: 

A geothermal f l u i d  i n  

For  t h e  East Mesa t e s t  s i t e ,  t h e  r e q u i r e d  

Equat ion A.16 may now be eva lua ted  u s i n g  t h e  

= ( (2) '  + (6) '  + (6) '  + (7.2)' + (7.2) 2 

(A. 17)  + (0.67)2}1/' = k13.4 - Btu 
lbm 

where t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  h2, h3, 
h4, m2, m l  and qL a re  k 2 ,  2 6 ,  k6, ~ 7 . 2 ,  27.2 and 
k0.7 Btu/lbm, r e s p e c t i v e l y .  I 

A. 6 

The pe rcen t  u n c e r t a i n t y  may be expressed as 

whl +13 4 (A. 18)  % u n c e r t a i n t y  = = 700 <+2% 
1 

U n c e r t a i n t y  A n a l y s i s  f o r  t h e  M i x i n g  Tee 
Condenser 

The eaua t ion  f o r  t h e  en tha lpy  o f  t h e  qeother-  
mal f l u i d  e n t e r i n g  t h e  m i x i n g  tee-condenser  i s  
g i v e n  i n  Sec t i on  3.1.3: 

Using t h e  a n a l y s i s  presented i n  Sec t i on  A.3, t h e  
u n c e r t a i n t y  assoc ia ted  w i t h  t h e  measurement o f  
h l  i s  g i ven  by: 

2 2 

w h l  = {(A) 'h: + (A) 'hi 

-2 2 + [h3h: - i3h2 + 'LIZ 
2 

wQL i 3  - i 2 )  
+ ( i 3  - i2) 

For t h i s  case t h e  c o o l i n g  water  mixes d i r e c t -  
l y  w i t h  t h e  geothermal f l u i d  such t h a t  t h e  combi- 
n a t i o n  o f  t h e  two r e s u l t s  i n  a s ing le-phase,  sub- 
coo led  l i q u i d  a t  t h e  downstream measurement 
l o c a t i o n .  For  conservatism, t h e  case f o r  30 lbm/ 
m in  o f  700 Btu/ lbm geothermal f l u i d  a t  390OF 
w i l l  again be taken. I f  a p ressu re  drop i n  t h e  
m i x i n g  t e e  o f  50 p s i  i s  assumed, 40 lhm/min o f  
c o o l i n g  wa te r  i s  r e q u i r e d  t o  mix  w i t h  t h e  geo the r -  
mal f l u i d  t o  assure t h a t  s ing le-phase l i q u i d  
e x i s t s  a t  t h e  e x i t  o f  t h e  condenser. 

The u n c e r t a i n t y  assoc ia ted  w i t h  measuring 
h i ,  u s i n g  Fqua t ion  A.20, becomes: 

= [(2.7)2 + (4.7)' + (0.7)2 + (17.3)' 

2 112 = 25.1 __ Btu  
lbm 

w h l  

(A.21) + (17.4) ] 

where t h e  u v c e r t a i n t i e s  assoc ia ted  w i t h  h2, h3, 
QL, i 2  and m3 a r e  k2.7, k4.7, 20.7, k17.3 and 
217.4 Btuklbm, r e s p e c t i v e l y .  

The pe rcen t  u n c e r t a i n t y  f o r  t h i s  case i s  

(A.22) whl k25.1 <+-4% 
700 % u n c e r t a i n t y  = - = ___ 

hl 

For t h e  East Mesa Well  No. 8-1, t h e  pe rcen t  uncer- 
t a i n t y  would be approx ima te l y :  

% u n c e r t a i n t y  = 312 = [(2)' + ( 4 )  + (0.67)' w h l  2 

(A.23) 2 1/2 + (5.3)' + (5.3) ] /312 <+3% 

For  t h e  m i x i n g  t e e  c a l o r i m e t e r ,  t h e  lower  t h e  
q u a l i t y  o f  t h e  geothermal f l u i d ,  t h e  lower  t h e  
pe rcen t  u n c e r t a i n t y .  

A.7 U n c e r t a i n t y  A n a l y s i s  f o r  t h e  P r e s s u r i z e r  
Spray Condenser 

The equa t ion  f o r  t h e  e n t h a l p y  o f  t h e  geother-  
mal f l u i d  e n t e r i n g  t h e  p r e s s u r i z e r  sp ray  condenser 
i s  i d e n t i c a l  t o  t h a t  o f  t h e  m i x i n g  tee.  Thus, t h e  
u n c e r t a i n t y  a n a l y s i s  i s  a l s o  i d e n t i c a l  and w i l l  
n o t  be repeated. 
t a i n t y  o f  t h e  measured geothermal f l u i d  i s  
expected t o  be l e s s  than  24%. 

The r e l a t i v e  o r  pe rcen t  uncer- 

A.8 U n c e r t a i n t y  A n a l y s i s  f o r  t h e  Mu l t i phase  
Tank 
The equa t ion  f o r  t h e  en tha lpy  o f  t h e  geother-  

p a l  f l u i d  i n  t h e  mu l t i phase  tank i s  g i ven  i n  
Sec t i on  3.1.5: 

Using t h e  a n a l y s i s  presented i n  S e c t i o n  A.2, 
t h e  u n c e r t a i n t y  assoc ia ted  w i t h  t h e  measured en- 
t h a l p y  o f  t h e  geothermal f l u i d  may be w r i t t e n  as 
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+ x2wh + p 'w + P3'XWV + W "'(A.25) 
f9 "f fg qL 1 

To evaluate Equation A.25, the conservative 
case of a geothermal flow with a well-head pres- 
sure of 215 psia and an enthalpy of 700 EYtu/lbm 
will be used. An estimated +5% accuracy in the 
liquid level reading leads to approximately a +2% 
accuracy in estimating the quality for values near 
40%. The size of the tank is estimated to hold 
approximately 12 ft3 of geothermal fluid or 
about a 1/2-min sample of geothermal fluid with a 
40% quality of steam. 

Equation A.25 may now be evaluated as 
follows: 

= [(2)' + (16.7)' + (0.16)' + (0.00)' 
whl 

+ (0.002)2 + (0.67)2]1/2 = k16.8 $$ (A.26) 

where the uncertainties associated with hf, X, 
.hf , vf, vf and qL are k2.0, k16.7, 20.16, kO.00 
an! k0.67 B!u/lbm, respectively. It is evident 
from this analysis that the uncertainty in the 
quality is the dominant variable attributing to 
the large uncertainty. Also, it is noted that the 
value of the uncertainty in the quality results 
from the value of hf , which multiplies the un- 
certainty of the quayity. 
even larger for lower-quality steam, a conserva- 
tive estimate of the percent uncertainty is cal- 
culated using a reference enthalpy of 400 Btu/lbm 
and given as follows: 

Since this value is 

% uncertainty = - whl 3 - t16.8 <+5% (A.27) 400 hl 

A.9 Uncertainty Analysis for the Liquidizer 

The enthalpy of the geothermal fluid, as mea- 
sured with the liquidizer calorimeter, is ex- 
pressed in Section 3.1.6: 

V, - z  
hl = (h2 - p2v2) 

- ( Ay3AV3)t (V2 QLV - 2 AV3) (A.28) 
v2 

Noting that the uncertainty of V2 can be 
neglected because this is a constant which can be 
measured very accurately. 
may be expressed as: 

The uncertainty of hi 

2 2 

'h1 = I [V2 Y2AV3] 'h: + [V2v:v?V3] 'P: 

2 ] 'AV: 

(A.29) 

For the liquidizer calorimeter, the volume 
V2 is estimated at 12 ft3, and a conservative 
value for AV3 is 11.8 ft3 for a 20%-quality 
geothermal fluid at 100 psia. Equation A.29 may 
now be evaluated as follows: 

whl = [(120)2 + (0.4)' + (0.1)' + (118)' 

+ (118)' + ...I1/' (A. 30) 

where the error associated with h2, P2,  v2 and 
h3 are 2120, t0.4, kO.1 and +118 Btu/lbm. The 
error analysis is stopped at this point because it 
becomes obvious that the uncertainty in the mea- 
surement is unacceptably large. That is, the un- 
certainty can be of the order of the measurement 
itself. It must, therefore, be concluded that 
this concept for a geothermal calorimeter is 
unaccept ab 1 e. 

A.10 Uncertainty Analysis for Quick-Closinq 
Valves 

For the quick-closing valve calorimeter meth- 
od, Section 3.1.7 gives the following equation for 
the enthalpy o f  the geothermal fluid, neglecting 
the kinetic energy of the fluid: 

hl = h + Xh + qL 
f2 fg2 

(A.31) 

Using the analysis .presented in Section A.2, the 
uncertainty associated with the measured enthalpy 
of the geothermal fluid, hi, may be expressed as 

= [ W h 2 + h  ' W ? + X W h  + Wq:]1'2 (A.32) 
f2 fg2 92 

If a 10-ft vertical column of pipe is consid- 
ered and a flow with 7.7% quality (such as East 
Mesa Well No. 8-1) and a well-head temperature is 
26OoF, the column would contain 0.171 ft of 
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water and 9.829 ft of gas. 
uid level can be measured within *2% leads to'an 
uncertainty in the quality o t  approximately ?2%. 

Using the above uncertainty and the results 
obtained in Section A.2, Equation A.32 may be 
evaluated as follows: 

Assuming that the liq- 

= [(Z)' + (18.8)' + (0.08)' 

+ (2)2]1/2 = +19 Btu/lbm 

whl 

(A.33) 

where the estimated uncertainties associated with 

The percent uncertainty is as follows: 

% uncertainty = - whl - '19*0 <+6.5% (A.34) 31 2 hl 

The above analysis was performed assuming 
that the quick-closing valves operated instanta- 
neously and simultaneously. 
ability will lead to uncertainties larger than 
that estimated above. 

The lack of this 

APPENDIX B - SAMPLING PROBE AND INLET PORT DESIGN 
B.l Inlet Port Confiquration 

Figure B.l shows the three potential types of 
inlet port configurations considered in thjs 
study: divergent, convergent, and straight-pass. 
Because of the fluid velocity gradient across the 
pipe, the convergent and divergent cases would re- 
sult in different nozzle behavior: enhancing or 
detracting from the efficiency of the isokinetic 
fluid collection, depending on the relative flow 
velocity at the inlet port. Until the exact ef- 
fect of convergent or divergent nozzles on flow 
collection can be established empirically, the 
straight-pass inlet port is recommended. 

CONVERGENT 

DIVERGENT 

LE3 
STRAIGHT - PASS 

8.2 Port Opening Shapes 

Figure 8.2 shows the two alternative types of 
inlet port opening shapes considered: circular - 

and contour. Circular openings are easier to ma- 
chine, and if the sample probe is traversed, the 
circular openings will not have to be corrected 
for shape. Theoretically, the contour shape will 
allow for the most accurate geometrical represen- 
tation of the annulus being sampled (Figure B.2). 
A circular port will withdraw more fluid than is 
representative at the midpoint of the annulus and 
less at the edges. 

CONTOUR PORT 
OPENING SHAPE 

FIGURE B.2. 

CIRCULAR PORT 
OPENING SHAPE 

However, if the inlet pot3 is made small 
enough so that the radial quality and velocity 
gradients are small across the port width, minimal 
opening shape error will be encountered. In addi- 
tion, flow behavior in the corners o f  the contour 
inlet port is such that the effective port shape 
is somewhat circular, thereby nullifying the pur- 
pose of using a contour shape at all. 
reasons given above, and because the expected sam- 
ple percentage i s  low (0.5 to 4%), the initial de- 
sign recommendation is to include circular inlet 
port( 5 ) .  

8.3 Sampling Probe Shapes 

pling line shapes considered: circular, ellipti- 
cal, tapered, and streamlined. The ideal sampling 
line shape in terms of flow blockage and upstream 

For the 

Figure 8.3 shows the four alternative sam- 

STREAMLINED 

FIGURE B.3. 
FIGURE B.l. 
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*. 
pressure effects is the streamlined case. How- 
ever, the more complicated machining and less 
efficient outlet sample tube packing are major 
disadvantages. The tapered sampling-line has no 
advantage over the circular design. While the 
circular sampling line provides for the most effi- 
cient packing, the elliptical case does present a 
better flow restriction profile. By compressing 
an existing circular sample line, a simulated 
"elliptical" shell could be created. However, the 
circular sample probe is recommended for use be- 
cause it is the more practical and cost effective 
of the two designs. 

APPENDIX C - MULTIPLE-INLET PORT SIZING 
AND SPACING 

\ 

C.l Equal-Port Area, Variable-Spacing Theory 

p3r-ra 1 = Area 2 
= Area 3 
= Area 4 
= ... = Area N. 

where N = number of annuli 

1) 
2) 
3 )  
4) 
5) 

Area of any annulus = aR2/N 
Radius o f  inner annulus = rl = R/fi 
Radius of Jth annulus = rj = R m  
Radius of Nth annulus = rN = R 
Minimum distance between annuli occurs 
between the (N-1)th and Nth annulus. 

ArN = R[1 - J(N - 1)/NI (C.1) 

Note: 
meter for the inlet port. 

Maximum percentage of total area which 
may be sampled,(using both sides: 
i.e., two sample ports in each annulus, 
1800 apart) = %A 

ArN defines the maximum dia- 

6 )  

TR 2 (1 - J(N - 1)/N)2/,,2 
4 % = 200 N 

A2 

= 50 N (1 - J(N - 1)/N)' ( C d 2 )  

= 100 (N - 6 - 0.5) 

%A for a single port in each annulus 

% = 50 (N -G- 0.5) (C.3) 
Al 

Thus, for six annuli - 

%A = 1.14% (single-port/annulus) 

%A = 2.28% (double-port/annulus) 
, 

for ten annuli - 

%A = 0.66% (single-port/annulus) 

%A = 1.32% (double-port/annulus) 

The total fluid flowing through the pipe, mt, is 
the sum of the annulus flows: 

mt = m, + m2 + ... + mn 
The ayount of fluid extracted by the sample pip- 
ing, mS 

areas @ times the particular annulus flow rate, 
summed over all annuli. 

is simply the ratio of port-to-annulus 

As2 . Asn . A 

m2 + ... + -m s1 - 
A1 ml + A2 An 

~ m S = -  

To provide a representative sample for the entire 
flow, mS must be directly relatable to the en- 
tire flow, mt. To do this 

where C is some constant value determined by the 
total size o f  sample desired. This leads to: 

(C.4) 

For the equal port area, variable spac 

'As1 = As2 = = Asn 

Therefore, the width of annuli must be 
such that: 

A 1  = A2 = ... = An 

thereby allowinq one constant C value. 

ng method: 

adjusted 

Th 
done by varying-the space between annulus 
boundaries. 
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C.2 Equal Spacing, Variable Port Area Theory 

The figure given above depicts N concentric 
annuli with a sample port located at the center o f  
each annulus. r is the distance between sample 
ports, which i s  also the radial distance between 
consecutive annuli. 

Each port size shall be determined such that 
the ratio of the port area to the area o f  the an- 
nulus which it is sampling is invariant. That is, 

The area of each annulus is given by: 

AI = Irr2 = ~ ~ 2 1 ~ 2  
A2 = Ir(2r)2 - A1 = 3nr2 = 3A1 (C.6) 

2 - 1J2 + J) AJ = Ir(Jr) - AJ-l - 

A =  ~ A1 
N 

From C.5 and C.6 the area o f  the Jth sample port 
is given by 

(C.7) - (J2 + J )  - (J2 + J) 
As j - 2 Asl (N2 + N) AsN 

2 
Thus AN = - 

s 4N2 
IrR 

I. . 
*: 

C.8) 

AN 1 As *s AS ... -A (C.9) and $ = m j = $ = $ =  
Aj 

Therefor e 

(C.10) J~ + J ) ~ R ~  2 
and A = ( IrR 

'j 4N3(N + 1) 

The percent of the total area sampled by the 
probe (for one sample port in each annulus) is 
equal to: 

A 

,-I (100) 
As1 + s2 + ... 

% area sampled = 
(for one sample IrRL 
port in each 
annulus) 

(N + 2)(25) 
3N2 

50(N + 2)  X area sampled = 
(for two sample 3N2 
ports in each 
annu 1 us) 

(C.11) 

(C.12) 
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