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ABSTRACT 
Is 

t 

This report  describes the wel l -s i te  t e s t  phase o f  a research program 
conducted by Aerojet L iquid Rocket Company t o  establ ish the f e a s i b i l i t y  
of using a rec i r cu la t i ng  s o l i d  bed material t o  el iminate heat exchanger 
foul i ng i n  geothermal service. The concept was d i  rected towards appl i c a t i  on 
as the primary heat exchanger i n  a geothermal power p lant  which u t i l i z e s  
a binary cycle. The APEX approach was shown t o  be e f fec t i ve  f o r  condenser 
operation w i t h  fou l ing cool ing water. 
f o r  geothermal d i r e c t  heat u t i l i z a t i o n ,  f o r  example, the vapor generator 
i n  an absorption re f r i ge ra t i on  system. 

I u 
Similarly, APEX could be applied iJ 

rj 
I t  Phase I o f  t h i s  program culminated i n  a laboratory demonstration o f  
il APEX concept f e a s i b i l i t y  w i th  br ine simulants. 

pro ject  phase o f  the research e f f o r t  was conducted a t  the Geothermal 
Component Test F a c i l i t y  located a t  East Mesa, Cali fornia. Technical 
f e a s i b i l i t y  was established by tes t i ng  the effectiveness o f  the bed 
material i n  preventing the fou l ing o f  a heat exchanger t e s t  section. 
The el iminat ion o f  fou l ing was demonstrated using both geothermal wel l  
water and f a c i l i t y  cooling water as the fou l i ng  f lu ids.  

Testing under the current 
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1.0 INTRODUCTION 

The development o f  the Advanced Geothermal Primary Heat Exchanger 
(APEX) , w i l l  provide a self-cleaning heat exchanger f o r  u t i 1  i za t ion  w i th  
geothermal brines which form scale. During the Phase I Contract (E(04-3)- 
1125) period, the Aerojet L iquid Rocket Company (ALRC) conducted laboratory 
research experiments which ve r i f i ed  the technical f e a s i b i l i t y  o f  the APEX 
concept, Ref. 1. 
continued w i th  f i e l d  tes t ing  a t  the Department o f  Energy (DOE) East Mesa 

I 

ibl 

I n  Phase 11, covered by t h i s  report, APEX evaluation was ii 
I Geothermal Component Test Fac i l i t y .  
I 

lrpl 
One o f  the problems encountered i n  energy conversion from geothermal 

brines has been the deposition o f  sol ids on process equipment. Fouling o f  
heat exchanger tube wal ls as the br ine cools can great ly reduce the ef fect ive-  
ness o f  the heat exchanger. The reduction i n  heat t ransfer  coef f ic ient ,  and 
the ' resul t ing need f o r  frequent cleaning, replacement, o r  oversizing o f  
the heat exchanger, makes the use of some geothermal resources economically 
unattract ive. The APEX approach i s  i n  
exchanger foul ing from geothermal b r i n  and thereby increase the economic 
useful ness o f  hydrothermal resources. 

& 

1 

d 

J 
I 

d 
I 

ded t o  minimize o r  el iminate heat 

The APEX f l u id i zed  bed concept functions by rec i rcu la t ing  sol ids d 
) through the heat exchanger w i th  the geothermal brine, as shown 

/or providing nucleation s i tes  f o r  sol ids formati 
The act ion o f  the bed material i n  mechanically scouring the J 

1 t o  keep the tube walls clean. 

7 EX approach was 

d 

4 

i d Ref. 1. Laboratory Inves Advanced Geoth 
Exchanger Final Report 2146:08 dated 924-76. 
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4 hi 
1 .O, Introddction (cont.) 

4 hi 
1 .O, Introddction (cont.) 

u 
were in i t i a l ly  performed to  characterize test equipment operation. A 
series of t e s t s  was conducted w i t h  a heat exchanger flow section using 
both clean water and a simulated geothermal brine. Baseline heat transfer 
data w i t h  clean water, baseline fouling data w i t h  the simulated brine, and 
data w i t h  the brine and the recirculating bed material, were obtained. I t  
was found that  the presence of the recirculating solids could completely 
eliminate or greatly reduce fouling, depending upon t e s t  conditions. 

b 
i 

rd 
i 

b 

u 1 .  
The objectives of Phase I1 of the program were t o  extend the success- 

f u l  Phase I feasibi l i ty  demonstration of the concept, conducted under 
laboratory conditions, t o  field testing a t  an actual geothermal wellsite, as 
well as t o  preliminarily quantify the effects of bed operating parameters 
such as duty-cycle, veloci 

J 

cl 

bed makeup, and bed density. 

e I1 program was divided into three major technical tasks. 
t e  Experiment Design, included a l l  the efforts required t o  

complete the design of the experimental . t e s t  rig operated a t  the DOE East 
Mesa Geothermal Component Test Facility. The heart of this design was three 

i 

ri' 
i u 

pipe (tube w i t h i n  a pipe) heat exchanger sections i n  which a foul ing  
ically geothermal brine,  was circulated on t h e  tubeside and a clean 
uid (deoxygenated water) i n  the annulus between the tube  and pipe. 

ction was used as a baseline for scaling. No bed material 
it .  The other exchangers were equipped 

8 

Y 

I 

i t, and fabrication of 

for  bed addition, recirculation, and removal. A l l  exchangers were provided 
i 

mperature instrumentation to  permit continuous monitoring of heat 
r coefficients and hence foul ing  resistance bui ldup.  

stem Fabrication, included procurement of commercially , 

t of the APEX t e s t  system 



1 .O, Introduct ion (cont.) 
/ 

The t h i r d  major technical task was w e l l  s i t e  test ing. The Task 3 
e f f o r t  included transportation, setup, and checkout o f  the t e s t  r i g  a t  
East Mesa, followed by ve r i f i ca t i on  test ing, and data analysis. 

The conclusions reached as a r e s u l t  o f  APEX geothermal wel l -s i te  
tes t ing  are discussed as wel l  as the recommendations f o r  fur ther  needed 
development. 
preventing fou l ing  i n  the fou l ing f l u i d s  tested. The main recommendation 
i s  tha t  continued APEX test ing include provisions f o r  mu1 t i - tube heat 
exchanger eval u a t i  on. 

It was concluded tha t  the APEX approach was e f fec t i ve  i n  

This repor t  covers the work performed under Contract EY-76-C-03- 
1125 from 25 September 1976 t o  13 November 1977. The work described was 
conducted f o r  the U t i l i z a t i o n  Technology Branch o f  the Div is ion o f  Geothermal 
Energy, Department o f  Energy ( i n i t i a t e d  under the Energy Research and 
Development Administration). C1 i f t o n  B. McFarland i s  the DOE Program 
Manager. The program was conducted a t  the Aerojet L iquid Rocket Company 
f a c i l i t y  a t  Sacramento, Cal i forn ia  and the DOE Geothermal Component Test 
F a c i l i t y  a t  East Mesa, Cali fornia. 

The pro ject  a c t i v i t y  a t  Aerojet included contr ibutions f r o m  the 
wing personnel : 

B. Breindel Program Manager 
Dr.  A. L. Blubaugh 
J .  F. Addoms Project Engineer 
C. Gracey Lead Test Engineer 
C. Farlee F ie ld  Test Engineer 
D. Cahi l l  F ie ld  Instrumentation Engineer 

R. Pruett Test Apparatus Design Assembly 

Operations Project Manager 

Dr. E. M. Vander Wall Manager o f  Chemical Processes 
M. E. Be l l  Data Manager 

4 



2.0 SUMMARY 

The Phase I1 program was divided in to  three major technical tasks; 
J 

well-site experiment design, experiment fabrication, and well-site testing. 
kr 

I The experiment was planned t o  permit simultaneous testing of three 
14 identical heat exchanger designs i n  para1 le1 , under identical operating 

conditions. 
fou l ing  f l u i d  on the tubeside and clean deoxygenated water recirculating i n  
the annulus. 
tion and removal equipment. The t h i r d  exchanger was designed t o  operate 
as a baseline u n i t  and had no provision for  solid recirculation. 
exchanger was provided w i t h  instrumentation t o  measure flowrates and in le t  
and outlet  temperatures of both 

The heat exchangers were single tube w i t h i n  pipe units w i t h  the 

Two of the three exchangers were equipped w i t h  so l id  bed injec- 
J 
Y 

Each 

cess streams. Y 

hi Two t r a i l e r s  were used t o  assemble the experiment. The process 
equipment was mounted on a f l a t  bed t r a i l e r .  
was mounted i n  a control panel located w i t h i n  a conventional travel 
t ra i le r .  
crew. The two t r a i l e r s  were transported to  the s i t e  independently and 
interconnected there a t  the same time that  process and u t i l i t y  lines were 
being installed from t h e  faci l i  periment. 1 

The remote instrumentation 

T h i s  travel t r a i l e r  also served as a work station for the operating 
tJ 
u 
Iri 

s t i n g  was performed a t  the East Mesa Geothermal Component t e s t  
erated for  the government by Lawrence Berkeley Laboratory. h i  

The first test group was performed 
d the relative f o  between exchangers us ing  the brine 

h no bed as compared w i t h  an exchanger using a fluidized 
brine had a total  dissolved solid content of 25,000 ppm. 

ncondensible gases, ‘predominately C02, 

Three groups o f  tests were 

mA 

and subcool ing sl ightly before e experimental exc 
uced and recircula of 100 mesh ga mi 

i U  

5 



2.0, Summary (cont.) 

cycle mode f o r  two hours each 24 hours o f  operation. The br ine and coolant 
ve loc i t ies were control led a t  10-ft/second. Brine i n l e t  and o u t l e t  

temperatures averaged 320°F and 270°F respectively. 
mean temperature dif ference (MTD) was 8 O O F .  The MTD and br ine AT were 

allowed t o  vary as f o u l i n g  progressed. 
The t e s t  sections were horizontal.  

The nominal exchanger 

Flowrates were held constant. 

Testing was continued a t  the above operating conditions u n t i l  
plugging o f  Well 6-1 forced a shutdown wi th  410 hours cumulative operating 
time a t  t h i s  point. Analysis o f  thermal data c l e a r l y  demonstrated t h a t  
(1) f ou l i ng  o f  the tubes d i d  occur when operating wi th  br ine from Well 6-1 
and (2) t h a t  the APEX concept was e f fec t i ve  i n  preventing t h i s  foul ing. 
Sectioning o f  the tubes showed no evidence o f  tube wall  erosion due t o  the 
bed material. Scouring was more e f fec t i ve  on the bottom h a l f  o f  the tube 
ind icat ing some s t r a t i f i c a t i o n  o f  the bed. Spectrographic analysis o f  the 

scale formed i n  the baseline exchanger showed large quant i t ies o f  i r o n  and 
s ign i f i can t  amounts o f  su l fur .  

- 

The second t e s t  grou was conducted w i th  f a c i l  i ty cool i n g  tower 
water used t o  t e s t  the APEX oncept i n  place of Well 6-1. The f a c i l i t y  

water or ig inates i n  loca l  wells and contains a high concentration o f  
cal c i  um carbonate. The reverse sol ubi1 i ty of c a l c i  um carbonate resul ts  
i n  deposition on the tubewalls when the f a c i l i t y  water i s  used as a coolant. 
F a c i l i t y  cool ing water was substi tuted f o r  the br ine i n  two of the t e s t  
heat exchangers. One o f  these exchangers was oriented ve r t i ca l l y .  Velo- 
c i t i e s  through the exchangers were control led a t  10 ft/second. The coolant 

water nominal temperature O F  i n l e t  and 120°F out le t .  The MTD was 
75OF. Test durations wer on the horizontal u n i t  and 116 hours on 
the ve r t i ca l  unit. Analys e thermal data cated the APEX con- 

cept was e f fec t i ve  i n  preventing scale formation 
was recirculated continuously. 

ided the bed material 
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2.0, Summary (cont.) 

The f i n a l  t e s t  group was also performed using f a c i l i t y  cooling water 
f o r  the fou l i ng  f l u i d .  
second i n  the tubes; 90 mesh Si02 sand was used as the bed material i n  the 
horizontal un i t ;  100 mesh garnet sand was retained i n  the ver t i ca l  uni t .  
Test dur'ation was 86 hours on the ver t i ca l  u n i t  and 64 hours on the hor i -  
zontal un i t .  Thermal analysis showed both un i t s  t o  be e f fec t i ve  i n  pre- 
venting foul ing during the period o f  recirculat ion.  Analysis o f  the Si02 
bed material showed no change i n  p a r t i c l e  s ize as the t e s t  progressed. 
S ign i f icant  quant i t ies o f  i r o n  and calcium accumulated on the bed material. 

Flow ve loc i t ies were reduced t o  6-1/2 ft per 



3.0 CONCLUSIONS AND RECOMMENDATIONS 

3.1 CONCLUSIONS 

The conclusions have been grouped i n t o  sections relating to  
the fouling fluids used during the APEX field tests. General conclu- 
sions related to  the APEX approach follow. 

3.1.1 Well 6-1 (Brine) .. 
The brine from Well 6-1 does cause f o u l i n g  when 

operated i n  an unflashed mode; the extrapolated annual foul ing  factor is 
.007 hr-ft O F / B t u .  

2 

The APEX concept is effective i n  preventing fouling 
when operated on an intermittent basis w i t h  bed recirculation two hours 
per day (the shortest time tested), usi 100 mesh garnet bed material. 

The APEX concept can clean this brine scale by a 
scouring action. 

Garnet bed density as 

tested and were adequate to  prevent 
effective i n  preventing fouling. 

including iron sulfide. 

3.1.2 Well 6-2 (Brine) 

operated i n  an unflashed condition 



U . 

Lid 
3.1, Conclusions (cont.) 

extraplated annual fouling factor is .012 hr-ft OF/Btu. 

facility cooling water (see Section 3.1.3). 

1 

2 The APEX set-up 
L 

1 indirectly with 6-2 brine; the fluid was used to heat the 
Y 

I Li 3.1.3 East Mesa Facility Cooling Mater 

I 1 The facility cooling water deposits a tenacious scale 
& which is predominately CaC03. 

The APEX concept is totally effective in preventing 
this scale when operated on a continuous basis. 
10 ft/sec and a bed density of 5 wt %, did not prevent scale buildup. 

Intermittent operation, at 
J 
J 

The cleaning mechanism may involve the bed material 
ki 

d preventing fouling, 

serving as nucleation sites for deposition of the scale. 

io2 and garnet bed materials'are effective in 

A velocity as 
effective in preventing scale. 

d 
d 3.1.4 

1 

APEX concept feasi bil i ty s demonstrated both with 
g water which formed a CaC03 scale. 

d 

J ions (solids recirculation time, 

lids density and vertical vs horizontal 

Y 

d ion occurs at 1 
, 

mesh garnet in the horizontal orientation. 1u u j  

9 
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3.1, Conclusions (cont.) 
IJ 

Vert ical  or ientat ion i s  an e f fec t i ve  method o f  over- d 

coming bed s t ra t i f i ca t i on .  u 
1 Low veloc i t ies and low bed pa r t i c l e  densit ies are 

Id 
1 

feasible i n  horizontal o r  ver t i ca l  un i ts  i f  continuous rec i rcu la t ion  i s  
employed. 

Y 
3.1.5 Portable Test T ra i l e r  

5 

The portable t e s t  t r a i l e r  concept was an e f fec t i ve  Y 

I 

d 
I operation. 

method o f  meeting the program needs f o r  instrumentation protection, 
working space f o r  the crew, spares and too l  storage, and experiment 

I 
d 

3.2 RECOMMENDATIONS 
1 

IrJ 
Long duration (1000 t o  2000 hr )  tests  are needed i n  subscale 

mu1 t i - tube exchangers t o  establ ish the APEX concept capabil i t i e s  f o r  appl i- 
cation i n  f u l l  scale plants. J 

J 

1 
\ 

Itid Experiments are determine the manifolding require- 
ments t o  assure adequate bed d i s t r i b u t i  u l  t i - tube exchanger. 

Research, design, and e erimentation work i s  necessary t o  
p a r e l i a b l e  sol ids 
able f o r  use i n  a 

ndl ing system using components which are 
binary cycle power plant. 

I 
d 

i 
I 

Analyt ical developmen f heat exchanger design model 
cl 

I extended based,on the f o l  i ng experiments : 
d 
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3.2, Recommendations (cont,) 

O Single tube tests to develop parametric data on minimum 
d 

acceptable design conditions for: 
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4.0 TECHNICAL DISCUSSION Irr 

L 4.1 EXPERIMENT DESIGN 

1J 4.1.1 Design Requirements and Criteria 

1 

The goals of the experiment design were to provide a 
system which would verify the APEX concept feasibility and capabilities 
for fouling control and durability at a geothermal well site. The chemical 
composition of the dissolved solids in the geothermal wells tested are shown 
in Appendix A. The design used existing Phase I equipment where possible. 
Other design requirements and criteria were applied to adapt to the capa- 
bilities and limitations of the East Mesa test site facilities, to achieve 
flexibility and simplicity o f  ope ion, and to pernit extended test dura- 
ti on capabi 1 i ty . 

d 
Id 

1 a 
1 u 

4.1.2 Process Flow 
il 
i 

Figure 2 is the process flow schematic developed for 
u 

the experimental setup. , This schematic contains a1 ternate circuits to per- 
mit testing with either br 
fluid in the APEX units. 
fouling fluid. The design temperatures, pressures, and flowrates have 
been indicated for this operatin 

d 
e primary testing effort is with brine as the hl 

li that case. 
de and the folfowing description is for 

I 

Three para1 le1 experiments were designed, two experi- 
ments employing the APEX concept, and one basel i ne experiment for comparison 
purposes. The three test exchang operate under essential 1Y identical brine 

the two APEX units was designed to be operated with a continuous recirculating 
bed density o f  3-5 weight % o f  100 mesh garnet sand. This was the most 
successful of the Phase I bed combinations tested. The second APEX unit 

J 

onditions. The baseline ex nger has no recirculating bed. One of J 

JCJ 

hl 

? 12 
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4.1, Experiment Design (cont.) 

was planned t o  operate on a duty cycle where the bed circulates under the 
same conditions as the first APEX u n i t  b u t  fo r  only a fraction of the time. 
The duty cycle operation results i n  a savings i n  recirculation pump net power, 
reduced potential erosion damage, and minimized MTD reduction experienced 
due t o  recirculation. 

I 1  

, 

d 
ai 
J 
id 

111 
Li 

J 
J 

The experimental exchangers are double pipe u n i t s  w i t h  
u l i n g  f l u i d  flowing through a center 3/4-inch, 16 gauge tube w i t h  

the clean working f l u i d  flowing through the annulus formed by a 1-inch 
schedule 40 pipe which jackets the 3/4-inch tube. A 3/4-inch diameter 
tube  was selected as being representative of the tube size which would be 
selected i n  a final heat exchanger design. ASTM A-179 carbon steel heat 
exchanger t u b i n g  was picked for the exchanger brine tubes and ASTM A-106 
Grade B seamless pipe and tubing  for a l l  other p i p i n g  because (1) i t  is 
the brine pip ing  material i n  use a t  the East Mesa f ac i l i t i e s ,  (2)’success- 
ful application o f  carbon steel results i n  a more economic design, (3) fou l ing  
caused by corrosive action can be 
than more exotic materials t h u s  p 

h i  

ected t o  be more severe i n  carbon steel 
d ing  a better t e s t  of the concept. 

1 Inlet pressur and temperature conditions were chosen 

t has the highest dissolved solids 
U n the brine conditions establi  d for Well 6-1 i n  the East Mesa 

T h i s  well was selected becaus 
content of any of the wells i n  that  f ield.  
result i n  the most rapid fouling under the normal op 

I t  was therefore expected t o  
t i n g  conditions of a 

ry exchanger i n  a bina 

I 

d lished a t  10 ft/secon 
flowrates i n  excess o 

rrl fication o f  the bed m 
and diameter. The bulk  of the Phase I t es t s  establishing the concept 

i 

j-U - 
I 14 



4.1, Experiment Design (cont.) 
i 

1 
d 

-4 
feasibility were therefore performed a t  a nominal 10 ft/second. 
velocity was selected for Phase I1 to  avoid introducing a new variable. 

The same 

The brine circuit consists of a noncondensable 
separator a t  the brine supply to remove entrained gas and to insure 100% 
l i q u i d  t o  the experiment, a supply manifold feeding the three experimental 
exchangers, and a br ine return manifold equipped w i t h  a backpressure control 
valve to  prevent flashing w i t h i n  the experiment. 

J 
- 1 

The APEX 200 exchanger is provided w i t h  alternate p ip ing  
such that i t  can be diverted from its primary experimental function and 

~ used to  condition the brine to a temperature. T h i s  provided 
- 1  i l i t y  for subcooling the delive I 
# The selected bed recirculation approach for the APEX 

exchangers makes use of sand slurry pumps. 
discharge from the experimental exchanger, 
solids discharge from the separator t 
stream i n t o  the exchanger, thereby p 

slurry pump, located a t  the I 
1 the pressure Of the 

-4 i 
ice which bypasses flow from the l i q u i d  leg 

1 

ated water as the working f lu id .  
rimental exchangers is controlled 



4.1, Experiment Design (cont.) 4 
! 

I -d by a valve which regulates the flow of the faci l i ty  cooling water to the 
working f l u i d  cooler. A working f l u i d  inlet  temperature of 190OF was 
selected for two reasons. 
experimental exchanger than would be experienced i n  a prototype u n i t .  T h i s  
tends to  promote more rapid foul ing  from dissolved solids which have a 
normal so lubi l i ty  curve. More importantly, it results i n  more heat removal 
from the brine and hence a greater temperature difference between the 
recirculating bed and the inlet brine from the well. The brine flowrate 

the bed injector; therefore the highertemperature difference results i n  
greater accuracy. 

4 

The resulting MTD is considerably higher i n  the , 
I d 

1 
: 

I through the experimental exchanger is calculated from a heat balance around 
"ec 

I 

The working f l u i d  (shellside) flowrate t o  the experi- *d 
mental exchangers is  regulated by a flow control valve i n  the inlet  leg 
o f  each exchanger. The controlling signal t o  the valve comes from an 

i f ice  flow element. The shellside flowrate was established a t  10 GPM, 
e same flowrate as on the tubeside. T h i s  results i n  the temperature 

difference across the exchanger remaining almost constant from inlet to  
outlet. By maintaining a nearly constant temperature difference, the log 
mean temperature difference and the average temperature difference are 
kept essentially the same. Since the heat transfer coefficient v isu  

2 

-J 
-J 
- m J  

7 
-#d 

Figure 3 is the p and i ns trumentat i on design 
setup. This diagram does not 

ooling water as  the 

I 
4 .... 
" Q  
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4.1 Experiment Design (cont. 1 

Id 
I 

The instrumentation plan, i n  general, was t o  continuously c1 

u record a1 1 measurements c r i t i ca l  t o  the analysis of the experimental 
exchangers. Measurements required for the operation of  the equipment were 
presented on local indicators. 

ki 
The following description of the design shown on 

Figure 3 for APEX No, 200 is applicable for a l l  experimental exchangers. 

I Referring to  Figure 3, the brine feed for each experi- 
ment is  tapped from a main two-inch diameter pipe manifold. The flow is  
measured and controlled us ing  a magnetic flow element. Other flow measure- 
ment systems were considered bu t  rejected because of the concern that pro- 

Li 

gressive error would be introduced due t o  corrosion of the sensing 
elements. The flowrate is remotely recorded. The brine temperature is 
measured and recorded us ing  platinum resistance probes for accuracy. 
Downstream of the bed material injection p o i n t  the flow passes through 
a s i g h t  glass for visually observing the bed material flowing and estimating 
the density. The brine coolant temperatures are measured and recorded a t  
the entrance and ex i t  of the t e s t  exchanger using the same type of platinum 
resistance probes. These temperatures are used for  MTD, heat load, and 
flowrate calculations and for  i n p u t  to  the heat transfer coefficient meter. 
The pressure drop across the exchanger is measured and recorded using a 
differential 
reaction w i  t h i  

u, 
L 
il 
u 

sducer. The AP was intended as a check on the 
e the AP tends to  increase w i t h  fou l ing  

w i t h  corrosion. 

( 1  After leaving the test heat exchanger, the brine 
enters the separator where the sol d bed material is separated from the i; 

e. The solids are  reinjected n to  the fresh brine upstream of the 
anger, and the spent l i q u i d  brine returned t o  t h e  site f ac i l i t i e s  via 

a collection pot.  Both the l i q u i d  and sol id  discharge from the separator 
is monitored w i t h  s i g h t  glasses t o  observe the bed flow characteristics. 

Lki 

ca I 

n i  
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4.1, Experiment Design (cont.) u 
Each experimental exchanger module i s  provided w i t h  

block valves a t  the in le t  and return manifolds of both the brine and coolant 
sides t o  permit isolation o f  the experiment for repair or maintenance. 
Each exchanger is also equipped w i t h  a bypass so that the entire system can 
be started and flows adjusted and s abilized before the exchangers are 
brought on stream. 1 i; 

ii 
iJ 

Loading and unloading of the bed material is accomplished 
i n  the same manner as on the Phase I effort .  The bed material i n  the 
particle loader is  fluidized and injected using the slurry pump. 
is opened and ROV 220 is cycled u n t i l  the desired loading, as determined 
by the sightglass or sampling is achieved. Unloading is  accomplished by 
cycling the pump u n t i l  the bed material is removed. 

Valve V-220 

L 
& 
1 t  

Samples of the brine and bed are obtained a t  the mid- 
p o i n t  of the exchanger where the two exchanger sections are joined. 
flow is directed t o  the collector by opening the sample bomb valves, V-208 
and closing V-207C. . A  sample is  trapped by reversing this sequence. 
bomb is removed by closing V-207A&B, and unscrewing the bomb from the 

ci rcui 

The 

The 
n 
I] 

n 
1; 

The coolant supply system consists of an 
a recirculation pump, a heat rejection cooler, a make-up water tank and a 
transfer pump. The accumulator is pressurized to  insure adequate NPSH for 
the recirculation pump. Bottle gulated nitrogen gas is provided to  

3 

ish this pressurization. e accumulator is equipped w i t h  a level 
which activates the transfer pump to  transfer make-up water t o  the 

The make-up water t’ank is open t o  atmosphere and as needed. 1 

f i l l ed  periodically as required. A coolant l ine has been provided t o  each 
experimental module brine circui t  t o  provide f l u s h i n g  capability i f  

Id 
(9 
L req u i  red. 

22 
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4.1, Experiment Design (cont.) 

4.1.4 Process Equipment 

The process equipment i s  made up o f  a combination o f  
standard commercial equipment, commercial equipment modified f o r  t h i s  
appl icat ion,  ALRC designed and fabricated equipment, and components recovered 
and refurbished from Phase I o r  ALRC surplus stores. 

4.1.4.1 Pumps 

The pumps are a l l  standard commercial uni ts.  The 
coolant rec i r cu la t i on  pump, P-1, i s  designed t o  supply 100 GPM a t  150 psid. 
This i s  considerably oversized f o r  the present experiment size, however, 
the next smaller size d i d  not provide any s ign i f i can t  f low margin and the 
cost d i f f e r e n t i a l  was minor. 

The make-up water t ransfer  pump, P-2, i s  the same 
pump used f o r  coolant rec i r cu la t i on  i n  program Phase I. This pump supplies 
5 gpm against a 150 ps i  head. 

The s l u r r y  pumps supply 20 gpm a t  40 psid. This i s  
considerably more head than required which presented a control problem. 
A var iable speed dr ive was considered but ruled out because o f  cost. A 
d i r e c t  ’pump bypass t o  permit operation a t  a d i f f e r e n t  po in t  i n  the pump 
curve was not pract ica l  because the pump curve i s  v i r t u a l l y  f l a t .  The by- 
pass system selected makes use o f  the pressure drop i n  the separator t o  
reduce the pressure t o  the desired level .  A supplemental benef i t  derived 
by rec i r cu la t i ng  c lear  br ine i s  t ha t  the weight X o f  sol ids pumped i s  
decreased, thus reducing the wear on the pump. 

I 

1 

I 

23 



II 4.1.4.2 Heat Exchangers 

The coolant heat exchanger, A-1 , is  a standard 4 
tubepass commercial u n i t  containing 37 square feet  of heat exchange sur- 
face. The coolant is tubeside and the fac i l i ty  water shellside. La 

The experiment exchangers, APEX 100, 200, and 300, 
are identical. These u n i t s  were fabricated a t  ALRC and are patterned af te r  

sections are constructed of a 3/4-inch t u b e  w i t h i n  a 1-inch pipe. The 
3/4-inch tube  is  held concentric w i t h i n  the pipe by a 1/8-inch round wire 
wrapped around the OD of the 3/4-inch tube i n  a spiral w i t h  1 t u r n  every 
2 feet. One end of the exchanger is sealed w i t h  a teflon ferrule t o  permit 
differential expansion between the pipe and tube. The tube and the annulus 
flow areas are approximately the same. T h i s  permits uti l ization of similar 
flowrates and similar velocities for both brine 
advantages i n  terms of operating3he experiment i n  the desired range of 
MTD and heat transfer coefficients. 

Li 
1 the Phase I u n i t s .  Each exchanger consists of two 10 f t  long sections. The 

iJ 

2 
u 
u 
!i 

6 
ii 
ill 

4.1.4.3 Tanks 

The coolant water t s, T-1 and T-2, are the ALRC 
which were used i n  Phase I of the program lon stainless steel tan 

and the water t 
et  the needs of t 

The connections on the tanks have been 
urrent program. 

The collection PO 00, and the particle 



4.1 , Experiment Design (cent.) 

Separator 

The separators, S-200 and 5-300, are standard comer- i I  
cia1 cyclone units identical t o  the separators used i n  Phase I except for  
the size. 

u 

4.1.4.5 Trailers 

a t  

L i  
The equipment t r a i l e r  is a 16-foot flatbed u n i t  

The t r a i l e r  is equipped w i t h  capable of transporting a 6,000 l b  load. 
jacks a t  each corner for anchoring and leveling. All the process equip- 
ment  and p ip ing  are mounted on this t ra i le r .  

! !  

LI 
: 1  

El 

The instrumentation t r a i l e r  i s  a modified 28-foot 
travel t r a i l e r .  T h i s  t r a i l e r  has been modified by replacing the beds w i t h  
instrument racks. The travel t r a i l e r  houses a l l  the remote instrumentation 
and controls, spare parts, tools, as well as providing work space for the 
ALRC operating crew. Figure 7 i l lus t ra tes  the t r a i l e r  modifications made. 

4.2 FABRICATION 

Figure 8 shows an ove 11 view of the office t r a i l e r  and the 
f l a t  bed equipped t r a i l e r  containing the t e s t  setup. 

I 

ibl 

, and 11 are views of the t e s t  setup from the 
r i g h t  and lef r. Figure 9 shows the contactors which - 
provide power t o  operate t the local flow and pressure indicators, 
and the pressurizing gas b the coolant tank pressurization system. 
Figure 10, taken from the ide, shows the sand loaders and collec- 
tion pots on the near side of the bulkhead. The holes through the bulkhead 
allow viewing of the various sightglasses. The separators are behind the 



91
 

$"
 

I 

f: e E 3 J J
 

J
, .. 

n 



k 

U
 

c
 

4
 
E
 

0
 

c, 
4
 

c, 

.c
 

c L c, 
v
) 
E
 

C
I 

x
 

27 



d U U i 

b
 

28 



JLI- - 
Figure,lO. APEX EqOipment Trailer - Left Side 
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hr 4.2, Fabrication (cont.) 
* ,  

d 
E 

bulkhead and the brine pumps below the bulkhead. The three APEX t e s t  
exchangers can be seen i n  the r i g h t .  They are stacked w i t h  APEX 100 on 
top and 300 on the bottom. The sample collection devices for each u n i t  
can be seen on the ' f a r  r igh t .  The coolant cooler is below APEX-300. 
Figure 11 taken from the rear, shows the APEX exchangers and the connec- 
tion between the f ac i l i t y  plumbing and the test rig. 
tank can be seen next to the office t ra i le r .  

The coolant holding u 
ai 

u 
u 
U 
IJ 
Li 
U 

Figure 12 is a photograph of the instrumentation console which iJ is located i n  the office t ra i le r .  
are located on the top r i g h t  of the console, from l e f t  t o  r i g h t  are APEX-100, 
200, and 300. The flow recorder-controllers are located i n  vertical sequence 
below the heat transfer coefficient meters wi th  APEX-100 on top. The 
coolant flow controllers are on the r i g h t  hand side and the brine controllers 
on the l e f t .  
and 300 are located t o  the r i g h t  of the flow controllers. 

The heat transfer coefficient meters 

The brine in le t  pressure and AP recorders for APEX-100, 200, 

The l e f t  half of the console contains a digital clock a t  the 
top. The three recorders i n  the center r i g h t  are temperature recorders 
for ,  from left  to  r i g h t ,  APEX-100, 200, and 300. The pressure recorder 
for the coolant return manifold and the brine inlet and return manifolds 
is located on the l e f t  between the clock and the temperature recorders. 
The bottom section of the console contains the switches for operating the 
pumps, the brine in le t  valve, the sand loader valves. 

d 4.3 TESTING 

4. Laboratory Veri f i cation 

" 1  

Phase I1 process schematic, Figure 3, is similar 
t o  that  used i n  Phase I w i t h  the major exception that a slurry pump is  

/til 
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lu Figure 12. APEX Instrumentation Console 
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L1 4.3, Testing (cont.) 

used t o  reinject  the recirculating bed material i n t o  the brine rather than 
the eductor used i n  Phase I. 
the approach which would be in i t i a l ly  considered for a full scale u n i t .  

T h i s  is  considered t o  be representative of 
Li 

d 
d 

u 
Duration testing of the slurry pump was required before 

i t  could be selected as a viable component for  the Phase I1 f ie ld  testing 
effort .  
bed material of the particle density, size, and weight % planned, (2)  t o  

the wear patterns o f t h e  pump so that adequate and proper spare parts were 
on hand a t  the t e s t  s i te .  

The t e s t  goals were t o  (1) establish that the pump will circulate 

I 
I 

establish the rate  of decay of pressure head developed, and (3) t o  establish 
d 

l a 
J 

The duration testing of the pump was performed using 
ambient temperature deionized water 
added. 

ich garnet sand bed material was 

Figure 13 i s  a photograph of the test setup w i t h  the 
pump disconnected from the suction and discharge pipe. The bed loader and 
the sampling system from the Phase I program were incorporated i n t o  the 
s e t u p  for loading the bed material and t o  sample the recirculating slurry 
for  determination of weight % sol 
pump head developed was taken out 

il 

u 
and particle s i t e  degradation. The 

ross an or i f ice  plate. 

4.3.2 Well S i t  

d up and Checkout 

Ld 
I 

The tasks required to  setup and checkout the t e s t  
included the instrumentation connection between the console and the test 

plumbing of cooling water and brine from the f ac i l i t i e s  t o  the trailer, 
electrical  hookup, instrumentation calibration, insulation of the t e s t  

rJ \ 
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4.3, Testing (cont.) 

exchangers, and setup of the coolant supply and pressurization system. No 

significant problems were encountered except w i t h  the brine supply system. 
Several modifications were required t o  the brine supply system before 100% 
l i q u i d  could be delivered t o  the experiment. 

I t  was necessary t o  provide both a noncondensible 
disengaging tank and a subcooling circuit  t o  achieve satisfactory operation. 
Figures 14 and 15 i l lus t ra te  the f ina l  brine supply system utilized during 
the experiments. Figure 14 shows the disengaging t a n k .  This t a n k  was 
patterned af ter  the tank design developed by Battelle t o  handle noncon- 
densables from #ell 6-1. I t  was constructed from 12-inch pipe and designed 
t o  provide the same residence time as the Battelle u n i t .  The inlet  t o  the 
tank from the well i s  the insulated l ine on the l e f t  side. A bypass stream 
from the well t o  the flasher tanks was provided and used when the experi- 
ment was shut down temporarily. A small 3/4-inch l ine can be seen j o i n i n g  
the brine supply a t  the tank inlet .  T h i s  i s  the cool brine being recir- 

from APEX-ZOO h e subcooling. The noncon- 
through the control valve t o  

the brine return l ine r. The brine supply i s  fed 
from the bottom of the t a n k  t o  the AL 

nections a t  the t r a i l e r  end. 
he two lines on each side are 

i s  the cool brine for brine 
supply subcool ing. Th 
the ALRC experiment. 

esigned ' to operate on a 
continuous basis for four weeks except for periodic shutdowns necessary , 
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Figure 14. Vapor Disengaging Tank 
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Figure 15. Facility Piping to ALRC Equipment Trailer 
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4.3, Testing (cont.) 

for maintenance. 
attendance, an automatic alarm device was incorporated into the system such 
that any cr i t i ca l  component failure would close the brine supply valve and 
the closing of the supply valve would activate a red warning l i g h t .  

I 1  

In order t o  accomplish this w i t h o u t  the expense of constant Y 

L 
I 

li 
A number of shutdowns occurred dur ing  the course of 

The unscheduled shutdowns the experiments both scheduled and unscheduled. 
were generally a result  of both f ac i l i t y  and test equipment blown c i rcu i t  
breakers. This problem was corrected by bypassing redundant breakers and 
balancing the electrical  load between phases. On one occasion, pressure was 
lost  i n  the coolant tank, s h u t t i n g  down the system. T h i s  was due to  a stuck 
check valve. A single unscheduled interruption occurred when facil  Sty 
instrument a i r  pressure was lost. 

I 
u 

Most equipment failures could be anticipated by 
closely monitoring the system performance dur ing  operation. 
cases, shutdowns were scheduled a t  convenient times and components were 
repaired dur ing  a single shutdown. Shutdowns were ncessary for the 

In  these i; 

u 
u 
u 
IJ 

ture probe repl acement. 
chanical seal repl acement (2 pumps). 

3. 
4. Coolant exchanger cleaning (twice). 

Frequently, the shutdowns d id  not require both 

Pump shaft replacement (1 pump). 

I 1  time lo s t  for  shutdowns during the Group 1 
APEX-100 and 73 hours Lil 

on APEX-300. 
Y 

r j  
Irl 
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iiii 4.3, Testing (cont.) 

4.3.2.3 Test Conditions 

Three groups o f  tests  were performed a t  the geothermal 
t e s t  s i te .  The nominal operating points f o r  each t e s t  group are presented 
i n  Table I. The f i r s t  group of tests were performed using br ine from Well 6-1 
as the fou l ing medium. The second and t h i r d  t e s t  group u t i l i z e d  the f a c i l i t y  
cooling water f o r  the fou l ing medium. Well 6-2 was used t o  provide the heat 
f o r  the working f l u id -du r ing  group 2 and 3 test ing v i a  the baseline heat 

1 

u 
u 
u 
I ’  

exchanger. 

2.3.1 Group 1 Testing 

Two experimental heat exchangers were employed 
The baseline APEX 100 u n i t  provided fou l ing data during group 1 testing. 

on the br ine from Well 6-1 under conventional operation and the APEX-300 
u n i t  demonstrated the r e l a t i v e  performance o f  the APEX concept. The APEX-200 
u n i t  was diverted from i t s  o r i g ina l  experimental purpose t o  provide sub- 
cool ing f o r  the br ine during group 1 test ing. 

ii 
il 
1 

li 

The operating flowrates were unchanged from the 
design values shown i n  Figure 2. The br ine temperatures were adjusted 
f r o m  the o r i g i n a l  design values s l  

from 175°F t o  190OF. This change was made t o  reduce the heat load and 
increase the MTD i n  the working fl 
from the fac i l  i t y  water would req 

i t h o u t  t h i s  change. 

h t l y  because o f  the necessity f o r  sub- 
cool ing the brine. The working f l u i d  i n l e t  set  temperature was increased i 

cooler. The rapid foul  i n g  experienced 
inconveniently frequent cleaning shut- 

I / <  

i 
bid 

Raw data was measured on both the baseline exchanger, 
APEX-100, and the rec i r cu la t i ng  bed exchanger, APEX-300, a t  l eas t  twice a day. 

C $  
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1 Basel ine 

APEX-200 

APEX-300H 

2 

6-1 Br ine  
I, 

- I, 

P 
0 

APEX-200 

APEX-300V 

Basel ine 

APEX -200 

APEX- 300V 

3 

F a c i l i t y  
Wat$r 

6-2 Br ine  

F a c i l i t y  
Water 

8 ,  

I 
I 

I 

Tubes 
Flow 
GPM 

10 

7 

10 

- 
- 

9 

10 

10 

14 

6.5 

6.5 

Temper 
I n l e t  

325 

320 

31 5 

325 

70 

70 

- 

330 

75 

75 

le 
ure OF 
u t l e t  - 
2 70 

250 

260 

255 

115 

115 

285 

120 

120 

TEST SUMMARY 

F l u i d  
GPM 

Clean 
Deoxygenated 

Water 

,I 

e, 

e l l s i d e  
Flowrate 

GPM 

10 

14 

1c 

12 

10 

10 

, 9  

6 

6 

m 
[nlet 

190 

190 

190 

190 

190 

190 

185 

185 

185 

ure  OF 
l u t l e t  

245 

225 

245 

245 

145 

145 

255 

125 

135 

Mater ia l  

N/A 

None 

Garnet 

N/A 

Garnet 

Garnet 

N/A 

Si02 

Garnet 

i Make-up 

Size-Mesl 

+ 

+ 

100 

‘t 

100 

100 

-+ 

90 

100 

Duty 
Cycle 

+ 

+ 

2 hrs/day 

+ 

Variable 

2 hrs/day 

+ 

Cont. 

8 hrs/day 

Funct ion 

Basel ine Fou l ing  

Subcool Br ine  

APEX Experiment 

Heat Working F l u i d  

APEX Experiment 

APEX Experiment 

Heat Working F l u i d  

APEX Experiment 

APEX Experjment 



4.3, Testing (cont.) 

The APEX-300 data was taken j u s t  before bed addi t ion and j u s t  a f te r  bed 
removal, t o  best observe the ef fects  o f  the bed. The data f o r  APEX-100 
was taken as close t o  12 hour in terva ls  as could conveniently be accomplished, 
t o  provide the most uniform time spread between data points. 

The temperatures a t  each c r i t i c a l  s ta t i on  i n  the 
heat exchanger loop, both coolant and brine, were recorded, as were the 
flowrates t o  the exchanger and the U-meter reading. The U-meter was wired 
t o  integrate a simultaneous reading o f  a l l  the c r i t i c a l  temperatures used 
t o  calculate the heat transfer coef f ic ient .  The coolant temperatures were 
used i n  t h i s  temperature in tegrat ion f o r  the heat load calculat ion. The 
U-meter thus has the advantage o f  simultaneous temperature readings whi 1 e 
the indiv idual  temperature data were read as they were recorded on a s ix-  
po int  recorder, which has about a one-minute cycle. 
technical object ion t h a t  the average temperature dif ference i s  used i n  the 
presentation rather than the l o g  mean temperature difference. This objec- 
t i o n  i s  academic i n  the case o f  the experiments conducted because, i n  a l l  
cases, the i n l e t  and o u t l e t  temperature differences were maintained very 

The U-meter has the 
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4.3, Testing (cont,) .. 
M was therefore used exclusively f o r  the major port ion of the heat transfer 

I coef f ic ient  calculations and the use o f  individual temperature readings were 
% l imi ted t o  heat load calculations f o r  comparative purposes, t o  provide a 

check on the v a l i d i t y  o f  the data point and f o r  recirculat ion flowrate 
w calculations . 

Appendix B sumnarites the reduced data from tes t  
group 1 and describes the techniques, formulas, and assumption made i n  
reducing these data and determining a tubeside foul ing resistance. ~ 

--Id 

i 
*rSi 

I 4.3.2.3.2 Group 2 Testing 

=d 
Group 2 tests were conducted fol lowing the 

1 6-1 using the f a c i l i t y  water, which had been used f o r  
cooling, as the foul ing f lu id .  The f a c i l i t y  water had exhibited strong 
foul ing characterist ics when used t o  cool the working f l u i d  during previous 
testing. 

The tes t  r i g  was modified t o  permit f a c i l i t y  water 
APEX-ZOO or APEX-300 experimental 

1 

base1 ine APEX-1 00 r was set up t o  operate i n  the 
ubeside and working f l u i d  (clean 

i vides the dual function 
-a o f  providing the 

-1 

-bi 

- 
, I  

I 

ng sequence f o r  the supplemental 
5 

I new system. These tests we 

performed using the baseline exchanger and the APEX-200 uni 
experiment was blocked while being modified f o r  ver t ica l  op 

d 



4.3, Testing (cont.) 

dur ing  this in i t i a l  t e s t  series. Only a single APEX experiment can be con- 
ducted us ing  the modified system under normal operating conditions. 
is limited by the capacity of the baseline exchanger t o  heat the working 
f lu id .  

This  

The APEX-200 was tested for three days under the 
same flow rate  conditions as used i n  the previous t e s t  series to :  
that  the system would scale, and (2)  verify that the APEX concept would 
remove the scale. A t  the conclusion of the verification testing, the 
APEX-200 was s h u t  down and the vertical APEX-300 was brought on stream under 
identical operating conditions so that the relative merits of vertical and 
horizontal operation could be analyzed. 

(1)  verify 

The same basic procedures for  measuring and col lec- 
t i n g  raw data were followed i n  group 2 testing as described previously 
for group 1 testing. Some simplifying procedures were followed i n  data 
reduction and analysis procedures. The uniformity of the flowrates measured 
made the procedures previously used of computing separate she1 1 side and 
tubeside heat transfer coefficient unnecessary. 
directly from the overall oefficient calculated from the 
U-meter readings. 

The fouling was computed 

4.3.2.3.3 Group 3 

re performed using f ac i l i t y  water 
p t  effectiveness a t  lower 
d procedures f o r  group 3 

as the fou l ing  medium t o  
operating velocities . 
t es t s  were identical t o  g r  
flowrates i n  the APEX exc 
permitted simultaneous op APEX-300V. The base1 ine 
exchanger was able to  provide sufficient heat to  the working f l u i d  to  handle 

i t h  the following exceptions. 
were reduced, (2 )  the reduced flowrates 

(1 )  the 
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4.3, Testing (cont.) 

both exchangers a t  t h i s  reduced heat load condition, (3) Si02 bed material 
was subst i tuted f o r  garnet bed material i n  the hoi izontal  uni t ,  (4) a con- 
tinuous rec i r cu la t i on  mode was used i n  the horizontal APEX u n i t  and the bed 
material was recirculated f o r  eight hours each day i n  the ver t i ca l  un i t ,  

The basic data analysis procedures used f o r  the 

I 

group 2 tests  were u t i l i z e d  f o r  analysis o f  the group 3 tests. 
temperature f luctuat ions o f  the process streams during group 3 tests  were 
o f  a greater magnitude than encountered i n  previous test ing. It was con- 
sidered necessary t o  correct  the measured heat t ransfer coe f f i c i en t  t o  a 
base1 ine temperature condition. The data were corrected t o  an average 
cool ing water temperature of 93OF and an average working f l u i d  temperature 
o f  150OF. The formula used t o  compute ht i n  group 1 tes t i ng  was used t o  
adjust the tubeside and shel ls ide heat t ransfer  coeff ic ients.  

However, the 1 
c l  
it$ 

. I  

1 1  

4.4 TEST RESULTS ol 
Test resul ts  are presented n t h i s  section. In terpretat ion 

o f  the resul ts  are discussed i n  the nex section (4.5). 

4.4.1 

Two 100-hour laboratory tests  on the s l u r r y  pump, 
Conducted t o  q u a l i f y  the pump 

ead. Both tests  were t 
isclosed no degradation of the developed 
inated because o f  excessive leakage of the 

a1 . Figure 16 i graph o f  the mechanical se 
ed; however, the carbon f a  lil worn. Figure g and impeller a f t e r  the 

f i r s t  100-hou e l l e r  vanes was experienced. I 1 
1 

Y 
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-< J Figure 17. Pump Casing and Impeller After First 100 Hour Test I 
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4.4, Test Results (cont.) 

The s l u r r y  pump qua l i f i ed  f o r  use i n  the Phase I 1  
It was anticipated from these tests  that  frequent replace- f i e l d  test ing. 

ment o f  the mechanical seals could be required when continuously r e c i r -  
culat ing bed materials. Therefore, spare seals were purchased f o r  backup 
during the f i e l d  test ing.  

ii 
i t J  

1 The d u r a b i l i t y  resul ts  o f  these tests  have l i t t l e  d i r e c t  
re la t ionship t o  the a p p l i c a b i l i t y  o f  s l u r r y  pumping f o r  the f u l l  scale 
application. 
qua l i f i ed  as adequate f o r  experimental t e s t  duration only. Slurry pump 
manufacturers do not ant ic ipate excessive wear i n  larger  sizes. 

The pump was selected pr imar i ly  based on a v a i l a b i l i t y  and was 

ci 
k 
u 
u 
il 
d 

P I  

4.4.2 Well-Site Tests 

The fou l ing t e s t  resul ts  are presented f o r  a l l  three 
groups o f  tests  by p l o t t i n g  the calculated tubeside fou l ing as a function 
o f  t e s t  duration. the fou l ing i s  determined by measuring the decay i n  
overal l  heat t ransfer  coeff ic ient ,  which i s  a subtraction process. 
t ha t  the absolute accuracy o f  the temperature instrumentation i s  not of great 
signif icance i n  determining the accuracy o f  the raw data, but rather the 
repeatabi l i ty  i s  s ign i f icant .  The repeatabi l i ty  o f  the platinum resistance 
probes used can be considered t o  be o r  pract ica l  purposes. The 
manufacturer specif ies 5 0.05OC a t  0' 

This means 

iJ 

t o  which the raw data can be read can d large inf luence on t h  overal l  accuracy. The U-meter, which in te-  
grates a l l  the c r i t i c a l  temp ature readings i n t o  one v o l t  

i t a l l y  can be read w r ro r .  Flowrates can 
- which could introduc 
flowrates and a 1.5% e r ro r  i n  

hi 

$r 

1% i n  Group 1 and 2 tes t ing '  



4.4, Test Results (cont.) 
1 

Minor fluctuations i n  operating temperatures occur due 
T h i s  has a minor influence on heat t o  supply water temperature variations. 

transfer coefficients because of changes i n  f l u i d  properties w i t h  tempera- 
ture. 
Group 1 and 2 testing. A maximum error of - + 1% i n  ht is possible due t o  
brine temperature fluctuation. The temperature fluctuations- experienced i n  
Group 3 te_sting were more extreme and corrections were made t o  allow for  
these fluctuations i n  the data reduction of APEX-200. 

These variations were not considered t o  impact the data reduction for 
Li 
iil 
d 
u the Group 3 testing of the APEX-200 has an additional 

The weight % 
error not encountered on other tests.  T h i s  is that heat transfer data 
was measured while the bed material was being recirculated. 
bed material being circulated a t  a specific time has some influence on the 
recirculation flowrate and possibly some influence on heat transfer coeffi- 
cient if sufficient sand is i n  the system. The heat transfer data taken 
simultaneously w i t h  a bed sample i n  which the weight % o f  bed material is 
determined to  f a l l  w i t h i n  a narrow range, so 5 to  lo%, would not be sub- 
j e c t  to  error due t o  the recirculation flowrate uncertainty. Data fa l l ing 
outside this range could be less accurate. 

1 

ibl 

IJ 
u 

til 
u 

i 
The effect  of the maximum errors i n  flowrate and 

tures on tubeside and shelrside resistances were computed assuming 
h parameter was i n  error i n  the direction to  cause t greatest deviation. 

A potential error of 
and 2 t e s t  data. The potentia error for  Group 3 tests was - + 13.5 x loo6 

5.4 x loW6 hr-OF-ft2/Btu was calculated 

iJ 
I d for  process strea 

ei ia l  error. T 

t 2 / B t u  for the APEX-200 n i t .  The APEX-300 i n i t ,  which was not 

ii 
hid 
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4.4, Test Results (cont.) 

The potent ia l  errors calculated when compared t o  the 
data generated were not o f  ,a s u f f i c i e n t  magnitude t o  influence the v a l i d i t y  
o f  any o f  the conclusions reached o r  any o f  the trends displayed on the data 
p lo ts  . 

The t e s t  resul ts  are presented i n  t h i s  section and they 
are discussed and interpreted i n  the next section. 

4.4.2.1 Group 1 Test Results 

A p l o t  o f  the fou l ing resistance as a function o f  time 
f o r  the baseline exchanger, i s  shown i n  Figure 18. The ear ly  data, points 
2 through 6, have been discarded because the temperature probe which measures 
the br ine i n l e t  temperature was found t o  be bad when checked between the 
t i m e  o f  data points 6 and 7, and i t  appeared t o  have been progressively f a i l i n g  
from examination o f  the data. 

The fou l ing character ist ics o f  the base1 ine exchanger 
are subject t o  some speculation. The f i r s t  230 hours o f  operation are 
straightforward and the data are well  behaved. The data can be well  repre- 
sented by a smooth curve. A t  the 230 hour po in t  a rad ia l  change i n  the 
data occurs. Several interpretat ions o f  t h i s  phenomenom are possible. 

Figure 18 shows the in terpretat ion o f  the data which 
ALRC believes t o  represent the t r u e  condition. The fou l i ng  proceeds on 
approximately a s t ra igh t  1 ine basis w i th  d iscont inu i t ies occurring i n  the 
l a s t  170 hours of t es t i ng  i n  which the fou l ing buildup i s  reduced s ign i -  
f icant ly .  A review o f  the data shows a power f a i l u r e  occurred between two 
o f  the three d iscont inu i t ies and the equipment was shut down wi th  the br ine 
locked up i n  the exchanger fo r  an extended period. This could permit some 
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4.4, Test Results (cont.) 

of the scale to return to solution as the brine cooled, assuming CaC03 as a 
scale constituent or possibly thermal contraction and subsequent expansion 
of the tube dislodged a portion of the scale. No anomaly of this sort can 
be observed i n  the data which would account for the t h i r d  discontinuity. 
Other shutdowns occurred which d i d  not influence the foul ing buildup. 

-J 
1 -A 
a 

-d 

3J 

J 

4 

i 

The actual shape of the fouling rate curve of the 
baseline exchanger has no significance regarding the functioning of the APEX 
concept, although i t  may be significant i n  determining if the APEX concept is 
required i n  the primary heat exchanger design for use i n  a binary cycle 
geothermal power plant. The significant point is that  the baseline exchanger 

"hi d id  foul. 

The fouling film accumulated i n  the equivalent of 
10 days operation was on the order of '0.0001 hr-OF-ft  / B t u .  Th i s  is the 
equivalent of a fouling film thickness of about 3 mils, assuming a scale 
thermal conductivity of 1/10 that of steel. T h i s  compares closely w i t h  the 
2 mil ' average thickness actually measured d ng subsequent heat exchanger 

2 
* I  u 

1 

$ 
-*J tube sectioning and inspection. 

The fouling. results obtained on APEX-300 are shown 
e 19. Data points 2 through 6 have been rejected as inva l id  

e of temperature probe damage, was experienced on APEX-100. The 
n of the bed material s indicated by the solid bars along 
he p lo t  along w i t h  the weight % bed material, when available. 

material. The dotted lines end of the, testing effort 

I rd indicate test points i n  whic garnet was being 

he bed material. The APEX-300 
> 

u n i t ,  is consistently 1 -d 
1 tha t  the exchanger t testing is cleaner than 1 

l .  

the init ial  s t a r t  point, which was assumed to be the clean condition. In a l l  
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4.4, Test Results (cont.) 

9 '  

cases where garnet bed material was used, i t  w i l l  be observed tha t  the 
exchanger tends t o  fou l  u n t i l  the bed material i s  added and tha t  immediately 
a f t e r  the bed i s  removed, the exchanger i s  i n  a cleaner state than j u s t  before 

data spread i s  i nsu f f i c i en t  t o  establ ish c l e a r l y  whether the fou l ing f i l m  

i s  t o t a l l y  removed each t i m e  the bed i s  added. I n  one case, beginning a t  
the 135 hour point, two'days elapsed between bed inspection instead o f  the 
normal one day. Examining 
the data subsequent t o  th is ,  i t  appears t h a t  several days operation were 
required t o  re tu rn  the exchanger t o  the leve l  o f  cleanliness ex is t ing 
before the two-day build-up, but it d i d  re turn t o  t h a t  condition. 

$i 

I the bed was added. This c lea r l y  demonstrates tha t  the concept works. The iJ 
ikl 

id 
i' 
I B I  
ii 
c1 

i ll 
il 

In t h i s  case, a larger  fou l ing f i l m  b u i l t  up. 

The resul ts  obtained w i t h  the Si02 bed material are 
not conclusive. The Si02 material appeared t,o perform s im i la r  t o  the garnet 
f o r  the f i r s t  two days o f  operation. 

l i g h t e r  than the garnet, exhibited a tendency t o  be carr ied out the overflow 
o f  the separator ra ther  than reinjected and i t  was d i f f i c u l t  t o  maintain a 
s ign i f i can t  weight percent o f  bed material flowing. This could have 
been corrected by an adjustment t o  the bypass o r i f i c e  diameter. 
w e l l  plugged before t h i s  adjustment could be made. 

No improvement was noted af ter  bed 
the l a s t  two days o f  testing. Further, the Si02, being considerably 

The 6-1 El 
hanger tubes were removed a t  the end o f  

hase and sectioned a t  var ous posit ions for  photographic examina- 
easurement o f  the tube co cl i t ion af ter  t es t i ng  w i th  w e l l  6-1 br ine-  

1 ;  ! of the APEX heat exchanger tubes 
sectioned a t  various PO f l u i d  entrance and ex i t .  A l l  

the tubes showed some d 
%I 
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- i  4.4, Test Results (cont.) b . 
Tubes w i t h  no solids circulation were visibly fouled. 

The base1 ine heat exchanger tube, APEX-1 00, was ci rcumferential ly covered w i t h  
scale the entire length. Similarly, the brine coolant exchanger tube, 
APEX-200, had the same appearance. 

-J 

d 
-J 

= b J  

I 

The tube w i t h  solids recirculation, APEX-300, was 
streaked w i t h  a clean surface along the entire bottom side i n  i ts hori- 
zontally mounted position. The clean surface covered an angular profile 
between 120" and 180". Figure 21 shows a section of the APEX-300 tube 
separated to  i l lustrate bottom and top  surface conditions. 

the scale interfaces w i t h  the clean s 
i n  .Figure 22 that where scale formation occurs, more reaction w i t h  the carbon 
steel tub ing  is observed. 
clean would be better i n  preventing chemical attack o f  the tube. A 
chemical analysis of APEX-100 t u b e  scale seems to indicate a scale/tube 
reaction due t o  large concentration of i r o n  found. Table I1 contains a 
chemical analysis o f  the APEX-100 tube scale. Iron, silicon, zinc, arsenic, 
and sulfur were most noticeable among the elements analyzed. The scale 
elemental consistency was nearly the same i n  the two tube units tha t  made 

Figure 22 shows 
I 

l 
I 

a l O O X  magnification of the edge of a PEX-300 tube a t  the location where 

-4 

-Li 

T h i s  would tend to  suggest that a tube maintained 
7 

-J 
1 

-Y 

4.4.2.2 Group 2 -J 

-ri performed using facil i ty water 
ere operated during this series, 

nd next the APEX-300 vertical unit.. 
t to  the system using' 

7 
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I h Figure 21. APEX 300 Bottom Tube Outlet Specimens 
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igure 22. lOOX Enlargement f Tube Wall and Scale Showing Corrosion of 
Tube Surface by Scale 
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4.4, Test Results (cont.) u 

Figure 23 i l lus t ra tes  the foul ing  characteristics 
observed w i t h  the horizontal APEX-200 exchanger. The exchanger was allowed 
t o  foul overnight to  verify the rapid fou l ing  anticipated when heating the 
f ac i l i t y  water. The overall heat transfer coefficient decayed by 5% over- 
n i g h t  which was the order of magnitude desired. 

The 100 mesh garnet bed material used for the 
ear l ie r  t e s t s  was added for  1-1/2 hours and then removed. 
the bed material increased the heat transfer coefficient b u t  d i d  not 
return i t  t o  the original clean level. The exchanger was allowed t o  
foul for another five hours, a t  which po in t  bed material was added for 
45 minutes. Again, the heat transfer coefficient went up but  d id  not 
return t o  the previous level. The exchanger was allowed t o  foul over- 
n i g h t  a f te r  which bed material was added and allowed t o  remain i n  the 
system for  a full day before removal. The heat transfer coefficient 
returned t o  i ts  previous level rapidly and remained substantially unchanged 
a t  this value for  the remaining t e s t  duration. No foul ing  occurred 
while the bed was circulating, bu t  the exchanger never returned to  i ts  
ori  g i  nal 1 eve1 of cl eanl iness . 

The action of iii 
d 

u 
c 

,ii 
d 

u 
PEX-300 vertical u n i t  which was operated 

under the same conditions as the APEX-200 horizontal u n i t  shows similar 
results as shown i n  Figure 24. In general, the same fouling rates and the 
same partial cleaning w i t h  bed recirculation was observed. A brief period 
occurred i n  which the recirculation of the bed material completely restored 
the exchanger t o  the level of cleanliness achieved during the previous cycle. 
However, the trend toward only partial recovery was reestablished dur ing  
the final two days of testing. The duration of bed recirculation and the 
el apsed time between reci rcul a 
t e s t  cycle without any apparen 

1 iJ 
ds was varied during t h  
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4.4, Test Results (cont.) 

The foul ing  characteristics of Well 6-2 were 
monitored on the baseline exchanger during the APEX-200 and 300 tests.  
These data are shown i n  Figure 25. The fou l ing  progressed a t  a fa i r ly  
uniform and unexpectedly h i g h  ra te  during the in i t ia l  testing. The 
experiment was s h u t  down when the switch from APEX-200 t o  APEX-300 was made. 
An anomaly i n  the data was observed when the experiment was reactivated. 
The heat transfer coefficient was about 3% lower than when the experiment 
was s h u t  down. The fou l ing  of the baseline exchanger during the succeeding 
six days proceeded a t  a much reduced rate. 

ii 
I 

u 
d 

1 

d 
of the Group 2 t es t s  were not long 

L enough t o  define whethe 

- 1  

n t  solid recirculation would limit the 
degree of foul i ng . 

4.4.2.3 Group 3 Test Results 
ki 

The Group 3 t e s t s  were performed us ing  f ac i l i t y  
water as the fouling f lu id .  Both the horizontal and vertical APEX 
exchangers were operated i n  parallel using lower operating velocities, 
6-1/2 ft/second, on the tubeside.  
i n  density than garnet, was used i n  the horizontal u n i t  t o  avoid bed 
s t r a t i  f i cat i  on. Con t i nuous reci rcul a t  n was used i n  the horizontal u n i t  
based on the Group 2 test results. Th vertical APEX was operated w i t h  
garnet bed material and a greatly increased duty cycle. 

1 
li 
il 
Li 
d 
I] 

Si02  bed material which  is lower 

The t e s t  results are plotted i n  Figure 26. Both 
200 and APEX-300V foul i n g  results are shown on the same figure for 

rposes. As shown i n  t 
I stream 22 hours  a f t e r  

l o t  of the data, the APEX-200 u n i t  
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4.4, Test Results (cont.) 

The periods of bed recirculation on the APEX-3OOV 
u n i t  are shown by the so l id  horizontal bars. The bed was continuously 
recirculated on APEX-200. All the APEX-200 data taken i s  shown on the 

6 p lo t .  Three points are considered to  be accurate w i t h i n  - t 13.5 x 10- 
hr-OF-ft  /BTU because the bed material was sampled and d id  fa l l  w i t h i n  a 
reasonably narrow band of concentration. 
on the p l o t  for these three points. The other data were taken either 
w i t h o u t  benefit o f  a sample, or the concentration deviated significantly 
from the selected band. Therefore, the confidence i n  the accuracy of 
these points is somewhat lower. 

2 

T h i s  range has been indicated 

The significant observations t o  be made from these 
data are that  fouling occurs a t  a relatively rapid rate  i n  the APEX-300V 
u n i t  u n t i l  the bed material is injected. The bed material essentially pre- 
vents further fou l ing  b u t  does not clean the exchanger which is sub- 
s tant ia l ly  what would be expected based on Group 2 testing. When the bed 
material is  removed, fou l ing  resumes, T h i s  establishes the capability of 
us ing  lower velocities w i t h  garnet ' if  the u n i t  is  vertical. 

The APEX-200 shows a continuous trend toward reduced 
fouling as the t e s t  progresses. Th i s  indicates that  not only does continuous 
recirculation prevent the formation of scale from the cooling water, b u t  a 
scouring action is taking place t o  gradually remove the residual scale 
existant i n  the tubes a t  the s t a r t  o r  clean condition. The effectiveness of 
the Si02 bed material i n  a horizontal orientation is particularly signifi- 
cant i n  that  i t  suggests that  high velocity w i t h i n  the tubes will not  be 
a design c r i t e r i a  which will limit the versat i l i ty  of the APEX concept. 

s were sectioned and examined a t  
the conclusion o f  Group 3 tests.  Figure 27 shows the post t e s t  appearance 



WTLFI, TOP TUBE 

INLET, BOTTOM TUBE OUTLET, BOllOM TUBE 
I 

Figure 27. APEX 200 Tube Sections Showing Scaling Af te r  Testing wi th  
F a c i l i t y  Cooling Water 



4.4, Test Results (cont.) 

of the APEX-200 heat exchanger tubes. 
were irregularly streaked w i t h  scale a1 ternating w i t h  clean surfaces around 
the entire circumference of the tube wall. The scale that was formed between 
the clean areas of the tube surfaces had a polished, dense appearance. No 
severe scale depositions were observed on the APEX-200 heat exchanger tubes. 

The APEX-200 heat exchanger tubes 

The bed samples from the APEX-200 heat exchanger 
were analyzed. The results of these chemical and physical analyses are 
presented i n  Table 111. Sample No. 0 reflects the 90 mesh s i l ica  bed 
unexposed t o  coolant flow. Samples No. 1 ,  2, 3 and 5 were flow samples 
collected during three days of continuous testing. These flow samples 
were collected before bed recharging was performed. After each sample 
collection, the bed was recharged enough to  saturate the system. After 
two charges, the bed loader was ref i l led with overflow bed collected i n  the 
discharge collection pot. 
and probably, a t  best, give relative representation of bed history dur ing  
the tes t .  
elements analyzed. A brownish colored coating was visually observed on 
the bed particles. Each succeeding t e s t  specimen was a darker brown which 
suggests a buildup i n  the bed material w i t h  time although no evidence o f  

this buildup could be deduced from the particle 
analysis shows the presence of foreign material 
was sufficient only t o  f i l l  i n  surface irregularit ies.  
d i s t r i b u t i o n  was found t o  be nearly the same for a l l  specimens. An average 
particle site of 1441.1 w i t h  a deviation of 241.1 between specimens was deter- 
mined. 
larger i n  size as the t e s t  progressed. 

T h i s  procedure would tend to  d i l u t e  the bed 

Iron, aluminum, and calcium were most noticeable among the 

ze analyses. The chemical 
ggesting that the operating 

The particle size 
. 

This  indicates the bed particles were not being reduced nor becoming 

I 

, 
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L APEX-200 BED ANALYSIS 

Elemental Composition, % by Weight 

Sample No. 0 (0 Hrs.)* 1 (2.5 Hrs.)* 2 (22.5 Hrs.)* 3 (31.5 Hrs.)* 4 (49.5 Hrs.)* 5 (56.0 Hrs.)* 

Si 1 icon 45. % 43. % 44; % 45. % 
Iron 0.029 1.6 3.1 2.7 1.5 
A1 umi num 0.0097 0.36 0.67 0.36 0.34 
Magnesium 0.0050 0.086 0.12 0.081 0.053 
Z i  rconi um 0.0084 0.12 0.082 0.029 0.0085 

,--a Boron ND<O.Ol 0.016 0.021 TR<O. 01 NDcO.01 
Manganese ND<O .003 0.22 0.26 0.24 0.11 
Copper 0.0000 0.00013 0.0001 9 0.00020 0.00021 
Si 1 ver ND<O. 0001 0.00042 ND<O. 0001 ND<O. 000 1 ND<0.0001 
T i  tani um 0.0051 0.021 0.01 8 0.017 0.0092 

Yttrium NDcO. 009 - 0.050 0.037 TRcO. 009 NDcO. 009 
Chromi um TR<O. 0004 0.001 1 0.001 1 0.00064 ND<O. 0004 

0.0012 ' 0.062 1 .o 0.34 0.64 m - Calcium 

Sulphur 0.010 0.010 0.007 0.012 0.009 

50 t o  100 t o  140 t o  325 t o  - 

140' - -  325' - 400' <400_ Sample No. >50 7 
1001 

0 1.4 41.6 40.2 14.3 0.2 0.1 . 
1 1.4 45.9 38.3 14.2 0.2 0.05 
2 1.1 41.5 41.6 13.4 0.1 0.05 
3 1.2 37.9 40.7 16.2 0.4 0.1 
4 1.3 45.7 36.6 13.4 0.2 0.1 
5 1.4 44.6 40.6 14.1 0.6 0.3 

*Sample collection time indicated is from star t  o f  test. 

- - 

44. % 

1.5 
0.37 
0.062 
0.0077 

TR<O.Ol 
0.12 
0.00023 

ND<O .0001 
0.0085 
1.1 

ND<O. 009 
ND<O. 0004 

0.009 

_ _  
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4.0, Technical Discussion (cont.) 
id 

4.5 DATA INTERPRETATION 

ii 4.5.1 Brine Test Results 
1 

The b u i l d  up o f  scale as a r e s u l t  o f  using w e l l  
6-1 br ine tubeside o f  a heat exchanger i s  i l l u s t r a t e d  by Figure 18. 
Interrupt ions o f  the process apparently caused some o f  the scale t o  be 
redissolved causing the reduction i n  fou l ing evidenced i n  the data as 
shown i n  Figure 18. 
baseline exchanger (APEX 100) fouled a t  approximately the same r a t e  as 
before. 
tube t h a t  was operated wi th  sol ids rec i r cu la t i on  since i t  had l i t t l e  o r  
no scale t o  be removed (Figure 20). Since the baseline fou l ing r a t e  was 
not changed by the interruptions, the APEX 300 data continue t o  be v a l i d  
a f t e r  the interruptions. 

ii 
u 

It i s  s ign i f i can t  t h a t  a f t e r  each in ter rupt ion the d 
The in ter rupt ion o f  the process does not a f f e c t  the APEX 300 

IJ 
u 

Comparison o f  the data i n  Figure 18 (no sol ids 
rec i r cu la t i on )  w i th  the data i n  Figure 19 (sol ids recirculated) shows 
t h a t  the APEX approach prevented fou l ing by removing scale deposed tubeside 

* <  from Well 6-1 brine. These resu l t s  were effected w i th  in termi t tent  sol ids ca rec i r cu la t i on  (2 hours per day) using 100 mesh garnet material. 
densit ies as low as 1.6 weight percent we 
The less dense and less abrasive S 
fou l  i ng . 

Bed 
effective i n  seal e removal . 

I s 0  effective i n  preventing d *  
u 
li 
&; 

The data shown i n  Figur 19 require some interpre- 

The t e s t  set up was pressure 
tat ion.  The APEX 300 tube i t e d  less resistance (negative fouling 
factor )  a f t e r  the sol ids we 
tested a t  Sacramento before 
the f i e l d .  Apparently t h i s  l e f t  some residuals i n  the tubes tha t  was removed 
along w i th  the br ine scale by rec i r cu la t i on  o f  the solids. Thus negative 

ent t o  East Mesa and was checked out i n  

J 
lu 
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4.5, Data In terpretat ion (cont. ) 

fou l ing  factors would resu l t  since the i n i t i a l  overal l  heat t ransfer  
coef f i c ien t  (which was then used t o  get the fou l ing resistance by 
di f ferencing w i th  subsequently measured overal l  coef f ic ients)  was based 
on measurements tha t  were made w i th  these residual s apparently present. 

There i s  also a s l i g h t  increase i n  the fou l ing res is-  
tance toward the end o f  the t e s t  as shown i n  Figure 19. The examination o f  
the APEX 300 tubes subsequent t o  the tes t ing  (Figure 21) shows some 
scal ing over the surface o f  the top h a l f  o f  the horizontal tube and clean 
surfaces on the bottom hal f .  There i s  obviously some sa l ta t ion  occurring 
even a t  the 10 f t /sec veloci t ies.  The f a i l u r e  t o  remove the scale f u l l y  
over a l l  360" o f  the tube perimeter could explain the s l i g h t  increase i n  
fou l ing w i th  time. 

The assumption tha t  some residuals were present i n  
the tube before test ing w i th  the br ine raises a question about the scale 
analysis (Tab le I I I ) .  Some o f  the elements found i n  the scale may have been 
the pretest  residuals i n  the tube. 
should be small compared t o  the br ine scale quant i t ies since the reduction 
i n  the APEX 300 tube resistance was small compared t o  the increase i n  the 
APEX 100 tube resistance. 

The quant i ty o f  residuals, however, 

Another possible contr ibut ion t o  the s l i g h t l y  i n -  
creasing APEX 300 resistance w i th  time could be shel l  side resistance. 
The outside o f  the APEX 300 tube h 
carbon apparently came from the carbon face o f  the br ine pump mechanical 
seal which was reduced by wear during the test. 

a t h i n  deposit of carbon an it. The 

There are several observations tha t  impact tube ero- 
sion. The weight percent o f  the bed varied from 7.7% t o  1.,6% sol ids w i th  the 
100 mesh garnet. No s ign i f i can t  di f ference i n  the effectiveness was observed 

I 
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4.5, Data Interpretation (cont. ) 

w i t h  bed material weight percent. Also Si02 was effective i n  removing scale. 
The nominal bed recirculation duty cycle was two hours on per day. On two 
occasions the exchanger was operated 2 days w i t h o u t  bed recirculation. In 
both cases a 2 hour solids recirculation d id  not reduce the foul ing  resis- 
tance t o  that  which was measured before the two day period. T h i s  higher 
resistance was gradually reduced dur ing  subsequent cleaning cycles. T h i s  
would indicate that the once a day frequency is  close t o  optimum. Low 
solids weight percent, use of the less abrasive S O 2 ,  and intermittent 
operation a l l  result  i n  less  potential for  tube erosion. 

1 

S I  

ilil 

i l J  u 
u 

Operating times were short compared to  the l i f e  of a 
heat exchanger and no obvious signs of mechanical erosion were detected i n  
the sections of the APEX 300 tubes that were examined af te r  the testing. 
Corrosion caused by scale formation may be much more destructive than 
mechancial erosion as i l lustrated i n  Figure 22. The APEX concept may 
prolong tube l i fe  by preventing the corrosive effects of the scale 
rather than shortening l i f e  due t o  erosion. 

The presence o f  scale on the top half of the hori- 
I '  d 

zontal APEX 300 tube and i ts  absence on the bottom half  suggest saltation 
o f  the 100 mesh garnet a t  the 10 ft /sec velocities 
is  not sufficient to  prevent s t ra t i f icat ion.  The 10 f t /sec velocity was 
based on visual observations made during Phase I of the program i n  which 
i t  was found that 10 ft /sec provided a uniform distribution. The 10 ft /sec 
vel oci ty  appears marginal 

o f  course, obv 
the use o f  flow turbulato 

The vel O C i t Y  apparently 

1 

ntal exchanger* 
s such as vertical 

ij! 

1 

ki 
brine from Well 6-2 was r u n  

through the baseline heat exchanger t o  heat the working fluid (clean water) 
which was i n  t u r n  used t o  heat the f ac i l i t y  water tubeside as the fouling 
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4.5, Data In terpretat ion (cont. ) 

f l u i d  i n  the APEX 200 and 300 uni ts.  
br ine changed as shown i n  Figure 25. 
character ist ics i s  consistent wi th  observations made a t  East Mesa subse- 
quent t o  the APEX test ing. 
caused by f luctuat ions i n  the C02 content. 

The fou l ing r a t e  f o r  the well  6-2 
This var ia t ion i n  the well 6-2 fou l ing 

The var ia t ion i n  fou l ing was apparently 

4.5.2 F a c i l i t y  Cooling Water Test Results 

The f a c i l i t y  cool ing water was used t o  foul  the APEX 
200 and 300 tubes by f i r s t  heating the clean working f l u i d  water i n  the base- 
l i n e  heat exchanger using the br ine from w e l l  6-2 and then using the working 
f l u i d  t o  heat the f a c i l i t y  cool ing water i n  APEX 200 and 300. 
cool ing water contains CaCo3 which has retrograde s o l u b i l i t y  and which 
therefore scales on heating. 

The f a c i l i t y  

The i n i t i a l  tests  w i th  the f a c i l i t y  cooling water 
indicated t h a t  the fou l ing was d i f f e r e n t  than t h a t  caused by the brine. 
The scale appeared t o  be much more tenacious than t h a t  produced by the 
brine. 

As shown i n  Figures 23 and 24 in termi t tent  recircu- 
l a t i o n  of the sol ids stops foul ing, but does not completely remove the 
scale; continuous operation prevents foul ing, but does not restore the 
tube t o  an unfouled condit ion once fou l ing has occurred. 

There are two possible explanations. 1) Continuous 
rec i r cu la t i on  of the sol ids material may prevent scal ing by providing 
nucleation s i t es  for deposition o f  the scale. 2) The toughn 
scale may be age dependent. I f  t h i s  i s  the case i t  apparently can be 
removed as f a s t  as i t  forms, but cannot e removed if i t  sets a few hours. 

71 
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4.5, Data Interpretation (cont.) 

Any influence of exchanger orientation on fou l ing ,  vertical Figure 24 or  
horizontal Figure 23, was completely masked by the predominant influence 

i '  

i; of duty cycle. 
I 

The testing w i t h  the cooling water as the fouling 
medium indicates that  the more tenacious CaC03 scale is  not readily removed 
once i t  has formed and allowed to  se t  a few hours. 
t i o n  can be precluded by continuous solids recirculation. 

u 
u 
u 

However, scale forma- 

These results were confirmed i n  the Group 3 testing 
In the Group 3 tes t s  the baseline heat exchanger as shown i n  Figure 26. 

was again used to heat the working f l u i d  (water). APEX 200 was mounted 
horizontally and APEX 300, vertically. In Group 2 testing the two heat 
exchangers were operated sequential 1 In the group 3 t e s t s  the lower 
velocity (6-1/2 ft /sec vs 10 ft/sec) 
be operated simultaneously. As shown i n  the data plotted i n  Figure 27 
APEX 200 was brought onstream 22 hours a f te r  the APEX 200 u n i t .  Si02 bed 
material which is lower i n  density than the garnet was used i n  the hori- 
zontal APEX 200 u n i t  to  avoid s t r a  
continuously i n  the horizontal u n i  

ation* The solids were recirculated 
bed material was recirculated 

ntermittently i n  the vertical APEX 300 u n i t .  

The data w i t h  APEX 300 confirm the ear l ier  
tops fouling while the bed is being 

U I  

ill 

ntermi ttent bed recirc 
recirculated, bu t  does not appreciably r e  the foul ing  that  occurred 

e the sol ids  were 
i t  u 

tinuous sol ids  recirculation con- 
1 reduction i n  the foul ing  factor 
ne, and continuous sol ids recircu- 

firm earl ier resul ts . 
similar t o  what was 
lation prevents fouling. 



Y 

4.5, Data Interpretation (cont.) 
I 4  

Besides confirmation of ear l ier  results the Group 3 L; 
t es t s  provided the additional information that 6-1/;2 ft /sec velocities were 
adequate i n  the veritical tube orientation w i t h  100 mesh garnet bed material 
and i n  the horizontal tube orientation w i t h  90 mesh Si02. 

" 1  
la 4.5.3 APEX Concept 

Figures 18 and 19 clearly indicate the fou l ing  of heat 
exchanger tubes due t o  scale from brine flowing tubeside, and the effective- 
ness of APEX intermittent recirculation of solid bed material i n  removing 

li 

scale and t h u s  negating foul ing .  
exchanger tubes due to  a CaC03 scale from fac i l i t y  cooling water flowing 
tubeside, and the effectiveness of APEX continuous recirculation of sol i d s  
bed material i n  preventing scale formation (fouling). 

Figure 26 shows the fouling of heat 

u 
ii 
u 

Ll 

The t e s t  data are presented i n  Figures 28 and 29 as 
foul ing  ra te  data instead of fouling resistance data as was done previously. 
T h i s  was done to  permit comparison o f  the results obtained w i t h  no solids 
recirculation and w i t h  various operating conditions (duty cycle, velocity, 
bed material and bed weight percent). 

r7 

of the fouling rates other than  i s  made i n  
iii 

this discussion should be do tion. The fouling rates represent the 
data a t  the conditio run.  Extrapolation to  
longer times, different wells, or even 11 s a t  different times 

rate  cannot be expected to  be l i  
can depend on length of t e s t  
were based on tes t s  of diffe  
duration compared to  heat exchan s Secondly water chemistry 

, t  

Iki could be i n  error. There are t w  caveat. First fouling 
I t  

ii n i n  Figures 28 and 29 
n and a l l  were relatively short i n  

I '  L 
2 
L 
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4.5, Data Interpretation (cont. ) 
k 

can affect  the fouling rate. The brine chemistry changes w i t h  COP content, 
and the East Mesa f ac i l i t y  water was' treated periodically. i '  u 

u 
I t  is obvious from the fouling rates that  were obtained 

w i t h  the brine from wells 6-1 and 6-2 and w i t h  the f ac i l i t y  cooling water 
that  heat exchangers using these f lu ids  would have t o  be overdesigned and 
would require frequent shutdown for scale removal. T h i s  was demonstrated 
by the frequent chemical cleaning required for surfaces of the APEX equip- 
ment i n  contact w i t h  the fac i l i ty  cooling water (coolant heat exchanger). 
The fou l ing  rates for  the brine is an order of magnitude less w i t h  inter- 
mittent bed recirculation as shown i n  Figure 28. 

1 

u 
Id better than the SO2. 

The garnet material is 

Intermittent bed recirculation significantly reduced 
the cooling water fouling rate as shown i n  Figure 29, but  d id  not achieve 
enought reduction t o  be practical i g her vel oci t y  s i  gni f i cant1 y reduced 

(6-1/2 to  10 f t /sec)  and material (garnet and Slop) reduced 
Sng rate. However, conti s bed recirculation independent of 

ing  rate t o  zero. 

w 
6 
il 

r; 
ci 

d 29 the APEX concept was 
ger tubes operat d solved solids an 

I 

*Verbal communication of well condition a t  time o f  testing. d 
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4.5, Data Interpretation (cont.) 

4.5.4 Economic Imp1 ications 

An analysis of the economic practicality of the APEX 
concept was performed as part of the Phase I final report, Ref. 1. 
parameter having the greatest impact on the results o f  this analysis was 
the assumed fouling factor. The analysis was based on the assumption 
of a .003 fouling factor for the conventional exchanger, .0025 tubeside 
and .0005 shellside. A total fouling factor of .0005 was assumed for the 
APEX exchanger, a l l  of which was assumed t o  occur on the shellside. 
Phase I1 results verified the validity of the zero tubeside foul ing  factor 
selection for the APEX exchanger. The .0025 fou l ing  factor chosen for the 
tubeside of the conventional u n i t  was based on an assumed shutdown for 
cleaning every 6,000 to  7,000 hrs of operation. T h i s  then would translate 
t o  a yearly fouling rate  of about .0035 hr-OF-ft /BTU. Referring t o  
Figure 28 i t  can be seen tha t  the projected fouling rate  of well 6-1 is 
about double this value assuming a s t r a igh t  l ine fouling rate. Therefore, 
the Phase I fouling factor assumptions for the conventional exchanger also 
appear reasonable w i t h  the probable erorr tending toward conservatism, i .e. 
prediction of a smaller savings w i t h  APEX than will actually be realized. 

The 

The 

2 

No adverse experiences which would prevent concept 
application i n  a ful l  scale power p l a n t  were encountered i n  Phase 11; 
therefore, the verification of the Phase I assumed fouling factors confirms 
the validity of the Phase I mir-Iimum for potential savings. 

ration of the concept on a duty 
s n o t  established for a l l  operating cycle basis, while appearing 

Ref. 1. Laboratory Investigation of an Advanced Geothermal Primary Heat 
Exchanger 9-24-76, SAN/1125-08. 
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4.5, Data Interpretation (cont.) 

conditions. This  capability will probably be dependent on the brine charac- 
t e r i s t i c s  i n  each discrete field and/or well, If duty cycle operation does 
prove feasible, a significant savings over that  projected i n  the Phase I 
analysis will be possible, both i n  the areas of reduced operating costs and 
reduced exchanger surface due t o  increased MTD. The higher MTD will be 
realized because continuous recirculation of a portion of the brine flow 
w i l l  not be required. 

Summarizing the results of the economic analysis, a 
savings of $300,000 per year, or 1.34 mi l l s /kwh  was predicted if the APEX 
concept were employed rather than a conventjonal exchanger i n  a 30 MW 
unflashed binary system power plant. The Phase I1 results indicate this 
figure is a minimum savings to  be anticipated w i t h  a potential for s ign i -  
f i cantly greater savings . 

The potential sav s i n  operating costs accruing 
from duty cycle operation includ 
tenance on the solids separation ecirculation system. These savings , 
assuming a 10 percent duty cycle, amount to $23,000 per year, or an 8% 
increase over the $300,000 sa 

The larg 
an produce an addition 

pumping costs and reduced main- 

the Phase I analysis. 

he o f f  period of the duty 
e exchanger cost can be reduced 

ich, when conv ual basis, amounts an additional 
a r  savings. To ize on this reduced exc 

savings, i t  would be necess the on cycle of the APEX concept 
e r  ou tpu t  since the lower MTD still  





Mesa 6-1 
We1 1 head Unf 1 as hed 

6-9-76 0930 

Chloride ( C l - )  
1 Sulfide (S=) 
4 Conductivity ( a t  25°C) 

S i 1  ica (siO2) 
PH 
Total Dissolved Sol ids (TDS) 
Ti  t an i  um (Ti ) 
Iron (Fe) 
L i t h i u m  (Li) 
Potassium (K) 
Copper (Cu) 
Magnes i um (Mg ) 
Molybdenum (Mo) 
Zinc (zn) 
Manganese (Mn) 
Nickel (Ni) 
Barium (Ba) 

< = Less Than 

A- 1 

. .  

15,850 mg/l 
3.0 mg/l 
40,000 pmhos 
320 mg/l 
5.45 
26,300 mg/l 
<0.10 mg/l 
8.8 mg/l 
40.0 mg/l 
1,050 mg/l 
<0.10 mg/l 
17.2 mg/l 
<0.005 mg/l 
0.07 mg/l 
0.95 mg/l 
0.10 mg/l 
14 mg/l 
202 mg/l 

TRACE, less than 0.02 mg/l 
N.D., Less than'0.01 mg/l 
N.D., Less t h a n  0.01 mg/l 
40.75 mg/l 
N.D., Less t h a n  0.02 mg/l 
2.75 mg/l 
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Mesa 6-1 

We1 1 head Unfl astied (cont. ) I 

6-9-76 0930 

Bismuth (Bi) 3 mg/l 
Mercury (Hg) 

Set enium (Se) 
Antimony (Sb) 5.5 mg/l 
Tantalum (Ta) 0.14 mg/l 
Niobium (Nb) 0.40 mg/l 
Sodium (Na) 8,100 mg/l 
Calcium (ca) 1,360 mg/l 

Germani um (Ge) N.D., Less than 0.1 mg/l 
Indium (In) N.D., Less than 0.1 mg/l 
Gold (Au) N.D., Less than 0.01 mg/l 
Palladium (Pd) N.D., Less than 0.1 mg/l 
Platinum (Pt) N.D., Less than 0.1 mg/l 
Cobalt (Co) 0.06 mg/l 
Iridium (Ir) N.D., Less than 0.1 mg/l 
Tungsten ( W )  N.D., Less than 0.1 mg/l 
A1 urninurn (A1 ) 0.04 mg/l 
Boron (B) 9.75 mg/l 
C hromi um (Cr ) N.D., Less than 0.1 mg/l 

N.D., less than 01002 mg/l 

N.D., Less than 0.1 mg/l 

' Arsenic (As) 0.26 mg/l li 
u 
E; 

i 

u Strontium (Sr) 320 mg/l 

I b '  

G+ 

A- 2 
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Mesa 6-2 
We1 1 head Unfl as hed * I  

6-3-76 1430 

Chloride (C1-) 2,142 mg/l 
I Sulfide (S=) 1.5 mg/l 

Conductivity ( a t  25OC) 6,000 pmhos 
Silica ( S i ( + )  269 mgfl 
PH 6.12 
Total D i  ssol ved Sol ids (TDS) 5,000 mg/l 
Ti tani urn (Ti  ) <0.10 mg/l 
Iron (Fe) <0.10 mg/l 
L i t h i u m  (Li) 4.0 mg/l 
Potassium ( K )  150 mg/l 
Copper (Cu) <0.10 mg/l 
Magnes i um (Mg ) 
Molybedenurn (Mo) 
Zinc (Zn) 

I Manganese (Mn) 
' Nickel ( N i )  

' Barium (Ba) 

iJ 
il 
u 
iJ 
li 
u 
G 

0.24 mg/l 

T' 

i Ll 
I Less than  0.2 mg/l 

L N.D., Less t h  

ibi N.D., Less t h  
a 

than 0.005 mg/l 

i cli 
A- 3 i 

w .- ' t 



~~~ 

E 
imi 
A 

* 1  

Mesa 6-2 
We1 1 head Unf 1 as hed (cont . ) 

b 

6-3-76 1430 

Mercury (Hg) 
Arsenic (As) 0.22 mg/l 
Selenium (se) 
Antimony (Sb) 0.90 mg/l 
Tantal um (Ta) 0.17 mg/l 
Niobium (Nb) 0.40 mg/l 
Sodium (Na) 1,700 mg/l 
Calcium (Ca) 16.4 mg/l 
Strontium (Sr) 6.4 mg/l 
Germani um (Ge) 
Indium (In) 
Gold (Au) 
Palladium (Pd) 
Platinum (Pt) 
Cobalt (Co) 

N.D. , Less than 0.002 mg/l 

N.D., Less than 0.1 mg/l 
+ u 

c 
I; 

c1 
Ill 

tl 
b b  

N.D., Less than 0.1 mg/l 
N.D., Less than 0.1 mg/l 
N.D., Less than 0.01 mg/l 
N.D., Less than 0.1 mg/l 
N.D., Less than 0.1 mg/l 
N.D., Less than .01 mg/l 
N.D., Less than 0.1 mg/l 
N.D., Less than 0.1 mg/l 

A1 umi num (A1 ) 0.03 mg/l 
Boron (B) 7.45 mg/l 

N.D., Less than 0.01 mg/l 

1 

ii 

6 '  L 

b.-' 
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Mesa 8-1 
We1 1 head Unflashed 

Li‘ 
6-22-76 0910 

Chrloride (C1-) 500 mg/l 
Sulfide (S=) 1 .O mg/l 
Conductivity ( a t  25%) 3,200 umhos 

i; Silica (SO2) 389 mg/l 
P” 6.27 
Total Dissolved Sol ids (TDS) 1,600 mg/l 
Ti tani um (Ti  ) ~0.10  mg/l 
Iron (Fe) <0.10 mg/l 

’ L i t h i u m  (Li) 1.1 mg/l 
Potassium (K) 70 mg/l 
Copper (Cu) ~0 .10  mg/l 
Magnesi um (Mg ) <0.05 mg/l 

Zinc (zn) <0.01 mg/l 
Manganese (Mn) e0.05 mg/l 
Nickel (Ni) <0.10 mg/l 
Barium (Ba) 0.15 mg/l 

I 

L 

u 

I; 
il 
u 

u Molybdenum (Mo) ~0.005 mg/l 

417 mg/l 
0.0 mg/l 
173 mg/l 
1.60 mg/l 
0.34 mg/l 
N.D., <0.1 mg/l 

+ 

d Cadmium (Cd) TRACE, ~0 .01  mg/l 

L$ N.D., <0.02 mg/l 
1 4.95 mg/1 

0.14 mg/l 
N.D., <0.005 mg/l 

Mercury (Hg) 0.014 mg/l 
iJ 
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Mesa 8-1 
We1 1 head Unfl as hed (cont ) 

6-22-76 0910 

Arsenic (As) 
Sel eni um (se) 

0.053 mg/l 
0.5 mg/l 

Antimony (Sb) 1.2 mg/l 
Tantal um (Ta) 0.12 mg/l 
Niobium (Nb) 

Calcium (ca) 
Strontium (Sr) 

. Sodium (Na) 
0.40 mg/l 
610 mg/l 
8.5 mg/l 
2.1 mg/l 

Germanium (Ge) N.D., <0.1 mg/l 
Indium (In) 
Gold (Au) 

N.D., <0.1 mg/l 
0.024 mg/l 

Pal adium (Pd) N.D., <0.1 mg/l 



Mesa 31-1 
We1 1 head Unfl ashed 

6-18-76 0830 

Choloride ( C l - )  510 mg/l 
Sulfide (S=) 0.3 mg/l 
Conductivity ( a t  25OC) 4,700 pmhos 
Silica ($io2) 274 mg/l 
PH 6.27 
Total Dissolved Sol i d s  (TDS) 2,900 mg/l 
Titanium (Ti) <0.10 mg/l 
Iron (Fe) <0.10 mg/l 
L i t h i u m  (Li) 0.60 mg/l 
Potassium (K) 85 mg/l 
Copper (Cu) <0.10 mg/l 
Magnesium (Mg) e0.05 mg/l 
Molybdenum (Mo) ~0.005 mg/l 
Zinc (zn) <0.01 mg/l 
Manganese (Mn) <0.05 mg/l 
Nickel (Ni) (0.10 mg/l 
Barium (Ba) 0.15 mg/l 
Bicarbonates (HCO;) 845 mg/l 
Carbonates (Cog) 0.0 mg/l 
Sul fate (SO;) 183 mg/l 
Fluoride (F) 1.42 mg/l 
Nitrate (NO;) 0.43 mg/l 
Phosphate (PO:) N.D., <0.1 mg/l 

Cadmi urn *( Cd) 0.02 mg/l 
h o n i a  (NH4) 2.45 mg/l 
Beryl 1 i urn (Be) ~0.01 mg/l 
Bismuth  (Bi) 
Arsenic (As) 0.025 mg/l 

/ 

./ -* 
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Mesa 31-1 
We1 1 head Unfl as hed (cont. ) 

ilj 
6-18-76 0830 

Selenium (se) 1.8 mg/l 4 Antimony (Sb) 1.0 mg/l 
Tantal urn (Ta) 0.10 mg/l 
Niobium (Nb) 0.40 mg/l 
Sodium (Na) 730 mg/l 
Calcium (ca) 8.9 mg/l 
Stronti um (Sr) 1.4 mg/l 
Germani um (Ge) N.D., <O.l mg/l 
Indium (In) N.D., ~0.1 mg/l 
Gold (Au) 0.080 mg/l 
Paladium (Pd) N.D., ~0.1 mg/l 
Cobalt (Co) N.D., ~0.01 mg/l 
Iridium (Ir) N.D., <0.1 mg/l 
Tungsten (W) N.D., <0.1 mg/l 
A1 umi num (A1 ) 0.02 mg/l 
Boron (B)  2.50 mg/l 
Chromi um (Cr) N.D., ~0.01 mg/l 
Cesium (ce) 0.20 mg/l 

d 
il 
I, 
il 
id 
Itill 
11 
I 1  Platinum ( P t )  N.D., <0.1 mg/l 
L 

Y 
i 

h i  
d 

I 
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This.appendix shows a tabulation of the reduced data from the group 1 
t e s t s  and describes the techniques, assumptions, and formulas used to  arrive 
a t  a tubeside fouling resistance for each data time. 

Table B-I and B-I1 summarize the reduced thermal data for APEX 100 
and 300, respectively. The first columns are the sample p o i n t  data and time. 
Column three indicates the number of hours the experiment was on-stream on 
that particular day, and i n  the case of APEX-300, the time period the bed 
was recirculated and the average bed composition. The next column indicates 
the cumulative time on-stream for that  data poin t .  

The flowrates are shown i n  the next columns. The coolant flowrate 
and brine supply flowrates were calculated from the measured volumetric 
flowrate and converted t o  lb/hr.  T h i s  conversion was made for the brine, 
assuming the same density that  would be measured if  the total  dissolved 
solids were made up exclusively of NaC1. 

The brine recirculation flowrate was calculated from an energy 
balance around the sand injector. The brine inlet, exit, and recirculation 
temperatures were measured, as well as the brine supply flowrate. The 
recirculation flowrate is inversely proportioned t o  the temprature differences 
measured if the minor changes i n  specific heat w i t h  temperature are ignored. 

Tbrine in - Tbrine mix. 

1 

Bri ne Reci rcul a t  i on = Supply x mix - Tbrine recfrc. 
i Tbrine 

The brine recirculation flowra 
t o  data p o i n t  over a range of roughly 400 to  800 l b / h r .  Since the operating 
conditions were essentially unchanged for each data po in t ,  i t  is unreasonable 
to  expect such a wide variation i n  recirculation flowrates. 
is probably due to  the relatively smal 1 temperature differences measured 
and the inabili ty to  measure thes simultaneously. An average 

calculated is seen t o  vary from data point 

The variation 

constant recirculation rate  of 600 l b / h r  was assumed i n  calculating the L2 * 
k 

i 

u B- 1 



100 

TABLE 9-1 

REDUCED DATA APEX 

- 
Date 

5/ 4 
- 

' 
5/5 

5/ 6 

5/ 7 

5/ 8 

, 519 
j 5/10 

5/11 

5/12 

5/13 

:!I4 
5/15 

j 5/16 

! 5/17 ' 5/18 

5/19 

5/20 

5/21 
5/22 
5/23 

eo 
N 
I 

1 

Test S t a r t  0730 ,I 5/4 

,Mulat lve 
Tim 011 

kp:/hrs 

1 

Mean Heat Loads 
renp. Coolant 
Diff. @ 
82.5 307 
83.5 312 
91.5 321 
BB.5 297 
83 283 
86.5 297 
84 293 
85.5 297 
83 302 
84.5 295 
84.5 295 
85 305 
81.0 295 
74.5 260 
77 260 
72 256 
74.5 256 
73.5 260 
77 260 
79.5 270 
79.0 275 
79 260 

Meter U 
x #/hr x Meter 
Factor x Meter 

Tubeside Rests. 
Dncorrected Corrected for  

x 107 Velocity 
I/ h r  
Bilne 

4677 
- 

4724 

t 
4677 

4724 

,i' 4771 

4864 
4677 
4771 
4677 

I 
4724 
4724 

1 

7&3 
7 

4798 

1 
4780 

t 

Fouling 
Resistame Remarks 

Meter factor .25675 x #/hr x Meter Reading 

- Data inval id Bad Temp Probe 

Replaced Brine Temp Probe 111-1 

Changed Coolant Temp - New Meter Factor = .2570 
Coolant = 59.6 SH Coolant = 1.009 

- Shutdown between data points 

953 
916 
905 
904 

2738 267 948 
253 952 
300 895 
304 856 
276 869 
267 875 
276 888 
285 885 
276 927 
290 889 
290 889 
285 

882 844 
1014 
248 
496 
508 
496 
as3 

.._ 
869 
931 
91 0 
909 ... 
910 
91 1 
91 1 
904 
900 
896 
888 

3403 
3435 
3486 
3507 
3652 
3638 
3690 

3729 
:MP PROBE 

_ _  
483 
572 
622 
671 
772 

883 
884 
880 

877 
260 
270 
262 > 91 1 

I i n  brhe-mading unreliable 
_ _ _  

L W n e  temp too high - gas/ J 
854 
872 

3920 
3688 
361 0 
3702 
3944 
3930 
3930 
3768 
3848 
3768 
3985 
3930 
401 3 
3675 
3903 
3930 
3985 

3962 
3718 
3639 
3732 
3976 
3993 
4055 
3768 
3909 

1218 
976 
899 
990 

1232 

878 
871 
853 
854 
854 
866 
860 
866 1034 

1251 
1218 
1301 
963 

1191 
1218 
1273 

850 
854 
848 
873 Pomr fa i lu re  appeared t o  cause dlscontinulty 

i n  fouling curve 
3705 
3934 
3962 
4017 

856 
854 
850 

I I 



TABLE B-I1 

REDUCED DATA APEX 300 

- 
#% 
hW1Y 

4302 
4302 
4349 
4349 
4 M z  
4302 
4302 

- 
- 
I 
It 
'111 

I 

I 
I 
I 
I 
1 
I 
I 

- 

- 
m t e  - 
514 

515 

516 

517 

518 

519 

5/10 

5/11 

5/12 

5/ i3  
5/14 

5/15 

5/16 

5/17 

- 

- 
CWl . 
(IC on 
Lap. 

1 
. 4  

6 
0 

10 
12 
21 
30 
)5 
43 
55 
61 
67 
70 
81 
90 

102 
lM 
119 
t32 
135 
144 
156 
165 
176 
182 
185 
206 
2m 
230 
232 
249 
252 
209 
274 
206 
288 

- 
Foul tng 

rnrtint Rcctrc. 

- 
xi- 
r tne 

4362 
4541 
4590 
4409 
5117 
5265 
5162 
4996 
4745 
4974 
47% 
4792 
4949 
4827 
5099 
5019 
4893 
5074 
5037 
4799 
4982 
4970 
4874 
5074 
5001 
4910 
4976 
5031 
5wo 
5099 
5070 
4781 
4939 
5194 
5116 
4693 
4831 

- 
- 
k i n  
1.p. 
Mff. 

80.5 
86.5 
87 
90.1 
87.5 
83.0 
74.5 
73.0 
78.0 
75.0 
76.5 
75.5 
75 
75 
75 
65.5 
67 
65.5 
68 
66 
66.5 
67 
70 
72.5 
71.0 
72 
72.5 
72.5 
71.5 
09 
66 
67 
69 
65 
61 
62.5 
60.5 

- 
- 
llGlnl 
Coolant 

4845 
4845 
4815 
4845 
4845 
4798 
4798 
4798 
1798 
4798 
4798 
4798 
41 98 
4798 
4798 
4780 
4700 

Heat 
:ool.nt 

Oven11 u 
ustng 

w l i n t  Loid 

Overall U 
k t C r  a 

'hr x ,2569 a 10-3 

Tubtsl 

hcorrected 

2963 
307 2 
3295 
35M 
3251 
3263 
2224 
2464 
2291 
2354 
2464 
2285 
23Ql 
2418 
2240 
2330 
2470 
2315 
2369 
2489 
2342 
2378 
2442 
2498 
2602 
2649 
2452 
2602 
2397 
2442 
2369 
2602 
2369 
2489 
2649 
2776 
2498 

h f .  
mcctcd FZ 
~ l o c l t y  Bri 

2970 
3172 
3432 
3534 
MM 
3793 
2592 
281 9 
2451 
2615 
2641 
2461 
2544 
2622 
2606 
2619 
2707 
261 3 
2657 
2687 
2605 
2640 
2669 
281 9 
2903 
2912 
2724 
2917 
2712 
2767 
2672 
2801 
2617 
2862 
3M19 
2943 
2710 

- 
Fouling 

RCststaIICe 

202 
462 
E44 
723 
823 

-378 
-151 
-119 
-355 
-329 
-509 
-426 
-348 
-364 
-351 
-262 
-357 
-313 
-283 
-365 

330 t o  1056 
-301 
-151 - 71 
- 6 0  
-246 - 53 
-2% 
-203 
-298 
-109 
-353 
-lM 

39 - 27 
-2W 

F z T  
rxtm 

60 
239 
241 
60 

81 5 
963 
860 
694 
443 
672 
456 
443 
6W 
525 
750 
700 
544 
725 
097 
450 
632 
621 
525 
725 
652 
655 
721 
729 
789 
797 
768 
435 
684 
799 
767 
391 
628 

- Rnnnrks 

943 
964 
957 
934 
966 
950 

1073 
1M6 
10% 
1036 
1014 

993 
983 
962 
943 
977 
961 

1067 
1041 
1060 
1053 
1M1 
1061 
1059 
1046 
1059 
1054 
1039 
1056 
1050 
1037 
1053 
1049 
1M2 
1036 
1025 
1020 
l M 1  
1025 
1047 
1042 
1050 
1025 
1050 
1037 
1 om 
1 W7 
1036 

ypss ori f lce damage - changad e s e  brine f l m i t e  

hanged brine probes -470 
-281 
-390 
-322 
-212 
-3% 
-378 
-281 
-378 
-345 
-208 
-363 
-309 
-190 
-3% 
-3w 
-2% 
-180 - 77 - 70 
-270 - 97 
-302 
-2% 
-329 - 77 
-350 
-170 

- 5: 

1 
4349 
4349 
4349 
4349 
4242 
4349 

i 
4255 
*255 
4332 

'T k M 9  

4255 
4TJ5 
4349 
4302 
4208 

hanged c w l i n t  tnnp - meter factor .2570 a TO-'rc - 59 
sp ht  - 1 .W9 

Sand loading la ~ mybc h y  didn't get backup1 

-243 



TABLE 8-11 (cont.1 
REOUCED DATA APEX 300 - 

MTD 

- 
Time 

1410 
1650 
1300 
1500 
1240 
1400 
0830 
1230 

- 
Fouling 

Resistanci 
Const. 
Reci r c  . 
-91 

-289 
-110 
-298 
-110 
-205 
-1 58 
-243 

i - #/hr. 

Brine 
Recirc . 

ads 

ir 

- 
Brine 

230 
271 
268 
267 
248 
266 
265 
271 

esistance 
:orrected t o  

Base Vel. 

2760 
2700 
2914 
2739 
291 4 
2927 
2884 
2884 

F1 m a  Heal 

Coolan 

246 
296 
270 
270 
270 
260 
270 
275 

- 
K- b 

Tubesidt 

Jncorrected 

2649 
2452 
2630 
2442 
2630 
2535 
2583 
2498 

Overall U 
Meter x K 

x Cool Flow Date 

5/18 

511 9 

5/20 

5/21 

- 

- 

- 
Brine 
Feed 

- 
Coolant 

'Total 
Brine 

Foul in! 
lesi stanc 

-210 
-270 - 56 
-231 - 56 - 43 - 86 - 86 

h u l a t i v e  
ime on, Hrr Testing Tim a Conditions - 

4780 

1 

383 
71 3 
751 
826 
751 

1013 
798 

1013 

4591 
4921 
4959 
5035 
4959 
5221 
5006 
5221 1 

- 

65.5 
68.5 
69 
68.5 
69 
65.5 
68.5 
67.5 

- 

Bed-7 w t  % - 1445 + 1645 
24 Hrs on Day 15 
Bed 1.1 w t  % 1315 + 1445 

316 
318 
338 
340 
362 
363 
379 
383 

4208 

1 

24 Hrs on Da 16 
Bed w t  % 12i5 + 1330 
21 Hrs on Day 17 
Bed 1110 + 1215 
12 Hrs on Time Day 18 



u 
ir' 

I foul ing  resistances. T h i s  is believed t o  be more representative of the 
true operating conditions. 

The next column is mean temperature difference. T h i s  value fluc- 
tuates somewhat, depending primarily on the well conditions. 
temperature controlled is  the coolant in le t  temperature, t h u s  as the well 
gets cooler, the MTD decreases. The MTD was maintained i n  the upper 60's 
for  the b u l k  of the' testing. 

The only 

id 
u 
u 
u 
il 

d 

The heat loads calculated for the coolant and brine circui ts  appear 
i n  the next two columns. The coolant heat load i s  used for a l l  heat 
transfer coefficient calculations because the calculation is  more straight 
forward w i t h  fewer unknowns and hence more reliable. 
two heat loads, which should be the same, does provide a cross check on 
data re l iab i l i ty ,  however. Any wide discrepancy between the two values 
would be a signal for questioning the data o r  the experiment operation. 
In comparing the two heat loads no major difference was measured and it 
will be observed that the coolant load is generaly only about a few percent 
greater. T h i s  may indicate that some of the coolant heat is being leaked 
t o  the atmosphere through the insulation and that the assumed density and 
specific heat of the brine were i n  error. 

The comparison of the 

c 
Id 

I 

The next two columns show the actual overall heat transfer coefficient, 
first as determined by calculation from the individual temperature readings, 
and second as determined from the U-meter. The overall U determi 
the U-meter is calculated by mult iplying by the meter factor and 
flowrate. The meter factor is age specific heat of the coolant 
divided by the heat exchanger s rea i n  square feet. 

i u 
L 

I i:' 
, The final columns are the resistance readings first of the tubeside 

uncorrected , then corrected for ve 
The resistances were calculated as llows. The initi 

i t y  and finally,  
t 

B- 5 
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i u  , 

bJ\ 
, i r  ! I 

1 il 
I 1; 

u 
E 
B 

l b  ~ 

1 h; 
tj  

I 
8 t ransfer coef f ic ient ,  measured f o r  each exchanger, was considered t o  repre- 

sent a v a l i d  clean coef f ic ient .  A tubeside heat t ransfer coe f f i c i en t  was 
calculated using the formul 

h t  = D;O~~2GP !:6 
062 [ I  *D. 

.075 O.D. i 
(TI P r  

G = mass ve loc i ty  - l b / h r - f t 2  

v = v iscos i ty  - l b / f t - h r  

P r  = Prandtl number (CPp/K) 

Cp = spec i f i c  heat - BTU/lb°F 

~ i l  D = hydraulic diameter-ft 

2 K = thermal conduct iv i ty - BTU/hr-ft 
I 

A tubewall resistance o f  ,00023 hr-ft2-"F/BTU was calculated using the 
formula 

I 

OD OD 
R t w  = x In I?b 

l ese data, the shel ls ide heat t ransfer 
measured flowrate, u the formula 

r-7 

1 .  
1 1 - .imaa- - R t w  

I 

The purpose of determining hs i s  t o  permit the proper weighting of 
corrections f o r  var iat ions i n  shel ls ide f lowrate i n  in terpret ing the t e s t  

l a n t  control  valves were s f fect ive t h a t  1 

n coolant (she l l s i  
test ing period. - I 

.. 2 h 
1 

f *  B-6 

l k  1 



Figure B-1 i l lustrates  the calculated hs for both APEX-100 and I 
i 

APEX-300 as a function of flowrate. The curves were extended from the 
po in t  value calculated using the formula h s  Q W ~ * ~ .  There is about 
a 10% difference i n  the calculated values for  the two exchangers. T h i s  
may be explained by differences i n  fabrication. The nature of the construc- 
t i on  of the exchangers, i.e., a tube w i t h i n  a tube w i t h  wire wrapped 
around the inside tube and tacked t o  provide separation and flow direction 
permits construction tolerances t o  create variations i n  flow area and 
leakage past the flow directing spacers. These differences could easily 
result  i n  a real difference of hs between the exchangers of this magnitude. 
I t  appears more l ikely a f te r  examining the fouling data, that  the APEX-100 
u n i t  had some foul ing  b u i l t  up on the tubeside a t  the s t a r t  of testing which 
had been cleaned off of the APEX-300 u n i t  dur ing  checkout testing of the 
bed recirculation system. The resolution of the discrepancy has no s ign i -  
ficance as f a r  as the fouling t e s t  results are concerned.* 

~ lbl 

11 

The total  tubeside resi 
subtracting the shellside resi 
from the overall resistance. The clean tubeside resistance from data p o i n t  
1 is then corrected for  the difference i n  tubeside velocity from the base 
data p o i n t  by multiplying by the rat io  of the flowrates t o  the 0.8 power. 
This corrected clean tubeside resistance determined from the first data 
p o i n t  is t h e n  subtracted from the calculated total  tubeside resistance 
and the remaining resistance is fouling. T h i s  resistance is made up of 
both tubeside and shellside fou l ing ,  however, i t  is  assumed that the 
fouling is exclusively on the brine side because the shellside coolant is 
clean water, which is treated with hydrazine for 
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