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- ABSTRACT

This report describes the well-site test phase of a research program
conducted by Aerojet Liquid Rocket Company to establish the feasibility

of using a recirculating solid bed material to eliminate heat exchanger

fouling in geothermal service. The concept was directed towards application
as the pnimary heat exchanger in a geothermal power plant which utilizes
a binary cycle. The'APEX approach was shown to be effective for condenser

~ operation with fouling cooling water. Similarly, APEX could be applied

for geothermal direct heat utilization, for example, the vapor generator
in an absorpt1on refrigeration system.

Phase I of this program culminated in a laboratory demonstration of

APEX concept feasibility with brine simulants. Testing under the current

project phase of the research effort was conducted at the Geotherma]
Component Test Fac111ty located at East Mesa, Ca]1fbrn1a Technical

feasibility was established by testing the effect1veness ‘of the bed
‘material in preventing the fouling of a heat exchanger test section.

The elimination of fou]ing}Was demonstrated using both geothermal well
water and facility cooling water as the fouling fluids.

iii
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1.0 INTRODUCTION

The development of the Advanced Geothermal- Primary Heat Exchanger
(APEX), will provide a self-cleaning heat exchanger for utilization with
geothermal brines which form scale. During the Phase I Contract (E(04-3)-
1125) period, the Aerojet Liquid Rocket Company (ALRC) conducted laboratory

‘research exper1ments which verified the technrca] fea51b111ty of the APEX
. concept, Ref. 1. In Phase II, covered by this report, APEX evaluation was

continued with field testing at the Department of Energy (DOE) East Mesa
Geothermal Component Test Facility.

One of the problems encountered in energy:conversion from geothermal

brines has been the deposition of solids on process equipment. Fouling of

heat exchanger tube walls as the brine cools can greatly reduce the effective-
ness of the heat exchanger. “The reduction in heat transfer coefficient, and
the resultlng need for frequent cleaning, rep]acement, or oversizing of

the heat exchanger, makes the use of some geothermal resources economically
unattractive. The APEX approach is intended to m1n1m1ze or eliminate heat
exchanger fou11ng from geotherma] brines, and thereby increase the econom1c

~usefulness of hydrothermal resources

- The APEX fluidized bed concept functions by recirculating solids.
(such as sand) through the heat exchanger with the geothermal brine, as shown
in F1gure 1. The actlon of the bed material in mechan1ca11y scouring the
‘tube wall and/or prov1d1ng nucleat1on sxtes for so]1ds formation is 1ntended

to keep the tube wa]]s clean.

, ) The APEX approach was eva!uated at the AerOJet Research Phy51cs
Laboratory dur1ng Phase I.. So]1ds flow, 1n3ect1on,’and.separatjon tests :

Ref.‘l., Laboratory Invest1gat1on of an. Advanced Geotherma1 Pr1mary Heat
: Exchanger Final Report 2146: 08 dated 9~24-76.
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1.0, Introduction (cont.)

were initially performed to characterize test equipment operation. A.
series of tests was conducted with a heat exchanger flow section using

both clean water and a simulated geothermal brine. Baseline heat transfer‘
data with clean water, baseline fouling data with the simulated brine, and

data withvthe brine and the recirculating bed material, were obtained. It

was found that,the presence of the recirculating solids could completely
eliminate or greatly reduce fouling, depending upon test conditions.

The objectives of Phase II of the program were to extend the success-
ful Phase I feasibility demonstration of the concept, conducted under
laboratory conditions, to field testing at an actual geothermal wellsite, as
well as to pre11m1nar11y quant1fy the effects of bed operating parameters
such as duty-cycle, veloc1ty. bed makeup, and bed dens1ty

| -The Phase II program was divided into three major technical tasks.
Task 1, Well-Site Experiment Design, included all the efforts required to

- complete the design of the experimental -test rig operated at the DOE East

Mesa Geothermal‘Component-Test Facility. The-heart*of’this design was three

double pipe (tube within a pipe) heat exchanger sections in which a fouling

fluid, typ1ca11y geotherma] brine, was circulated on the tubeside and a clean

| work1ng fluid: (deoxygenated water) in the annulus between the tube and pipe.

One. exchanger section was used as a baseline for scal1ng No bed material

- was ctrculated through this unit. The other exchangers were equ1pped
- for bed addition;‘recirCUlation, and removal. All exchangers were prov1ded
: w1th temperature 1nstrumentat1on ‘to perm1t cont1nuous mon1tor1ng of heat

transfer,coeffic1ents_and hence fou11ng res1stance<bu11dup

Task 2, System Fabrication,,included:pr0curement pf'commercially
available components, refurbishing Phase I equipment, and fabrication of
special components, as well as assembly and checkout of the APEX test system

at Aerojet.
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1.0, Introduction (cont.)

The third major technical task was well site testing. The Task 3
effort included transportation, setup, and checkout of the test rig at
East Mesa, followed by verification testing, and data analysis.

The conclusions reached as a result of APEX geothermal well-site

‘testing are discussed as well as the recommendations for further needed
~ development. It was concluded that the APEX approach was effective in
preventing fouling in the fouling fluids’tested The main recommendation .

is that continued APEX test1ng include prov151ons for multi- tube heat.

exchanger eva]uat1on.

This report covers the work performed under Contract EY-76-C-03-
1125 from 25 September 1976 to 13 November 1977. The work described was

conducted for the Utilization Technology Branch of the Division of Geothermal

Energy, Department of Energy (1n1t1ated under the Energy Research and
Deve]opment Adm1n1strat1on) C]jfton,B McFar]and is the DOE Program
Manager. The program was conducted at the Aerojet Liquid Rocket Company
facility at Sacramento, California and the DOE Geothermal Component Test

Facility at East Mesa, Ca11forn1a.

The proaect act1v1ty at AeroJet 1nc1uded contr1but1ons from the

fo]low1ng personne]

- B. Breindel

“ Dr. A. L. Blubaugh
.. F. Addoms |
.‘Gracey

. Farlee

Cahill.

Pruett

Dr. E. M. Vander HWall
M. E. Bell

Program~Manager 4 4
Operations Project Manager

- Project Engineer

Lead Test Engineer

. Field Test Engineer

Field Instrumentation Engineer
Test Apparatus Design Assembly
Manager of Chemical Processes
Data Manager
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2.0 SUMMARY

The Phase II program was divided into three major technical tasks;
well-site experiment design, experiment fabrication, and well-site testing.

The experiment was planned to permit simultaneous testing of three
identical heat exchanger designs in parallel, under identical operating
conditions. The heat exchangers were single tube within pipe units with the

fouling fluid on the tubeside and clean deoxygenated water recirculating in

the annulus. Two of the three exchangers were equipped with solid bed injec-
tion and removal,equ1pment. “The third exchanger was designed to operate

as a baseline unit and had no provision for solid recirculation. Each
exchanger was provided with‘instrumentation to measure flowrates and inlet

| and outlet temperatures of both proceSS streams.

Two trailers were used'to assemb1e the experiment. The process

| equipment was mounted on a flat bed trailer. The remote instrumentation

was mounted in a control pane] Tocated within a conventional travel

‘traller This travel trailer also served as a work stat1on for the operating

crew. The two trailers were transported to the site 1ndependent1y and

v1nterconnected there at the same time that process and utility lines were
' be1ng 1nsta11ed from the facil1ty to the exper1ment

A]] testlng was performed at- the East Mesa Geothermal COmponent test

,‘fac111t1es operated for the government by Lawrence Berke]ey Laboratory.
" Three groups of tests were conducted The first test group was performed

to eva]uate the relative fou11ng rate between exchangers using the brine

‘from Well 6-1 with no bed as compared with an exchanger using a f1u1d1zed"

bed (APEX) "The brine had a total dissolved solid content of 25,000 ppm
It was pretreated by venting the noncondens1b1e gases, predominately COZ, '
“and subcool1ng s]1ghtly before enter1ng the experimenta] exchangers. The

‘ bed 5wt % of 100 mesh garnet was 1ntroduced_and recirculated on a dUty :
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2.0, Summary (cont.)’

cyc]e'mode for two hours each 24 hours of operation. The brﬁne and coolant

~ velocities were controlled at 10-ft/second. Brine inlet and outlet

temperatures averaged 320°F and 270°F respectively. The nominal exchanger
mean temperature difference (MTD) was 80°F. The MTD and brine AT were
allowed to vary~as fouling progressed. Flowrates were held constant.

The test sections were horizontal.

Testing was continued at the above operating conditions until
plugging of Well 6-1 forced a shutdown with 410 hours cumulative operating
time at this point. Analy51s of thermal data clearly demonstrated that
(1)'fou1ing of the tubes did occur when operat1ng with brine from Well 6-1
and (2) that the APEX concept was effective in preventing this fouling.
Sectioning of the tubes showed no evidence of tube wall erosion due to the
bed material. Scouring was more effective on the bottom half of the tube
vindicating some stratification of the bed Spectrographic analysis of the

~ scale formed in the baseline exchanger showed 1arge quant1t1es of iron and

s1gn1f1cant amounts of sulfur.

The second test group was conducted with fac111ty coo]1ng tower
water used to test the APEX concept in place of Well 6-1." The fac111tyv

“water or1g1nates in Tocal wells and contains a high concentration of

ca1c1um carbonate The reverse solubility of calcium carbonate results
in depos1t1on on the tubewalls when the facility water is used as a coolant.

| Fac111ty cooling water was substituted for the brine in two of ‘the test .

‘heat exchangers. One of these exchangers was oriented vert1ca11y Velo-
cities- through the: exchangers were controlled at 10 ft/second. 'The coolant .
water nomlnal temperatures were 70°F inlet and- 120°F outlet. The MTD was
75°F. Test durations were 58 hours on the hor1zonta1 unit and 116 hours on
the vertical: unit. Analys1s of the thermal data 1nd1cated the APEX con-

| ‘cept was effect1ve in preventing scale format1on prov1ded the bed material

was recirculated continuously.
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2.0, Summary (cont.)

The final test group was also performed using facility cooling water
for the fouling fluid. Flow velocities were reduced to 6-1/2 ft per
second in the tubes; 90 mesh Si0, sand was used as the bed material in the
horizontal unit; 100 mesh garnet sand was retained in the vertical unit.
Testfduﬁation'was 86 hours on the vertical unit and 64 hours on the hori-
zontal unit. Thermal ana]ySis showed both units to be effective in pre-
venting fbu]ingvduring the'périod of recirculation. Analysis of the SiO2
bed material showed no change in particle size as the test progressed.
Significant quantities of iron and calcium accumulated on the bed material.
The garnet bed material was not analysed.
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3.0  CONCLUSIONS AND RECOMMENDATIONS
3.1 CONCLUSIONS

The conclus1ons have been grouped into sections relating to
the fou]1ng 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 fouling when
operated in an unflashed mode; the extrapo]ated annual fouling factor is
.007 hr-ftZeF/Btu.

The APEX concept is effect1ve in preventing fouling
when operated on an intermittent basis with bed. rec1rcu1at1on two hours

‘per day -(the shortest time tested), using 100 mesh garnet bed material.

The APEX concept can clean this-brine scale by a

~ scouring action.

" Garnet bed dens1ty as Tow as 1.6 we1ght percent were
tested and were adequate to. prevent fou11ng S102 bed material was

eeffect1ve in prevent1ng fou11ng.

~ The foullng f11m 1s predom1nate1y 1ron compounds

_1nclud1ng iron sulfide.

3.1.2 Well 6-2 (Brine) f

, The br1ne from Well 6-2 does cause fou11ng when
operated in an unflashed condition using conventional exchangers. The
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3.1, Conc]uSions (cont.)

extraplatedvannual fouling factor is .012 hr-ft2°F/Btu. The APEX set-up
was operated 1nd1rect1y with 6-2 brine; the fluid was used to heat the
faci]1ty cooling water (see Section 3.1.3).

3.1.3 East Mesa Facility Cooling Water

The fac111ty cooling water deposits a tenac1ous scale

'wh1ch is predominately CaCO3

| ‘The APEX concept is totally effect1ve in prevent1ng

- this scale when operated on a continuous basis. Intermlttent operation, at

10 ft/sec and a bed density of 5 wt %, did not preventvscale buildup.

The cleaning mechanISm may 1nvolve the bed material

: serv1ng as nuc]eatlon sites for depos1t1on of the scale.

S | Both Stoz;and garnet bed mater1als are effectiveein
preventing‘fouling.‘.u = L - '

A ve]oc1ty as low as 6-1/2 ft/second is comp]etely
effect1ve 1n preventlng scale '

3.1.4 APEX concept

S APEX concept feas1bi]1ty was demonstrated both w1th
geotherma] brine and with fac111ty coo]ing water wh1ch formed a CaCO3 scale.

The operat1ng cond1t1ons (so]1ds rec1rcu1atlon tlme,

- veloc1ty, solids we1ght percent, solids dens1ty and vertical vs horlzontal
: orientatlon) required to prevent fou11ng depends on the tenac1ty of the

sca]e.-

Some bed strat1f1cat10n occurs at 10 ft/sec with 100

o mesh garnet in. the hor1zonta1 or1entat1on.



| I—

3.1, Conclusions. (cont.)

" Vertical orientation is an effective method of over-
coming bed stratification. | '

Low velocities and low bed particle densities are

~ feasible in horizontal or vertical units if continuous recirculation is

employed. -

3.1.5 Portable Test Trailer

- The portable test trailer concept was an effective
method of meeting the program needs for instrumentation protection,
working space for the crew, spares and tool storage, and exper1ment
operat1on

3.2 RECOMMENDATIONS

Long duration (1000 to 2000 hr) tests are needed in subscale
multi-tube exchangers to establish the APEX concept capabilities for appli-
cation in full scale plants. ' :

X

Exper1ments are requ1red to determ1ne the man1fo1d1ng requ1re-'

~‘ments to assure adequate bed d1str1but1on in a multi-tube" exchanger. v

v Research; deSign,eand experimentation work is necessary to
develop a reliable solids handling system using components which are

. app]icable;fbr’use in a full scaIefbinary’eycle_power plant;

, Ana]yt1cal deve]opment of heat exchanger des1gn model
wou]d be extended based on the fol]owing exper1ments

10
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3.2, Recommendations (cont.)

. K.

. (a)
. (b)
J ' (c)
ot ~ (d)
, (e)
-

B K.

| S—

_ - S1ng]e tube tests to develop parametrlc data on m1n1mum
acceptabTe design conditions for:

long duration nucleation effects

‘bed'particle size

bed particle density
carrier fluid ve]oc1ty
bed we1ght %

°  The single tube exper1ments should be expanded to a limited
number of other brines and fields to develop a broader base of APEX capa-
: bi]it1es and operat1ng requ1rements '

: © Long durat1on sca11ng tests are requ1red in brines con-
‘,templated for power p1ant use to estab11sh the sca11ng character1st1cs
.and the need for an anti- sca11ng exchanger.«

e Bas1c exper1mentat1on is requ1red to re]ate tube material,
veloc1ty, and bed makeup to erosion and corros1on rates for: fou11ng fluids
of interest and to further 1nvest1gate the: test ev1dence that the APEX

bed act1on reduces tube wa11 corros1on.

N

|

n



4.0 . TECHNICAL DISCUSSION

4.1  EXPERIMENT DESIGN

4.1.1 Design Requirements and Criteria

The goa]s of the experiment design were to provide a

'system which would verlfy the APEX concept feas1b1lity and capabilities

for fou11ng 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
f]ex1b1l1ty and simplicity of operat1on, and to permit extended test dura-

- tion capab111ty

4.1.2. Process Flow .

Figure 2 is the process flow schematic developed for
the experimental setup. This schematic'contains alternate circuits to per-
mit testing with either brine or fac111ty cooling water as the fou11ng
fluid in the APEX un1ts The.prlmary testing effort is with brine as the

: fou]1ng fluid. The deSIQn temperatures pressures and flowrates have

been 1nd1cated for this operat1ng mode and the f0110w1ng descr1pt1on is forf '
that case. ‘ '

Three para]1e1 exper1ments were des1gned two ‘experi-
ments emp]oy1ng the APEX concept, a and one baseline experiment for comparison

~purpqses The three test exchangers operate under essentlally 1dent1ca1 br1ne
flow conditions. The baseline exchanger has - no recirculating bed. “One of

the two APEX units was designed'to‘be operatedAWith a continuous recircu]atfng

~ bed density of 3-5 welght % of 100 mesh garnet sand.. This was the most

successfu1 of the Phase I bed combinations tested The second APEX unit

12
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4.1, Experiment Design (cont.)

was planned to operate on a duty cycle where the bed circulates under the

same conditions as the first APEX unit but for only a fraction of the time.
The duty cycle operation results in a savings in recirculation pump net power,

reduced potential erosion damage, and minimized MTD reduction exper1enced
-due to rec1rcu1at1on.

The experimental exchangers are double pipe units with
the fouling fluid f]owing_thrOUgh a center 3/4-inch, 16 gauge tube with
the clean working fluid 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 be1ng representative of the tube size which would be
selected in a final heat exchanger design. ASTM A-179 carbon steel heat
exchanger’tubtng was picked for the exchanger brine tubes and ASTM A-106
Grade B seamless pipe and tubing for all other piping because (1) it is

“the brine piping material in use at the East Mesa facilities, (2) success-

ful app11cat1on of carbon steel results in a more econom1c design, (3) fouling
caused by corrosive action can be expected to be more severe in carbon steel

‘»than more exotic mater1als thus. prov1d1ng a better test of the concept

, In]et pressure and temperature‘COnditions were chosen
based on the brine conditions estab]ished for Well 6-1 in the East Mesa
field ThiS‘weII was Selected because it has the highest dissolved solids

r‘content of any of the wells in that field. It was therefore expected to
: result in the most rapid fou]lng under the normal operat1ng cond1t1ons of a

pr1mary exchanger 1n a blnary cyc]e p1ant operat1on.

Brine flowrates through the test exchanger were estab- |

v 11shed at-10 ft/second based on: Phase I test data., It was observed that
flowrates 1n}excess ofﬁ5 ft/sec were generally required to prevent strati- -

‘fication of theibed material. This: depends on the bed part1c1e dens1ty

- and diameter. The bulk of the Phase I tests establishing the concept

- 14
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4.1, Experimeut Design (cont.)

gfeasibility were therefore performed at a nominal 10 ft/second. The same

veloCity'was'seleCted for Phase II to avoid introducihg a new variable.

\ The brine circuit consists of a noncondensable
separator at the brine supply to remove entrained gas and to insure 100%
1iquid to the experiment, a supply manifold feeding the three experimental
exchangers, and a brine return manifold eguipped with a backpressure control
valve to prevent,flashing within the experiment.

The APEX 200 exchanger is prov1ded with alternate p1p1ng |
such that it can be diverted from its primary experimental function and

‘used to condition the brine to a lower inlet temperature . This provided .
~Hcapab111ty for subccollng the de11vered br1ne. ‘

The selected bed rec1rcu1at10n approach for the APEX
exchangers makes use of sand slurry pumps. The slurry pump, Tocated at the

" ‘discharge from the experimental exchanger, increases the pressure of the

solids dlscharge from the separator to a higher pressure than the brine
stream into the exchanger, thereby permittingybed recirculation. The pres-

L sure can be set by an orifice wh1ch bypasses flow from the 11qu1d leg
: dlscharge of the separator to the pump suct1on

The APEX 300 unit is actua]ly two 1dent1ca1 exchanger ,

. designs. One is oriented horlzontally and one vertica]ly “Either

exchanger may be se]ected for use in a g1ven test group but not simul-

' taneously

“The c1rcu1t for removing the heat from the brzne 1s a

, c]osed loop system emp]oy1ng c?ean deoxygenated water as the work1ng fluid.

The work1ng fluid temperature 1nto the experimental exchangers is controlled

15
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4.1, Experiment Design (cont.)

by @ valve which regulates the flow of the faci]ity-coo]ing water to the

~ working fluid cooler. A working fluid inlet temperature of 190°F was

selected for two reasons. The resulting MTD is considerably higher in the
experimental exchanger than would be experienced in a prototype unit. This
tends to promote more rapid‘fouling from dissolved solids which have a '
normal solubility curve. More importantly, it results in more heat removal
from the'brine and hence a greater temperature difference between the

V‘recirculating bed and the inlet brine from the well. The brine flowrate

through the experimental'exchanger is calculated from a heat balance around
the bed injector; therefore the highertemperature dlfference results in
greater accuracy :

The working fluid (she1151de) flowrate to the experi-

- mental exchangers is regulated by a flow control valve in the inlet leg

of each exchanger. - The controlling s1gna1 to the valve comes from an
orifice flow element. The shellside flowrate was estab11shed at 10 GPM,
the same flowrate as on the tubeside. This results in the ‘temperature

vdifference across the exchanger remaining almost constant from inlet to

outlet. By maintaining a near]y constant temperature difference, the log
mean temperature d1fference and the average temperature difference are
kept essentially the same. Since the heat transfer coefficient visual meter

- operates on an average difference, this improves the meter accuracy

4.1.3 - Process and Instrumentation Design :

Figure 3 is the process'andhinStrumentation oesign

| diagram as  developed for the experimental setup. This diagram does not
‘show the modifications incorporated for utilizing cooling water as the

fouling fluid which were described fnathe'pféviOUS section. Figures 4,

5, and76,provide'theﬁsymbol identification used onathe diagram.

16 .
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Figure 4. Standard Piping Symbols, Single Line Piping
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ELECTRICAL SYMBOLS

N.0. TEMPERATURE SWiItCH
CONTACT
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EQUIPMENT OR

[ X5
%.0.
OR P!
SWITCH CONTACT
L AN
no.
LIOUIS LEVEL
SWITCH CONTACT
ne
4.0
FLOW SWITCH
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n.e.
no.
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SWITCH CORTACT

HELD

CLOSED

RELD .
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LA X '00! ACIUATED
SWITCH CONTACY

H.C. TIMER OR TIME PELAY
T.0.0.E. CONFACT

L X A

NEATER ELEMENT
POTENTIOMETER
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LI Ti NEDRMATION
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A) WIRE NUMDERS
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m l(‘(l!ltl 10 INTERNAL WIRING
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Figure 5.

Standard Electrical Schematic Symbols and Notes
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4.1, Experiment Design (cont;)

- The instrumentation plan, in general, was to continuously
record all measurements critical “to the analysis of the experimenta]
exchangers Measurements requ1red for the operat1on of the equ1pment were
presented on local 1nd1cators

 The follow1ng descr1pt1on of the des1gn shown on

’F1gure 3 for APEX No. 200 is applicable for all experimental exchangers.

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 using a magnetic flow element. Other flow measure-

ment systems were considered but rejected because of the concern ‘that pro-
gressive error wou]d be introduced due to corros1on of the sensing
elements. The flowrate is remote]y recorded. The brine temperature is
measured and recorded us1ng p]at1num resistance probes for accuracy. |
Downstream of the bed material injection point the flow passes through

a Slght glass for- visua]ly observing the bed mater1a1 flow1ng and estimating

the dens1ty. ‘The brine coolant: temperatures are measured and recorded at -
the entrance and exit of the test exchanger using the same type of platinum
resistance probes. These temperatures are used for MTD, heat load, and

flowrate ‘calculations and for input to the heat transfer coefficient. meter.-

~The pressure drop across the exchanger is measured ‘and recorded us1ng a

differential pressure transducer. The AP was 1ntended as a check on the .
reaction w1th1n the exchanger s1nce the AP tends to 1ncrease w1th fou11ng :

: .and w1th corros1on

After leaving the test heat exchanger, the br1ne :
enters the separator where the solld bed mater1a1 is separated from the
‘brine. The solids are re1n3ected 1nto the fresh- br1ne upstream of the
exchanger, and the spent 11qu1d brine returned to the site facilities via
a collection pot. Both the liquid and solid discharge from the separator
is monitored with sight glasses to observe the bed flow characteristics.

2
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4;1, Experiment Deéign (eont.)

Each experimental exchanger module is provided with
block valves at the inlet and return manifolds of both the brine and coolant
sides to permit isolation of the experiment for repair or maintenance.

Each exchanger is also equ1pped with a bypass so that the entire system can
be started and flows adjusted and/j>ab111zed before the exchangers are

“brought on stream..

_ Loading and unloading of the bed material is accomplished
in the same manner as on the Phase I effdrt. ‘The bed material in the
particle loader is fluidized and'injected using the slurry pump. Valve V-220
is opened and ROV 220 is cycled until the desired loading, as determined
by the sightglass'or sampling is achieVed, »Un]dading is accomplished by
cycling the pumpyuntil thelbed_mdteria1 is removed.

| Samples of the brire and bed are obtained at the mid-
point of the exchanger where the two exchanger sections are joined. The
flow 1s directed to the col]ector by opening the sample bomb valves, V-208

- and clos1ng V-207C. ' A sample is trapped by rever51ng this sequence. The

bomb 1is removed by c]os1ng V-207A&B and unscrew1ng the bomb from the
c1rcu1t ' B ‘

The coolant supply. system consists. of an accumulator,
a rec1rcu1at1on pump, a heat. reject1on cooler, a make-up water tank and a -

~transfer pump. The accumu]ator is pressur1zed to insure adequate NPSH for

the rec1rcu1at1on pump. Bottled regulated nitrogen gas is prov1ded to
accomp11sh this pressurization. ~The accumulator is equipped with a level
switch which activates the transfer pump to transfer make-up water to the
accumu]ator as needed The make-up water tank is open to atmosphere and '
filled per10d1ca11y as required. A coolant line has been provided to each
experimental modu]e brlne circuit to provide flushIng capab111ty if

requ1red

22
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4.1, Experiment Design (cont.)

4.i.4 - 'Process Equipment

The process equipment is made up of a combination of
standard commercial equipment, commercial equipment modified for this
application, ALRC designed and fabricated equipment, and components recovered

‘and refufbished from Phase I or ALRC surplus stores.

4.1.4.1  Pumps

The pumps are all standard commercial units. The
coolant recirculation pump, P-1, is designed to supply 100 GPM at 150 psid.
This is considerably oversized for the present experiment size, however,
the next smaller size did not prov1de any significant flow margin and the
cost differential was minor.

: " The make-up water transfer pump, P-2, is the same
pump used for coo]ant rec1rcu1at1on in program Phase I. This pump supplies
5 gpm against a 150 psi head.

The slurry pumps supply 20 gpm at 40 psid. This is
considerably more head than required which presented a control problem.
A variable speed drive was considered but ruled out because of cost. A

: direct}pump bypass to permit operation at a different point in the pump

curve was not practical because the pump curve is virtually flat. The by-
pass system selected makes use of the pressure drop in the separator to
reduce the pressure to the desired level. A'supp]eménta]ybenefit derived
by recirculating c]ear br1ne is that the weight % of so]1ds pumped is
decreased, thus reduc1ng the wear on the pump.

23
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4.1, Experiment Design (cont.)
4.1.4.2 Heat Exchangers

. 7  The coolant heat exchanger, A-1, is a standard 4
tubepaSS<commércia1}un1t containing 37 square feet of heat exchange sur-
face. The coolant is tubeside and the facility water shellside.

The experiment exchangers, APEX 100 200, and 300
are identical. These units were fabricated at ALRC and are patterned after
the Phase I units. Each exchanger consists of two 10 ft long sections. The

-sections are constructed‘of'a:3/4;inch tubé within a 1-inch pipe. The
-3/4~inch tube is held concentric within the pipe by a 1/8-inch round wire

wrapped'around the OD of the 3/4-inch tube in a spiral'with 1 turn every
2 feet. One end of the exchanger is sealed with a teflon ferrule to perm1t

' d1fferent1a1 expansion between the pipe and tube.. The tube and the annulus

~ flow areas are approximately the same. This permits ut111zat1on of similar
‘flowrates and 51m1lar velocities for both br1ne and coolant which. has
;advantages in terms of operating the experlment 1n the des1red range of

MTD and heat transfer coeff1cients.
a3 Tanks

: The. coolant water tanks, T-1 and T—2 are the ALRC
30—gallon stainless steel tanks which were used in Phase I of the program

| for the brine and ‘the water tanks. “The connect1ons on the tanks have been

mod1f1ed to meet the needs of the current program

: ‘ The . co]lectlon pots, T-200 and T-300 and the part1c1e
1oading pots, T-201 and T-301 were built up at ALRC from p1pe and p1pe
f1tt1ngs in accordance W1th the des1gn requ1rements :

24
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4.1, Experimeht Design (cont.)
4.1.4.4 Separator

The. separators $-200 and S- 300 are standard. commer-

- cial cyc]one units 1dent1cal to the separators used in Phase I except for

the size.
4.1.4.5 Trailers

- The equipment trailer is a 16-foot flatbed unit
capable of'transporting a 6,000;1b_1oad. The trailer is eqqipped with
jacks at each corner for anchoring and leveling. A1l the process equip-
ment and piping are mounted on this trailer. | |

The instrumentation trailer is a modified 28-foot
travel trailer. This trailer has been modified by rep]aeing the beds with
instrument racks. The travel trailer houses all ‘the remote 1nstrumentat1on
and controls, spare parts, tools, as well as prov1d1ng work space for the
ALRC operat1ng crew. Figure 7 illustrates the trailer modifications made.

4.2 FABRICATION

F1gure 8 shows an overa11 view of the off1ce tra11er and the

~flat bed equipped trailer conta1n1ng the test setup

Figures 9, ]O,~and 11 are views of the test setup frem the
right and left side and from the rear Figure 9 shows the contactors wh1ch
prov1de power - to operate the pumps , the local flow and’ pressure 1nd1cators,

~and the pressurizing gas bottles for the coo1ant ‘tank pressurization system.
Figure 10, taken from the opposite side, shows the sand Tloaders 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

25
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Figure 8. APEX Instrumentation and Equipment Trailers
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'APEX Equipment Trailer - Left Side
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4.2, Fabrication (cont.)

bulkhead and the brine'pumps below the bulkhead. The three APEX test
exchangers can be seen in the right. They are Stacked'with APEX 100 on
top and 300 on the bottom. The sample collection devices for each unit
can be seen on the far right. The coolant cooler is below APEX-300.
Figure 11 taken from the rear, shows the APEX exchangers and the connec-
tion between the facility plumbing and the test rig. The coolant holding .
tank can be seen next to the office trailer.

Figure 12 is a photograph of the instrumentation console which
js located in the office trailer. The heat transfer coefficieht meters

~are located on the top: r1ght of the console, from left to right are APEX-100,

200, and 300. The flow recorder-controllers are located 1n vertical sequence
below the heat transfer coefficient meters .with APEX-100 on top. The

~ coolant flow contro]lers are on the right hand side and the brine controllers

on the left. The brine 1n1et pressure and AP recorders for APEX-]OO 200,
and 300 are located to the r1ght of the flow controllers.

_ _ - The left ha]f of'the‘conSOIe contains a digita1 clock at the
top. The three recorders in the center right are temperature recorders
for, from left to right, APEX-100, 200,'ahd 300. The pressure recorder
for the coolant return manifold and the brine inlet and return manifolds

is located on the left between the clock and the temperature recorders.
The bottom section of the console conta1ns the sw1tches for operat1ng the ‘

~ pumps, the brine inlet va]ve, and the sand 1oader valves.

4.3 TESTING

4.3.1  Laboratory Verification

, The Phase II process schematic, Figure 3, is similar
to that used in Phase I with}the major exception that a slurry pump is
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4.3, Testing (cont.)

used to reinject the recirculating bed material into the brine rather than

_‘the eductor used in Phase I. This is considered to be representative of .

the approaehvwhich would be initially considered for a full scale unit.

Duration testing of the slurry pump was required before
it could be selected as a viable component for the Phase II field testing
effort. The test goalé were to (1) establish that the pump will circulate
bed material of the particle density, size, and weight % planned, (2) to
establish the rate of decay of pressure head developed, and (3) to establish
the wear patterns of the pump so that adequate and proper spare parts were
on hand at the test site.

 The duration testing of the pump was performed using
ambient temperature deionized water to which garnet sand bed material was
added. ‘ R |

Figure 13 is a photograph of the test setup with the
pump disconnected from the suction and discharge pipe. The bed loader and
the sampling system from the Phase I program wefe»incorpdrated into the
setup for loading the bed material and to sample the recirculeting slurry
for determination of weight % solids and particle size degradation. The

pump head developed was taken out across an orifice plate.

4.3.2  Well Site
4.3.2.1 Test Setup and Checkoute

The tasks required to setup and checkout the test

: rig 1nc1uded the 1nstrumentat1on connect1on between the console and the test
rig, plumb1ng of cooling water and br1ne from the faci]1t1es to the trailer,

electrical hookup, instrumentation calibration, insulation of the test

\
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4.3, Testing (cont.)

‘exchangers. and setup of the'coolant supply and‘pressurization system. No

significant problems were encountered except with the brine supply system.

- Several modifications were required to the brine supply system before 100%

liquid could be delivered to the experiment.

It was necessary to provide both a noncondensible
disengaging tank and a subcool1ng circuit to achieve satisfactory operat1on.
Figures 14 and 15 111ustrate the final brine supp]y system utilized during
the experiments. Figure 14 shows the disengaging tank. This tank was
patterned after the tank des1gn developed by Batte]]e to handle noncon-

' densab]es from We11_6 -1. It was constructed from. 12-1nch pipe and des1gned

to provide'the same residence time as the Battelle unit. The inlet to the
tank from the weli is the insu]atedAIine'on the left side. A bypass stream
from the well to the flasher tanks was ‘provided and used when the experi-
ment was shut down temporar11y A small 3/4-1nch line can be seen joining

‘the brine supply at the tank 1n1et This is the cool brine being recir-
'v'culated from APEX-ZOO heat exchanger to provide subcooling. The noncon-
' densables are vented from the top of the tank through ‘the control valve to
'the brine return line from the equ1pmenttra11er. The brine supply is fed
from,the bottom of the tank to the ALRCVtrailer

o F1gure 15 shows the connect1ons at the tra1ler end.
The 1nsu1ated line is the br1ne inlet. The two lines: on ‘each side are .

.c0011ng water supp]y and return The small line is the coo] br1ne for brine
-supply subcoo]1ng The tank closest to the tra11er is the flasher used by

the ALRC‘experiment. The other flasher 1s for the bypass br1ne stream
'4.3.2.2 Operating Procedures'

The ALRC eXberiment was deSigned'to operate-on a

continuous basis for four weeks except for periodic shutdowns, as necessary,

-
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4.3, Testing (cont.)

for'maintenance. In order to accomplish this without the expense of constant
attendance, an automatic alarm device was incorporated into the system such
that any critical component failure would close the brine supp]y valve and
the c]os1ng of the supply valve would activate a.red warning light."

. . A number of shutdowns occurred during the course of
the experiments both scheduled and unschedu]ed. The unscheduled shutdowns

‘were generally a result of both facility and test equipment blown circuit

breakers. This problem was corrected by bypassing redundant breakers and
balancing the e1ectrica1 load between phases. On one occasion,_pressure was
lost in the coolant tank, shutting down the system. This was due to a stuck

. check valve. A s1ngle ‘unscheduled 1nterrupt1on occurred when facility

1nstrument air pressure was ‘lost.’

A -Most_equipment fai]ures_cou1d be}anticipated by
closely monitoring the system performance'during operation. In these

~cases, shutdowns were scheduled at conven1ent times and components were
' repalred durlng a s1ng]e shutdown. Shutdowns were ncessary for the
fo]]ow1ng 1tems. : !

rrTemperature probe. rep]acement.

. ‘Pump mechan1ca1 seal replacement (2 pumps)
. Pump shaft replacement (1 pump).

. - Coolant exchanger cleaning (tw1ce).

RN Sy

: } _FreQuent]y, the shutdowns did not require’both
units to be shut down. The total time lost for shutdowns during the Group 1
test1ng period pr1or to we]] fallure was 46 hours on APEX-IOO and 73 hours
on APEX-300 ' :
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4.3, Testing'(cont;)
4.3.2.3 Test Conditions

o Three groups of tests were performed at the geotherma]
test site. The nominal operat1ng points for each test group are presented

in Table I. The first group of tests were performed using br1ne from Well 6-1

as the fouling medium. The second and third test group utilized the facility
coo]ing'water for the fouling medium. Well 6-2 was used to provide the heat
for the working f1u1d dur1ng group 2 and 3 testlng via the baseline heat
exchanger

4.3.2.3.1 Group 1 Testing
Two experimental heat exchangers were employed

during group 1 testing.’ The baseline APEX 100 unit provided}fouling data
on the brine from Well 6-1 under conventional operation and the APEX-300

unit demonstrated the relatiVe performance of the APEX concept. The APEX-200

unit was diverted from its'original'experimental purpose to provide sub-
cooling for the brine during group 1 testing.

The operat1ng flowrates were unchanged from the

ades1gn values shown in Figure 2. The brine temperatures were adjusted :
~ from the original des1gn values sl1ght1y because of the nece551ty for sub-

cooling the brine.. The working f1u1d inlet set temperature was 1ncreased
from 175°F to 190°F. This change was ‘made to reduce the heat Toad and
increase the MTD.in the working f]u1d cooler. The rap1d fou11ng exper1enced

}from the fac111ty water would” requ1re 1nconven1ent1y frequent cleanlng shut-
downs without this change. |

, Raw data was measured on both the baseline exchanger,
APEX 100, and the rec1rcu1at1ng bed exchanger, APEX-300, at least twice a day.
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TABLE 1
TEST. SUMMARY
Tubes ide Shellside Bed Make-Up
Test| Test Flow | Temperature °F Fluid Flowrate |Temperature °F Duty
Group | Exchanger Fluid GPM Inlet [Outlet GPM GPM Inlet [Outlet Material | Size-Mesh| Cycle Function
1 Baseline 6-1 Brine 10 325 | 270 - Clean 10 190 245 N/A > - Baseline Fouling
Deoxygenated
APEX-200 " 7 320 250 Water 14 190 225 None - > Subcool Brine
APEX-300H o 10 315 260 " 10 190 245 Garnet 100 2 hrs/day | APEX Experiment
2 Baseline | 6-2 Brine 9 | 325 255 " 12 190 245 N/A > + Heat Working Fluid
APEX-200 Facility Bt 10 | 70 115 " 10 190 145 Garnet 100 Variable APEX Experiment
Water ‘ .
APEX- 300V " 10 - 70 115 " 10 190 145 Garnet 100 2 hrs/day | APEX Experiment
3 Baseline 6-2 Brine 14 330 . [ 285 " .9 185 255 N/A + + Heat Working Fluid
APEX -200 | Facility 6.5 75 120 v 6 185 125 S1‘02 90 Cont. APEX Experiment
Water N i
APEX- 300V " 6.5 75 120 " 6 185 135 Garnet 100 8 hrs/day | APEX Experiment
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4.3, Testihg:(cont.)

The APEX-300 data was taken just before bed addition and just after bed
removal, to best observe the effects of the bed. The data for APEX-100
was taken as close to 12 hour intervals as could'conveniently be accomplished,
to provide the most uniform time spread between data points.

The temperatures at each critical station in the
heat exchanger loop, both coolant and brine, were recorded, as were the
flowrates to the exchanger and the U-meter reading. The U-meter was wired
to integrate a simultaneous reading of all the critical temperatures used
to calculate the heat transfer coefficient. The coolant temperatures were
used in this temperature integration for the heat load calculation. The
U-meter thus has the advantage of simultaneous temperature readings while
the individual temperature data were read as they were recorded on a six-
point recorder, which has about a one-minute cyc]e; The U-meter has the
technical objection that the average temperature difference is used in the
presentation rather than the log'mean temperature difference. This objec-
tion is academic in the case of the experiments conducted because, in all
cases, the inlet and outlet temperature differences were maintained very

-nearly equal, i.e., within 104 of each other. Thus, the variations between

the average temperature difference and log mean temperature d1fference is

‘on the order of 0.1%.

: , The. heat transfer coeff1c1ents ‘were computed using
both the U-meter read1ng and the 1nd1vidua] temperature readings in the
early stages,of testing, however, the individual ‘temperature readings were
found to result in a greater data spread than when the U-meter”readings
were used. - This spread was attributed to. the fact that the individual
temperatures‘could not be_readvs1mu1taneously or as accurately. The U-meter
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4;3, Testing (cont.)

was therefore used exclusively for the major portion of the heat transfer
coefficient calculations and the use of individual temperature readings were
Timited to heat load calculations for comparatiVe pukboses, to provide a
check on the validity'of the data point and for recirculation flowrate
calculations.

Appendix B summarizes the reduced data from test
group 1 and describes the techniques, formulas, and assumption made in
reducing these data and determ1n1ng a tubes1de fouling resistance.-

4.3.2.3.21 Group 2 Testing

Group 2 tests were conducted following the

‘failure of Well 6-1 using the facility water, which had been used for

cooling, as the fouling fluid. The facility water had exhibited strong
fouling characterlst1cs when used to cool the work1ng f1u1d durIng previous
test1ng ‘

The test rig was modified to permit facility water

to be used in place of brine in either the APEX-ZOO or: APEX-300 experimental

exchanger. The baseline APEX-100 exchanger was set up to operate in the
convent1ona1 fashion, i.e., brine on the tubeside and working fluid (clean ‘
treated water) on the she11s1de This unit thus prov1des the dual funct1on

~of prov1d1ng the requ1red heat to the working fluid and prOV1d1ng fbu11ng

data on Hell 6-2

The 1n1t1a1 testing sequence for the supplemental.

test series was ver1f1cat1on test1ng of the new system. These tests were
‘performed using the baseline exchanger and the APEX-200 unit. The APEX-300

experiment was blocked while being modified for vertical operation capabilities
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4.3, Testing (cont.) .

during this initial test series. Only a single APEX experiment can be con-
ducted using the modified system under normal operating conditions. This
is 1imited by the capac1ty of the base11ne exchanger to heat the work1ng
fluid. '

| The APEX-200 was tested for three days under the
same flow rate conditions as used in the previous test series to: (1) verify
that the system would scale, and (2) verify that the APEX concept would

“remove the scale. At the conclusion of the verification testing, the

APEX-200 was shut down and the vertical APEX-300 was brought on stream under
1dent1ca1 operat1ng cond1t1ons so that the relative mer1ts of vertical and

‘horizontal operation cou]d be ana]yzed

The same basic procedures for measuring and collec-

ting raw data were followed in group 2 testing as ‘described previously

for group 1 test1ng -Some s1mp11fy1ng procedures were followed in data

. reduct1on and analysis procedures. The unlformity of the flowrates measured
‘made the procedures previously used of comput1ng separate shellside and

tubeside heat transfer coeff1c1ent unnecessary The fouling was computed
directly from the overall heat transfer coeff1c1ent calcu]ated from the

U-meter read1ngs.

' ’4.3.2.3.3 - Group: 3 Testing |

v ‘vGroup 3,tests nere perforhed using facility Water '
as the fouling medium to study the APEX concept effectiveness at Tower

}operating'velocities.° The test conditions and procedures'for'grdup 3

tests were 1dent1ca1 to group 2 with the following except1ons (1) the
flowrates 1n the APEX exchangers were reduced, (2) the reduced flowrates "
permitted s1mu1taneous operation of APEX 200 and APEX-300V - The base11ne
exchanger was able to provide sufficient heat to- the working fluid to handle
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'4.3, Testing (cont.)

both exchangers at this reduced heat load cond1t1on, (3) S102 bed material
was substituted for garnet bed material in the horlzontal unit, (4) a con-
tinuous recirculation mode was used in the horizontal APEX unit and the bed
material was recirculated for eight hours each day in the vertical unit.

“The basic data analysis procedures used for the
group 2 tests were utilized for analysis of the group 3 tests. However, the

temperature fluctuat1ons,of the process streams during group 3 tests were

of a greater magnitude than encountered in previous testing. It was con-
sidered necessary to correct the measured heat transfer coefficient to a
baseline temperature condition. The data were corrected to an average
cooling water temperature of 93°F and an average working fluid temperature
of 150°F. ' The formula used to compute h in group 1 testing was used to
adjust the tubes1de and shel]s1de heat transfer coeff1c1ents

4.4 TEST_RESULTSV

Test results are presented 1n th1s section. Interpretation
of the resu]ts are d1scussed in the next sect1on (4 5). ‘

"4.4;1 'Lahoratory Tests

Two 100-hour laboratory tests on the slurry pump,

' conducted to qua11fy the pump, d1sclosed no degradat1on of the developed
'pump head. Both tests were terminated because of excess1ve 1eakage of the
*;mechan1ca1 seal. Figure 16 is a photograph of the mechanical seal after

the test., The ceram1c face is - undamaged however, the carbon face is bad]y
worn. F1gure 17 is a photograph of the pump cast1ng and 1mpe11er after the

- first 100-hour test Some minor eros1on of the 1mpe1]er vanes was exper1enced

44



B

i R s s .. K

B S

CARBON
FACE

WORN SECTION

Figure 16. STurry Pump Seal After 60 Hours Operation

| S

.




—

| -

£ .

r . .. £ ... €. & _ & __ B__

v

Figure 17. Pump Casing and Impeller After First 100 Hour Test
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4.4, Test Results (cont.)

The slurry pump qualified for use in the Phase II

- field testing. It was anticipated from these tests that frequent replace-

ment of the mechanical seals could be required when continuously recir-
culating bed materials. Therefore, spare seals were purchased for backup
during the field testing.

The durability results of these tests have little direct
relationship to the applicability of slurry pumping for the full scale
application. The pump was se]ected primarily based on availability and was
qualified as adequate for experimental test duration only. Slurry pump
manufacturers do not anticipate excessive wear in larger sizes.

4.4.2  Mell-Site Tests

The fouling test results are presented for all three
groups of tests by plott1ng the ca]culated tubes1de fouling as a function
of test durat1on the fouling is- determined by measuring the decay in
overall heat transfer coefficient, which is a subtraction process. This means
that the absolute accuracy of the temperature instrumentation is not of great
significance in determining the‘aCCuracy of the raw data, but rather the

repeatability is'significant; The reépeatability of the plat1num resistance
_probes used can be cons1dered to be perfect for pract1ca1 purposes. The

anufacturer spec1f1es + 0. 05°C at 0°C

The accuracy to wh1ch the raw data can be read can

'have a 1arge influence - on the overall accuracy. The U-meter, which inte-

grates all the critical temperature read1ngs into one voltage output dis-.
p]ayed d1g1ta]1y can be read w1thout error. F]owrates can be read to.
+ 0.1 GPM which could introduce an error of 1% in Group 1 and 2 test1ng
flowrates and a 1.5% error in Group 3 flowrates '
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4;4,‘Test~Results (cont.)

Minor fluctuations in operating temperatures occur due
to supply water temperature variations. This has a minor influence on heat
transfer coeff1c1ents because of changes in fluid propert1es with tempera-
ture. These variations were not considered to impact the data reduction for
Group 1:-and 2 testing. A maximum error of i_l% in ht is possible due to
brine temperature fluctuation. The temperature fluctuations® experienced in
Group 3 testing were more extreme and corrections were made to allow for
these fluctuat1ons in the data reduction of APEX-200

The Group 3 testing of the APEX-ZOO has an additional

~error not encountered on other tests. This is that heat transfer data
- was measured while the bed material was being rec1rculdted The weight %

bed mater1al being circulated at a specific time has some influence on the
recirculation flowrate and possibly some influence on heat transfer coeffi-

cient if sufficient sand is in the system. The heat transferfdata taken

simultaneously with a bed sample in which the weight % of bed mater1al is
determined to fall w1th1n a narrow range, so 5 to 10%, would not be sub-
ject to error due to the rec1rculat1on flowrate uncerta1nty Data falling

}outs1de th1s range could be- less accurate. ’

~ The effect of the maximum errors in flowrate and
temperatures on’ tubes1de and shells1de res1stances were computed assuming

_ »each parameter was in error in the d1rect1on to cause the greatest deviation.
—-A potential error of + 5.4 x 10°

-6 hr-°F- ft /Btu was calculated for Group 1

and 2 test data. The potential error for Group 3 tests was + 13.5 x lO -6 .

th-°F-ft /Btu for the APEX- 200 unit. The APEX-300 un1t, which .was not

'corrected for process stream temperature fluctuations has a considerably

«greater potent1al error.' This ‘potential error was not calculated because
- the data was so conclusive that any temperature stream correct1on would be

1ns1gnif1cant.
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4.4, Test'Resu1ts_(cont.)

The potential errors calculated when compared to the
data generated were not of a sufficient magnitude to influence the validity
of any of the conclusions reached or any of the trends displayed on the data
plots. '

The test results are presented in this section and they
are discussed and interpreted in the next section.

4.4.2.1 Group 1 Test Results

A plot of the fouling resistance as a function of time
for the baseline exchanger, is shown in Figure 18. The early data, points

2 through 6, have been discarded because the temperature probe which measures
‘the brine inlet temperature was found to be bad when checked between the

time of data points 6 and 7, and it appearedxto have been progressively failing
from examination of the data.

The fbulfng characteristics of the baseline exchanger
are subject to some speculation. The first 230 hours of operation are

straightforward and the data are well behaved. The data can be well repre-

sented by a smooth curve. At the 230 hour point a radial‘change'in the.

data occurs. Several interpretations of this phenomenom are possible.

; Figure’]B shows the interpretation of the data‘whiCh

ALRC believes to represent the true condition. The fouling proceeds on

approximately a straight Tine basis with discontinuities occurring in the

last 170 hours of testing in which the fouling buildup is reduced signi-

ficantly. A'reView of. the data shows a powér failure occurred between two

..of the three'discontinuities'and the equipment was shutidown with the brine

locked up in the exchanger for an extended period. This could permit some
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4.4, Test Results (cont.)

of the sca]e to return to solution as the brine cooled assuming CaCO3 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 in the data which would account for the third discontinuity.
Other. shutdowns occurred which did not influence the fouling buildup.

‘ The actual shape of the fou11ng rate curve of the
base11ne exchanger has no s1gn1f1cance regarding the functioning of the APEX
concept, although it may be significant in determining if the APEX concept is
required in the primary heat exchangef design for use in a binary cycle
geothermal bower plant. The significant point is that the baseline exéhanger

- did foul.

4 The fouling film accumulated in the equivalent of
10 days operation was on the order ofAO.OOOX'hr-°F4ft2/Btu. This is the
equivalent of a fouling film thickness of about 3 mils, assuming a scale
thermal‘COnductivity of 1/10 that of steel. This compares closely with the
2 mil ‘average thickness actually meaSured dufihg subsequent heat exchanger

tube sectioning~and inspection;

~The fou11ng results obta1ned on APEX 300 are shown

_plotted in F1gure 19. Data points 2 through 6 have been reJected as invalid
7:because of temperature probe damage, as was exper1enced on APEX-100. The
“time of 1nJect1on of the bed material is indicated by the solid bars along

theabscissavof the plot along with ‘the. weight % bed material, when available.
The solid lines indicate test points in which 100 mesh garnet was being '
used as the bed material. The dotted lines at the end of the testing effort

“indicate the switch to 90 mesh 5102 for the bed material. The APEX-300
.fouling film thickness, in contrast: to the APEX-100 un1t, is consistently
gnegat1ve, indicating that the exchanger,throughout test1ng is cleaner than

the initial start point, which was assumed to be the clean condition. In all
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4.4, Test ResuTts (cont.)

cases where garnet bed material was used, it will be observed that the -
exchanger tends to foul until the bed material is added and that immediately
after the bed is'removed, the exchanger 1is in a cleaner state than just before
the bed was added. This clearly demonstrates that the concept works. The

~data spread is insufficient to establish clearly whether the fouling film

is tota]]y removed each time the bed is'added' In one case, beginning at

“the 135 hour point, two days ‘elapsed between bed inspection instead of the

normal one day. ‘In ‘this case, a 1arger fou11ng film built up. Examining
the data subsequent to this, it appears that several ‘days operation were
required to return the exchanger to the Tevel of cleanliness existing

before the two-day buiId-up,'but it ‘'did return to that condition.

‘ o The results obtained with the Si0, bed material are
not conclusive. The 5102 mater1al appeared to. perform similar to the garnet
for the first two days of‘operat1on.» No improvement was noted after bed
addition the last’two‘days of testing. Further, the Si0,, being cons1derab]y
11ghter than the garnet, exh1b1ted a tendency to be carried out the overflow

. of the separator rather than re1naected and it was difficult to maintain a

sign1f1cant weaght percent of bed material flowing. This could have
been corrected by an adjustment to the bypass or1f1ce diameter. The 6-1-

‘; e11 p]ugged before this adJustment could be made

o The heat exchanger tubes were removed at the end of
the test phase: and sectioned at var1ous pos1t1ons for photograph1c examina-

‘tion and measurement of the tube cond1tion after testing with well 6-1 brine.

IR thure 20 shows a]l of the APEX heat exchanger tubes
sect1oned at var1ous posit1ons between the flu1d entrance and exit. All

| the tubes showed some degree of sca11ng
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4.4, Test Results (cont.)

Tubes with no solids c1rcu1at10n were v1s1b1y fouled.

| The baseline heat exchanger tube, APEX-100, was c1rcumferent1a1]y covered with

scale the entire length. Similarly, the br1ne coolant exchanger tube,

iAPEX-ZOO, had the same appearance

v The tube with solids recirculation, APEX-300, was
streaked with a clean surface along the entire bottom side in its hori-
zontally mounted position. The cleanrsurface,covered an angular profile
between 120° and 180°. Figure 2] shows a section of the APEX-300 tube
separated to illustrate bottom and top surface conditions. Figure 22 shows
a 100X magnification of the edge of an APEX-300 tube at the location where -
the scale interfaces with the clean surface. It is interesting to notice
in F1gure 22 that where scale formation occurs, more reaction with the carbon

| steel tub1ng is observed. This would tend to suggest that a tube maintained

c]ean would be better in preventtng chemical attack of the tube. A
chemical analysis of APEX-100 tube scale seems to indicate a sca]e/tube
reaction due to large‘concentrat1on of iron found. Table II contains a -

’_chemica1 analysis of the APEX-TOO tube scale. Iron, silicon, zinc, arsenic,
and sulfur were most noticeable. among the e1ements analyzed. .The scale

elemental con51stency was nearly the same in the two tube un1ts that made

up the ent1re APEX 100 heat exchanger.

- 4.4.2.2 GrOUp 2 Test_Resultéd

Group 2 tests were performed us1ng fac111ty water

- as the fou11ng fluid.. Both APEX ‘units were operated during this series,

f1rst the. APEX-ZOO hor1zonta1 unit and next the APEX-300 vertical unit..

*lr‘The baseline exchanger was operated to prov1de heat to the system us1ng };
~ ‘the br1ne from Well 6- 2,
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BOTTOM HALF OF TUBE

Figure 21. APEX 300 Bottom Tube Outlet Specimens
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TUBE WALL

SCALE

Figure 22. 100X Enlargement of Tube Wall and Scale Showing Corrosion of
Tube Surface by Scale
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. TABLE IT
APEX-100 TUBE SCALE ANALYSIS

Average Elemental Compbsition; % by Weight

Top Tube* Bottom Tube*

Iron 55, % 54. %
~ Zinc. 2.3 4.0
Aluminum - 1.5 - 1.6
Silicon 2.9 . 3.7
Antimony 1.0 0N
Copper . 0.98  ~ 0.48
Chromium 0.21 0.090
Arsenic 2.4 - 1.6
Boron 0.029 0.011
Manganese 0.40 0.47
Magnes ium 0.0059" 0.022
Lead 0.20  0.12
Nickel ©0.073 . 0.054
Molybdénum 0.26  0.28
Calcium 0.78 0.74
Tin. 0.045  0.055
Silver 0.037 0.012
Cobalt 0.024 .0.021
Titanium 0.012 0.013
Strontium 0.20 .0.16
Sulphur = 2,50 . 2.50
Oxygen et al ~ remainder

| *The heat exchanger assembly was fabricétéd'ih a "U“‘shape havfng'bottom‘4

and top tubes. Flow entered the bottom tube and discharged from the
top tube. IETAEERE ERE A a = L
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4.4, Test Results (cont.)

Figure 23 illustrates the fou]ing characteristics

observed with the horizontal APEX-ZOO exchanger. . The exchanger was allowed

to foul overnight to verify the rapid fou]ing‘anticipated when heating the

'faCiIity water. The overall heat transfer coefficient decayed by 5% over-
‘night which was the order of magnitude desired.

The 100 mesh garnet bed material used for the
earlier tests was added for 1-1/2 hours. and then removed. The action of
the bed material increased the heat tranSfer coefficient but did not
return it to the7origina1 clean level. The exchanger was' allowed to

~ foul for another five hours, at which point bed material was added for

45 minutes. Again, the heat transfer coefficient went up but did not

“return to the previous level. The‘eXChanger was allowed to foul over-

night after which bed material was added and allowed to remain in the
syStem for a full day before removal. - The heat transfer coefficient
returned to its previous level rapidly and remained substantially unchanged
at this value for the remaining test duration. No fou11ng ‘occurred

while the bed was circulating, but the exchanger never returned to 1ts

‘ or1g1na1 level of ‘cleanliness.

. v The APEX43OO vertical unit which was operated
‘under the same cond1t10ns as the APEX-200 horizonta] unit shows. s1m1lar
results as shown.in F1gure 24, In genera1, the same fouling rates and the .
same partial cleaning with bed recirculation was observed. A brief period
ooccurred in which the recirculation of’the bed méterial comp]ete1y restored
the exchanger to the level of clean11ness ach1eved dur1ng the prev1ous cycle.
However, the trend toward only part1a1 recovery was reestab11shed during '
the final two days of testing. The duration of bed recirculation and the
elapsed time between rec1rcu1at10n periods was varied during the s1x-day
test cycle w1thout any apparent 1nf1uence
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FOULING RESISTANCE X 106 HR-OF-FTZ/BTU
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Figure 23.
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APEX-200 Tubeside Fouling from Facili ty Cooling Tower Water
(Horizontal Operation)
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Figdre 24, APEX-300V Tubeside Fouling with FaciTity Cooling
: . Tower Water (Vertical Operation)
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4.4, Test Results (cont.)

The fouling characteristics of Well 6-2 were
monitored on the baseline exchanger during the APEX-200 and 300 tests.
These data are shown in Figure 25 The'foul1ng progressed at a fairly
uniform and unexpected]y high rate during the initial test1ng The
experiment was shut down when the switch from APEX-200 to APEX-300 was made.
An anomaly in the data was observed when the experiment was reactivated.
The heat transfer coefficient was about 3% Tower than when the experiment

‘was shut down. The fou11ng of the baseline. exchanger during the succeeding

six days proceeded at a much reduced rate.

. ~ The duration of the Group 2 tests were not long
enough to def1ne whether intermittent solid recirculation would limit the
degree of fou11ng

4.4.2.3 Group 3 Test Results

. The Group 3 tests were performed using facility
water as the fouling fluid. Both the horizontal and vertical APEX
exchangers were operated in para11e1 using Tower operating velocities,
6~1/2 ft/second on the tubes1de 5102 bed material which is lower

~in dens1ty than garnet, was used in the horizontal unit to avoid bed
‘stratification. Continuous recirculation was used in the horizontal unit
based on the Group 2 test results. The vertical APEX was operated with
'garnet-bed'materia1 and a greatlyfincreased dUty cycle.

The test results are p]otted in F1gure 26. Both

*"APEX 200 and APEX 300V fou]ing results are shown on the same f1gure for

comparatlve purposes. As shown in the plot of the data, the APEX-200 un1t

. was brought on stream 22 hours after the APEX-300V un1t
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FOULING RESISTANCE, X 106 HR-FT2-OF/BTU
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Figure 25, Baseline EXchanger Tubeside Fouling from Well 6-2 Brine
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FOULING RESISTANCE X 106, HR-OF-FT2/BTU
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Figure 26, Fou]ing with Facflity Water with Continuous and Intermittent Solids
‘ ' Recirculation _
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4.4, Test Results (cont.)

; The periods of bed recirculation on the APEX-300V
unit are shown by the solid horizontal bars. The bed was continuously
recirculated on APEX-200. Al11 the APEX-200 data taken is shown on the
plot. Three points are considered to be accurate within + 13.5 x 10” -6

"vhr-°F ft /BTU because the bed mater1a1 was sampled and did fall within a

reasonably narrow band of concentrat1on This range has been indicated
on the plot for these three points. The other data were taken either
without benefit of a sample, or the concentration deviated significantly
from the selected band. Therefore, the conf1dence in the accuracy of
these points is somewhat 1ower.

The s1gn1f1cant observations to be made from these

:"data are that fouling occurs at a re]at1ve]y rap1d rate in the APEX-300V

unit until the bed material is injected. The bed material essentially pre-

~~ vents further fouling but does not clean the exchanger which is sub-

stantia]1y what would be expected based on Group 2Atesting. When the bed
materia]'is removed, fouling resumes. This establishes the capability of
us1ng lower velocities with garnet if the un1t is vertical.

The APEX-200 shows a cont1nuous ‘trend toward reduced

'fou11ng as the test progresses. = This indicates that not on]y does continuous
: rec1rcu]at1on prevent the formation of scale from the coo11ng water, but a '

scouring action is taking p1ace to gradually remove the residual scale
existant in the tubes at the start or clean condition. - The effectiveness of
the S102 bed material in a hor1zonta1 or1entation is part1cu]ar]y signifi-
cant in that it suggests that high ve]oc1ty within the tubes will not be

- a des1gn cr1ter1a which will 11m1t the versat111ty of the APEX concept.

The exchanger tubes were sectioned and examined at

~ the conclusion of Group 3 tests. Figure“27'shows the post test appearance
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OUTLET, BOTTOM TUBE

{

Figuré' 27. APEX 200 Tube Sections Showing Scaling After Testing with
Facility Cooling Water
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~larger in size as the test progressed

‘ 4.4, Test Results (cont.)

of the APEX-200 heat exchanger tubes. The APEX-200 heat exchanger tubes

were irregularly streaked with scale alternating with 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 pol1shed dense appearance. No
severe scale dep051t10ns were observed on the APEX-ZOO heat exchanger tubes.

S The bed samples from the APEX-200 heat exchanger
were analyzed. The results bf these chemical and physical analyses are
presented in Table III. Sampie No. 0 reflects the 90 mesh silica bed
unexposed to 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
col]ection, the bed was recharged enough to saturate the system; After
two charges, the bed leadef was refilled with overflow bed collected in the
discharge collection pot. This‘prOCedure would tend to dilute the bed
and probably, at best; give relative representation bf bed history during
the test ~ Iron, alum1num, and calcium were most not1ceab1e among the
elements analyzed A brownish colored coating was v1sually observed on

~the bed particles. Each succeeding test spec1men was a darker brown which

suggests a buildup in the bed material with time although no evidence of

this buildup could be deduced from the part1cle size analyses. The chemical
analysis shows the presence of fore1gn material suggesting that the operating
was sufficient only to fill in surface 1rregularit1es The pahtic1e'siZe
distribution was found to be near]y the same for all spec1mens An average
particle size of ]44u w1th a deviation of + 4y between specimens was deter-
mined. This indicates the bed part1c1es were not be1ng reduced nor becom1ng
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Sample No.

Si]icon
Iron
Aluminum

~Magnesium

Zirconium
Boron
Manganese

- Copper

Silver
Titanium

‘Calcium

Yttrium
Chromium

Sulphur

APEX-200 BED ANALYSIS

Elemental Composition, % by Weight

*Sample collection time indicated is from start of test.

0 (0 Hrs.)* T'(2.5 Hrs.)* 2 (22.5 Hrs.)* 3 (31.5 Hrs.)* 4 (49.5 Hrs.)*
47. % 45, % 43. % a4 3 45, %
0.029 1.6 3.1 2.7 1.5
10.0097 0.36 . 0.67 0.36 0.34
0.0050 0.086 0.12 0.081 0.053
~°0.0084 0.12 0.082 - 0.029 0.0085
ND<0.01 ' 0.016 0.021 TR<0.01 ND<0.01

ND<0.003 0.22 0.26 0.24 0.11
0.000084 ~0.00013 0.00019 0.00020 0.00021
© ND<0.0001 0.00042 ND<0.0001 .~ ND<0.0001 ND<0.0001
0.0051 1 0.021 0.018 0.017 0.0092
0.0012 10.062 1.0 0.3 0.64
ND<0.009 _ 0.050 0.037 TR<0.009 ND<0.009
TR<0.0004 - 0.0011 0.0011 0.00064 ND<0.0004
0.010° 0.010 0.007 - 10.012° 0.009
_ Partical Mesh Size Di€tribution, % by Weight
, ~ 50to 100te 140 to 325 to -
Sample No. >50°  100i  140: 325" 400" <400
0 1.4 8.6  40.2 143 0.2 0.1
1 1.4 459 383 14.2 0.2 0.05
2 11 45 416 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 1.4 446  40.6 14 0.6 0.3

5 (56.0 Hrs.)*

a4, 4
1.5
0.37
0.062
© 0.0077

TR<0.01
0.12
0.00023

ND<0.0001
0.0085
1.1

ND<0.009

ND<0.0004

©0.009
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4.0, Technical Discussion (cont.)

4.5 DATA INTERPRETATION

4.5.1 Brine Test Results

The build up of scale as a result of using well
6-1 brine tubeside of a heat exchanger is illustrated by Figure 18.
Interruptions of thevprocess apparently,caUSedfsome of the scale to be
redissolved causing the reduction in fouling evidenced in the data as
shown in Figure 18. It is significant that after each interruption the
baseline exchanger (APEX 100) fouled at approximately the same rate as
before. The interruption of the process-does.nothaffect the APEX 300

‘tube that was operated with solids recirculation since it had little or
-no scale to be removed (Figure 20). Since‘the'baseline fouling rate was

not changed by the 1nterrupt1ons the APEX 300 data cont1nue to be valid

- after the 1nterrupt1ons

Compar1son of the data in F1gure 18 (no sol1ds
rec1rcu1at10n) with the data in Figure 19 (5011ds rec1rcu1ated) shows

“that the APEX approach prevented fou]1ng by removing scale deposed tubeside
from Well 6-1 brine. These resuIts were effected with intermittent solids
_frecirculat1on (2 hours per day) using 100 mesh garnet material. Bed
’ denSItles as low as 1. 6 we1ght percent were effect1ve in scale remova]
‘The less dense and less abrasive 5102 was also effect1ve in preventing
: foullng Lo ‘

The data shown in F1gure 19 requ1re some 1nterpre— '

_tation The APEX 300 tube exh1b1ted less resistance (negat1ve fouling -

.‘factor) after the sol1ds were rec1rcu1ated The test set up. was pressure

‘ftested at Sacramento before sh1pment to East Mesa and was checked out in
 the field. Apparently this Teft somé res1duals in the tubes that was ‘removed

along with the brine scale by recirculation of the,so]1ds. Thus negative
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4.5, Data Interpretation (cont.)

fouling factors would resuit since the initial overall heat transfer
coefficient (which was then used to get the fouling resistance by
differencing with subsequently measured overall coefficients) was based
on measurements that were made with these residuals apparently present.

’ " There is also a slight increase in the fouling resis-
tance toward the end of the test as shown in Figure 19. The examination of
the APEX 300 tubes subsequent to the testing (Figure 21) shows some
scaling over the surface of the top half of the horizontal tube and clean
surfaces on the bottom half. There is obviously some saltation occurring
even at the 10 ft/sec velocities. The failure to remove the scale fully
over all 360° of the tube perimeter could explain the slight increase in
fouling with time. '

The assumption that some residuals were presenf in
the tube before testing with the brine raises a question about the scale
analysis (TableIII). Some of the elements found . in the scale may have been
the pretest residuals in the tube. The quantity of residuals, however,
should be small compared to the brine scale quantities since the reduction

" in the APEX 300 tube resistance was sma]l compared to the increase in the
~ APEX 100 tube res1stance

Another poss1b1e contribution to the s]1ght1y 1n-
creas1ng APEX 300 resistance with t1me cou]d be shell side resistance.
The outside of the APEX 300 tube had a th1n deposit of carbon on it. The

~ carbon apparently came from the carbon face of the br1ne pump mechanical

seal wh1ch was reduced by wear dur1ng the test.
There are several observatibns that impact.tube ero-

sion. The weight percent of the bed varied from 7.7% to'laﬁ%'SOIids with the
100 mesh garnet. No significant difference in the effectiveness was observed
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4.5, Data Interpretation (cont.)

with bed material. weight percent. A]so 5102 was effective in removing scale.
The nominal bed recirculation duty cycle was two hours on per day. On two
occasions the exchanger was operated 2 days w1thout bed rec1rcu1at1on. In
both cases a 2 hour solids recirculation did not reduce the fouling resis-

~‘tance to that which was measured before the two day period. This higher

resistance was gradually{reduced during subsequent cleaning cycles. This
would indicate that the once a day frequency is close to optimum Low
solids weight percent, use of the less abrasive S102, and intermittent
operat1on all result in less potent1a1 for tube erosion.

Operating times were short compared to the life of a
heat exchanger and no obv1ous s1gns of ‘mechanical erosion were detected in _

" the sections of the APEX /300 tubes that were examined after the ‘testing.

Corrosion caused by scale format1on may be much. more destructive than
mechancial eros1on as’ 111ustrated in F1gure 22. The APEX concept may
prolong tube 1ife by preventing the corros1ve effects of the sca]e ;

- rather than shorten1ng life due to erosion.

The presence of scale on the top half of the hor1-
zontal APEX 300 tube and its absence on the bottom half suggest saltation
of the 100 mesh garnet at the 10 ft/sec ve]oc1t1es. ‘The ve10c1ty_apparent1y

- -is not suff1c1ent to prevent stratification. The 10‘ft/seChvelocfty was
~ based on visual observations made during Phase I of the program in which
it was found that 10 ft/sec provided a: uniform distribution. The 10 ft/sec

velocity appears ‘marginal for a 100 mesh garnet bed in a horwzontal exchanger.;

'These are, of course, obv1ous a]ternat1ves such as vert1ca1 or1entat1on and
,fthe use of flow turbu]ators inside the tubes ‘ ‘

“In the group 2 tests ‘the br1ne from Well 6 2 was run

through the base11ne heat exchanger to heat the working fluid (clean water)

which was in turn used to heat the facility water tubeside as the fouling
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4.5, Data Interbretation (cont.)

fluid in the APEX 200 and 300 units. The fouling rate for the well 6-2
brine changed as shown in Fighre-25. This variation in the well 6-2 fouling
characteristics is COnSistent,with observations made at East Mesa subse-
quent to the APEX testing. The variation in fouling was apparently

caused by fluctuations in the C02 content.

4.5.2 Facility Cooling Water Test Results

‘ The facility cooling water was used to foul the APEX
200 and 300 tubes by firSt heating theic]ean working fluid water in the base-
line heat exchanger using the brine from well 6-2 and then using the working

fluid to heat the facility cooling water in APEX 200 and 300. The facility

cooling water contains CaCo3 which has retrograde solubility and which
therefore scales on heating. |

The initial tests with the facility cooling water

indicated that the fouling was different than ‘that caused by the brine.

The sca]e appeared to be much more tenaC1ous than that produced by the
br1ne.'

" As shown in Figures 23 and 24 intermittent recircu-
lation of the solids stops fouling,'but'does not completely remove the
scale; continuous operation prevents fou11ng, but does not restore the
tube to an unfouled cond1t1on once fou11ng has occurred. '

There are two possible explanat1ons. 1) Continuous
rec1rcu1at1on of the solids mater1a1 may prevent scaling by providing
nucleat1on sites for deposwt1on of the scale. 2) The toughness of the
scale may be age dependent. If this is the case it apparently can be
removed as fast as it forms, but cannot be removed if it sets a few hours.
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4.5, Data Interpretation (cont.)

Any influence of exchanger orientation on fouling, vertical Figure 24 or
hor1zonta] Figure 23, was - comp]ete]y masked by the predom1nant influence

of duty qycTe.

The testing w1th the coo]ing water as the fouling
medium wndicates that the more tenac1ous CaCO3 scale is not readily removed

"_once it has formed and allowed to set a few hours. However, scale forma-

tion can be precluded by continuous solids recirculation.

These results were confirmed in the Group 3 testing
as shown in Figure 26. In the Group 3 tests the baseline heat exchanger
was aga1nvused to heat the working fluid (water). APEX 200 was mounted
horizontally and APEX 300, vertically. In Group 2 testing the two heat
exchanQers‘were operated seQUentieT]y., In the gnbup 3 tests the lower
velocity (6:1/2 ft/sec vs TOTft/sec) permitted'both APEX 200 and 300 to
be operated simultaneously. As shown in the data plotted in Figure 27

~APEX 200 was brought onstream 22 hours after the APEX 200 unit. Si0, bed
material which is Tower in dens1ty than the garnet was used in the hori-

zontal APEX 200 unit to avo1d strat1f1cat1on " The solids were recirculated
cont1nuous]y in the horizonta] un1t and garnet bed mater1a1 was recirculated

'f1nterm1ttent1y in the vert1ca1 APEX 300 un1t. >

| | The data,obtainedIWith APEX 300 confirm the earlier
data: intermittent’bed neCinculetion'stopS~f0uTing while the bed is being

recirculated, but does not appreciably_reduqe the fouling that occurred

while the solids were not-being reCinculated;

The results w1th cont1nuous sol1ds rec1rcu1ation con-

) f1rm earller results. There is an in1t1a1 reductlcn in the fouling factor -
similar to what was observed with the br1ne and continuous solids rec1rcu-

1at1on prevents fouling.
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4.5, Deta Interpretation (cont.)

. Besides confirmation of earlier results the Group 3

'tests)provided the additional information that 6-1/2 ft/sec velocities were

adeqhate in the veritical tube orientation with 100 mesh garnet bed material
and in the horizontal tube orientation with 90 mesh $i0,.

4.5.3  APEX Concept

Figures 18 and 19 clearly indicate the fouling of heat
exchanger tubes due to scale from brine flowing tubeside, and the effective-
ness of APEX intermittent recirculation of solid bed material in removing
scale and thus negating fouling. Figure 26 shows the fouling of heat
exchanger tubes due to a CaCO3 scale from fac111ty cooling water flowing

tubeside, and the effect1veness of APEX cont1nuous rec1rcu1at1on of solids

bed material in prevent1ng scale format1on (fou]1ng)

The test data are presented in Figures 28 and 29 as

fouling rate data instead of fou11ng resistance data as ‘was done previously.

This was done to permit compar1son of the results obtained with no solids
rec1rcu1at1on and with various operating cond1tions (duty cycle, velocity,
bed material and bed weight percent)

App11cat1on of the fou]ing rates other than is made in

th1s d1scuss1on should be done with caution. The foullng rates represent the

data at the cond1t1ons under which the tests were ‘run. Extrapolat1on to
longer t1mes different we]]s, or even the same wells at different times
could be in error. There are two reasons for this caveat. First fou]1ng

~rate cannot be expected to be 11near with t1me.} Thus, the fouling rate

can depend on 1ength of test. A11 of" the data shown in F1gures 28 and 29
were based on tests of d1fferent durat1on and al] were relatively short in
duration compared to heat exchanger operating t1mes., Secondly water chem1stry
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Figure 28. Fouling Rates for East MESA Brires Unflashed -
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4.5, Data Interoretation (cont.)'

Vcan affect the fou]ing rate."The,brine chemistry changes with COZ content,

and the East Mesa facility water was treated periodically.

It is obvious from theAfouling rates that'were obtained

- with the brine from we]ls 6-1 and 6-2 and with the facility cooling water

that heat exchangers using these flu1ds would have to be overdesigned and
wou]d require frequent shutdown for scale removal. Th1s was demonstrated

by the frequent chemical clean1ng requ1red for surfaces of the APEX equip-
ment in contact with the fac111ty cooling water (coo]ant heat exchanger).

The fouling rates for the brine is'an order of magnitude']ess with inter-

- mittent bed recirculation as shown in F1gure 28. - The garnet material is
. better ‘than the 5102 ' ’

Interm1ttent bed rec1rcu1at1on s1gnif1cant1y reduced

‘the coo]1ng water fouling rate as shown in Figure 29, but did not achieve
-enought reduct1on to be pract1ca1 -Higher ve10c1ty significantly reduced

the foulxng rate. However, continuous bed recirculation independent of

’-ve1c01ty (6- 1/2 to 10 ft/sec) and bed mater1a1 (garnet and S102) reduced

the fouling rate to zero.

As shown -in F1gures 28 and 29 the APEX concept was
demonstrated ‘to prevent fouling of heat exchanger tubes operat1ng with geo-
thermal brine conta1n1ng 22 000 PPM* total d1sso]ved so]1ds and fac11ity
cool1ng water conta1n1ng CaCO3

*Verbal communication of well condition at time of testing.
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4.5, Data Interpretation (cont.)

4.5.4 Economic Implications

An analysis of the economic practicality of the APEX
concept was performed as part of the Phase I final report, Ref. 1. The

parameter having the greatest impact on the results of 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. all of which was assumed to occur on the shellside. The
Phase II results verified the va11d1ty of the zero tubeside fouling factor
selection for the APEX exchanger; The .0025 fouling factor chosen for the
tubeside of the conventional unit was based on an assumed shutdown for
cleaning every 6,000 to 7,000 hrs of operation. This then would translate
to a year]y fouling rate of about .0035 hr-°F-ft /BTU Referring to
Figure 28 it can be seen that the proaected fouling rate of well 6-1 is
about double this value assuming a stra1ght line fouling rate. Therefore,
the Phase I fouling factor assumptions for the conventional exchanger also
appear reasonable with the probable erorr tend1ng toward: conservat1sm, j.e.
prediction of a smaller sav1ngs with APEX than will actually be realized.

No adverse exper1ences which would prevent concept
appllcation in a full scale power p1ant were encountered in Phase II;
therefore, the ver1f1cation of the Phase I assumed fou]1ng factors confirms
the va11d1ty of the Phase I analys1s as a m1n1mum for potent1a1 sav1ngs.

' The potentla] for operat1on of the concept on a duty
cyc]e bas1s, wh11e appear1ng prom1s1ng, was not estab11shed for a11 operatlng

Ref. 1. Laboratory Investlgat1on of an Advanced Geotherma1 Pr1mary 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-
teristics in each discrete field -and/or Well. If duty cycle operation does
prove feasible, a significant savings over that projected in the Phase I
analysis will be possible, both in the areas of reduced-operating costs and
reduced exchanger surface due to increased MTD. The higher MTD will be
realized because continuous rec1rcu1at1on of a portion of the brine flow
w111 not be requ1red

Summarizing the results of the economic analysis, a
savings of $300,000 per year, or 1.34 mills/kwh was predictedfif the APEX
concept were employed rather than a conventional exchanger in a 30 MW
unflashed binary system power plant The Phase II results indicate this
figure is a minimum sav1ngs to be ant1c1pated with a potent1a1 for signi-
f1cant1y greater sav1ngs.

The potential savings in operating costs accruing
from duty cyc]e operat1on 1nc1ude reduced pumping costs and reduced main--
tenance on the solids separat1on and recirculation system.. These savings,

~assuming a 10 percent. duty cyc]e. amount to $23 000 per year, or an 8%

increase over the $300 000 savings pred1cted 1n the Phase I ana]ys1s.‘

The larger MTD dur1ng the off. perlod of the duty

_cycle can’ produce an-additional sav1ngs. _The exchanger cost can be reduced
'by $50, 000 which, when converted to an annual basis, amounts. to an add1t1ona1
: $9 000 per year sav1ngs To cap1ta11ze on this reduced exchanger surface

savings, it would be necessary to schedule the: on cycle of the APEX concept

'dur1ng per1ods of reduced plant power output 51nce the Iower MTD st111
,ex1sts wh11e the bed mater1a1 is recirculating
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APPENDIX A

CHEMICAL ANALYSIS OF EAST MESA GEOTHERMAL
WELL 5-1 AND 6-2 BRINES*

Lawrence'Berke]ey Laboratory Analysis
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Chloride (C17)
sulfide (S)
Conductivity (at 25°C)

MoTybdenum}(Mo)'

Mesa 6-1

Wellhead Unflashed
'6-9-76 0930

15,850 mg/1
3.0 mg/1

- 40,000 umhos

Silica (5102) - 320 mg/1

pH .5.45

Total D1ssolved Solids (TDS) 26,300 mg/1
Titanium (Ti) - <0.10 mg/1
Iron (Fe) - 8.8 mg/1
Lithium (Li) 40.0 mg/1
Potassium (K) 1,050 mg/1
Copper (Cu) . <0.10 mg/1
‘Magnesium (Mg) 17.2 mg/1

<0.005 mg/1

Zinc (Zn) 0.07 mg/1
Manganese (Mn) - 0.95 mg/1
Nickel (Ni) ' 0.10 mg/1
Barium (Ba) 14 mg/1
,B1carbonates (HCO ) 202 mg/1
‘Carbonates (603) : 0.0 mg/1

~ Sulfate (504) 42.8 mg/1

. Fluoride (F) 0.99 mg/l

Nitrate (N03) R - .TRACE, less than 0. 02 mg/]
Phosphate (P04) Total S ~N.D., Less than:0.01 mg/1
Cadmium (Cd) T " 'N.D., Less than 0.01 mg/1

Ammonia (NH4) ~ 40.75 mg/1
‘ ;Bery]lium (Be) . N.D., Less than 0. 02 mg/1
Cesium (Ce) 2,75 mg/1

N.D. = None Detected
< = Less Than



ij Bismuth (Bi)
Mercury (Hg)
Arsenic (As)

f
EJ - Selenium (Se)

Antimony (Sb)
EJ Tantalum (Ta)
, Niobium (Nb)
il. Sodium (Na)

Calcium (Ca)
iﬁ Strontium (Sr)

Germanium (Ge)

Palladium (Pd)
Platinum (Pt)
| Cobalt (Co)
L ridim (1r)
S Tungsten (W)

i : Indium (In)
EJ ~ Gold (Au)

R} Aluminum‘(Al)

~ Boron (B)
1] Chromium (Cr)

Mesa 6-1

Wellhead Unflashed (cont.)

6-9-76 0930

3 mg/1

‘N.D., less

0.26 mg/1

N.D., Less.

5.5 mg/1

0.14 mg/1

0.40 mg/1

 8,1oo-mg/1
1,360 mg/1

320 mg/1
N.D., Less

'N.D., Less

N.D., Less
N.D., Less

o N.D., Less
0.06 mg/l'
~N.D., Less

N.D., Less
0.04 mg/1

- 9.75 mg/1
N.D., Less:

than 01002 mg/1

than 0.1 mg/1

than 0.1 mg/1

than 0.1 mg/1
than 0.01 mg/1
than 0.1 mg/1

‘than 0.1 mg/1

than 0.1 mg/1
than 0.1 mg/1

than 0.1 mg/1
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Chloride (C17)

- Sulfide (S°)
~ Conductivity (at 25°C) -

Silica (SiOé)
pH

Total D1ssolved Sol1ds (TDS)

Titanium (T1)

Tron (Fe)

Lithium (Li)
Potassium (K)
Copper (Cu)

' Magnesium (Mg)

Molybedenum (Mo)

- Zinc (Zn)

) Manganese (Mn)
Nickel (Ni) -

" Barium (Ba)
,B1carbonates (HCO )

Carbonates (C03)

‘b'Su1fate (504)
~ Fluoride (F)
~ Nitrate (NOg ) .
"Phosphate (P04) Total o

~ Cadmium (Cd) - B
Ammonia (NH4)

vBery111um (Be)

Cesium (Ce)

kB1smuth (B1)

Mesa 6-2

" Wellhead Unflashed

6-3-76 1430

2,142 mg/1

1.5 mg/1

6,000 umhos
269 mg/1
6.12

5,000 mg/1

<0.10 mg/1
<0.10 mg/1
4.0 mg/1
150 mg/1

" <0.10 mg/1

- 0.24 mg/1
*<0.005 mg/1

| *<0.01 mg/1,

10.05 mg/1

<0.10 mg/1

- 0.25 mg/]“
560 mg/1

0.0

156 mg/1

.23 mg/1

0.1 mg/1

“Less than 0.2 mg/1
N.D., Less than 0.01 mg/1

14.7 mg/1

N.D., Less than 0.02 mg/l

~0.38 mg/1

- N.D., Less than o oos mg/l
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EH ' , - Mesa 6-2
- ~ Wellhead Unflashed (cont.)
ij - '6-3-76 1430
ij - Mercury (Hg) N.D., Less than 0.002 mg/1
~ Arsenic (As) o - 0.22 mg/1 _
U ' selenium (Se) _ . N.D., Less than 0.1 mg/1
Antimony (Sb) : : v - 0.90 mg/1 -
Ej ~ Tantalum (Ta) | - 0.7 mg/1
Niobium (Nb) : : ~ 0.40 mg/1
Sodium (Na) : - 1,700 mg/1
~ Calcium (Ca) I 16.4 mg/1
~ Strontium (Sr) ' ' 6.4 mg/1 _
ij Germanium (Ge) , - : N.D., Less than 0.1 mg/1
Indium (In) : N.D., Less than 0.1 mg/1
{} Gold (Au) ~ N.D., Less than 0.01 mg/1
Palladium (Pd) SR N.D., Less than 0.1 mg/1
EJ P]atinum (pt) ' ‘ - N.D., Less than 0.1 mg/1
. Cobalt (Co) v PT T ~ N.D., Less than .01 mg/1
= Iridium (Ir) L : N.D., Less than 0.1 mg/1
EJ Tungsten (W) o ‘ : ' N.D., Less. than 0.1 mg/1
, Aluminum (A1) e , -0.03'mg/1
[; ‘Boron (B) o : T 7.45 mg/1
Chromium (Cr). S N.D., Less than 0.01 mg/1
i
"
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~ Wellhead Unflashed
B 6-22-76 0910

Chrloride (C17)

Sulfide (S°)

Conductivity (at 25°C)

‘Silica (SiOZ)
pH'

Total D1ssolved SO]ldS (TDS)

- Titanium (Ti)

Iron (Fe)

Lithium (L1)

Potassium (K)

Copper (Cu)

_‘Magnesium (Mg)
~ Molybdenum (Mo)
’jZinc (Zn)

Manganese (Mn)

‘Nickel (N1)
. Barium (Ba)

Bicarbonate (HCO )
Carbonates (CO )
Su1fate (504)
Fluoride (F)

" Nitrate (N03)
‘"Phosphate (PO )
- Cadmium (Cd)

Ammon1a (NH4)

'Beryllium (Be)
“Cesium (Ce)
Bismuth (Bi)
Mercury (Hg)

Mesa 8-1

500 mg/1
1.0 mg/1

3,200 wmhos

389 mg/1

6.27
1,600 mg/1

<0.10 mg/1

<0.10 mg/1
1.1 mg/1
70 mg/1
<0,10 mg/1
<0.05 mg/1

© <0.005 mg/1

<0.01 mg/1
<0.05 mg/1

' <0.10 mg/1

0.15 mg/1
417 mg/1 .

0.0 mg/1 -

173 mg/1

©N.D.,
0.14 mg/1

~N.D., <0.
TRACE, <0.01 mg/1

1. 60 mg/l‘
0.34 mg/]
<0.1 mg/]

4.95 mg/1
, <0. 02 mg/] ,

N.D., <0.005 mg/1.

0,014 mg/1
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Arsenic (As)

Selenium (Se)
Antimony (Sb)
Tantalum (Ta)

- Niobium (Nb)

Sodium (Na)
Calcium (Ca)

Strontium (Sr)A
" Germanium (Ge)

Indium (In)
Gold (Au)

paladium (pd) -

Platinum (Pt)
Cobalt (Co)
Iridium (Ir)
Tungsten (W)
Aluminum (A1)
Boron (B)

Chromium (Cr)

Mesa 8-1

6-22-76 0910

‘Wellhead Unflashed (cont.)

0.053 mg/1
0.5 mg/1
1.2 mg/1

0.12 mg/1

0.40 mg/1
610 mg/1
8.5 mg/1
2.1 mg/1

N.D., <0.1 mg/1
N.D., <0.1 mg/1

0.024 mg/1

N.D., <0.1 mg/1
N.D., <0.1 mg/1
N.D., <0.01 mg/1
N.D., <0.1 mg/1
N.D., <0.1 mg/1
0.02'mg/1

1.60 mg/1

N.D., <0.01 mg/1
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_Choloride (C17)

Sulfide (S°)

Conductivity (at 25°C)
Silica (510,)

pH - - | o
Total Dissolved Solids (TDS)
Titanium‘(Ti)

Iron (Fe)

Lithium (Li)

Potassium (K)

Copper (Cu)
Magnesium (Mg)
Molybdenum (Mo_) :

Zinc (Zn)

Manganese (Mn)

: NickeTY(Ni)

Barium (Ba)

Bicarbonates (HCO&) _

Carbohates gCog). :
Sulfate (SOE) :
Fluoride (F)
Nitrate (No;)v.,
Phosphate (PO,)
Cadmium -(Cd)

Ammonia (NH,)

Beryllium (Be)
Bismuth (Bi)
Arsenic -(As)

Mesa 31-1

‘Wellhead Unflashed
- 6-18-76 0830

0.0 mg/1

510 mg/1
0.3 mg/1
4,700 umhos
274 mg/1
6.27

2,900 mg/1

<0.10 mg/1

<0.10 mg/1

~ 0.60 mg/1
85 mg/1

<0.10 mg/1

<0.05 mg/1

<0.005 mg/1
<0.01 mg/1
<0.05 mg/1

<0.10 mg/1
0.15 mg/1

845 mg/1

AN

183 mg/1

1.42 mg/1

0.43 mg/1

N.D., <0.1 mg/1 -
0.02 mg/1

2.45 mg/1

<0.01 mg/1
N.D., <0.005 mg/1
0.025 mg/1
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Selenium (Se)
Antimony (Sb)

Tantalum (Ta)

Niobium (Nb)
Sodium (Na)
Calcium (Ca)
Strontium (Sr)
Germanium (Ge)
Indium (In)
Gold (Au)
Paladium (Pd)

~ Cobalt (Co)

Iridium (Ir)

‘Tungsten (W)

Aluminum (A1)
Boron (B)
Chromium (Cr)
Cesium (Ce)

Platinum (Pt)

Mesa 31-1

6-18-76 0830

Wellhead Unflashed (cont.)'

1.8 mg/1

1.0 mg/1

0.10 mg/1

0.40 mg/1

730 mg/1

8.9 mg/1

1.4 mg/1

N.D., <0.1 mg/1
N.D., <0.1 mg/1
0.080 mg/1
N.D., <0.1 mg/T
N.D., <0.01 mg/1
N.D., <0.1 mg/1

'N.D., <0.1 mg/1

0.02 mg/1
2.50 mg/1
N.D., <0.01 mg/]
0.20 mg/1
N.D., <0.1 mg/1
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This -appendix shows a tabulation of the reduced data from the group 1
tests and describes the techn1ques, assumptlons, and formulas used to arrive
at a tubeside fouling resistance for each data time.

Table B-I and B-II summarize the reduced thermal data for APEX 100
and 300, respectively.' The first columns are the sample point data and time.
Column three indicates the number of hours the experiment was on-stream on
that particular day, and in 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 point.

The flowrates are shown in the'next-columns. The coolant flowrate
and brine supply flowrates were calculated from the measured volumetric
flowrate and converted to 1b/hr. This conversion was made for the brine,

~ assuming the same density that would be measured if the tota1 dissolved

solids were made up exc]us1ve1y of NaCl.

The brine recirculation flowrate waé 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 1nversely proportioned to the temprature differences

measured if the m1nor changes in spec1f1c heat w1th temperature are ignored.

T in Tbrlne mix.

Tbrme

br1ne
m1x

:Br1ne Rec1rcu1at1on # Br1ne Supp]y X recirc.

4

Tbrme

The brine'recireulation f]owrate caiculated is seen to vary'from data point

~to data point over a range of roughly 400 to 800 1b/hr. Since the operat1ng

conditions were essent1a11y unchanged for each data point, it is unreasonable

“to expect such a w1de variation in rec1rcu1at10n flowrates. The var1at1on

is probany due to the relat1ve1y 'small temperature d1fferences measured
and the inability to measure these temperatures s1multaneous1y An average
constant recirculation rate of 600 1b/hr was assumed in calculating the

B-1
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TABLE B-1
" REDUCED DATA APEX 100

Cumulative

: Meter U

Tubeside Resis.

. - ’ Mean
Test Start 0730 . | Time on Flowrates #/hr Temp ‘X #/hr x Meter | Uncorrecte orrected for Fouling
Date - 54 " |Exp. fhrs oolant , rine " | Diff Factor x Meter x10! Velocity Resistance Remarks
6/4 1 4798 4677 | 82.5 953 2808 2738 - Meter factor .25675 x #/hr x Meter Reading
23 hrs on time 4 83.5 96 3232 424
day 1 61/2 9.5 905 3364 556 :
10 1/2 8.5 904 3376 568 |— Data 1nvalid Bad Temp Probe
. o 12 83 - 882 3652 844
5/5 22 d:rs#gn time . si ggs gg? .3822 " 1014
y 3086 ' 248 Replaced Brine T Probe 1111
56 : i 85.5 90 3304 496 o e
24 hrs on time 50 83 909 3316 508 :
. ’ 87 84,5 910 3304 496
5/7 .24 hrs on time 70 .84.5 a1 3201 483
- day : 82 ) . 85 M 3291 483
5/8 24 hrs on time 93 - 5 4724 81.0 904 3376 3403 §72
day 105 4780 . | 74.5 T %00 3408 3435 622 Changed Coolant Temp - New Meter Factor = .2570
5/9 - 24 hrs on time 7. n 896 - 3458 3486 6N Coolant = 59.6 SH Coolant = 1.009°
day : 129 72 888 3559 3587 772 .
5/10 24 hrs on time . . 141 74.5 883 3623 3652 834
day #7. . 153 13.5 884 3610 3638 821
5/11 20 hrs on time 165 7. 880 3661 . : 3690 872
. day . #8 . - 174 . 79.5 o LOST TEMP PROBE
5/12 24 hrs on time 185 79.0 877 00 t 3729 m
day #9 198 4677 | 19 ; .
5713 24 hrs on time ggg : Brine temp too high - gas/steam  in brine-reading unreliable
day. 10 . B
5/14 19 1/2 hrs on_ time 232 - 4724 854 '3920 ~3962 1218 _— ;
A 2y 239 4724 872 3688 3718 976 }' Shutdown between data points
5/15 24 hrs on-time . 252 . 878 3610 3639 898
‘day f12 . 264 © 8N 3702 3732 990
5/16 17 hrs on_ time 276 : - 853 3944 3976 1232
ay # 282 am 854 3930 3993 1239
5N7 24 hrs on time 293 4864 854 3930 4055 1280
. day #14 : 306 4677 866 3768 3768 1034
5/18 24 hrs on time 319 an 860 3848 3909 1158
: day 115 - : .330 4677 866 3768 3768 1034
5/19 24 hrs on time - M 1 850 3985 3985 1251
day 16 354 -4724 854 3930 3962. 1218
5/20 21 hrs on time 365 4724 848 .- 403 4045 1301 . o
day 17 . 378 8713 - 3675- 3705 963 Power failure appeared to cause discontinuity
5/21 12 hrs on time day #18] 387 Cb 856 35903 3934 1191 in fouling curve ’
5/22 11 hrs on time' day #19/:399 854 3930 3962 1218
5/23 IR . N0 -850 3985 4017 1273




JABLE B-I1
REDUCED DATA APEX 300

Cumul. WL % Flowrates-4/1b 5 Mean . - Qverall U Overall U Jubeside Coef.
Experiment B Time on Bed at } rine. |Brine | Tota Temp. | Heat Load Using . Meter x rrec or Fouling Fouling
Date Time Cycle 2 hrs/24 Now, £xp. Data Time | Coolant | Supply | Recirc]Brine | Diff, | Coolant Brine Coolant Load #/hr-x .2568 x 10~3 | Uncorrected Yelocity Brine Resistance Remarks. Constant Recire.
5/4 0 | g hrs on Day. 1 1 No Bed 4845 4302 60 | 4362 | 80.5 | 298000 288000 943 993 2963 2970 !
1140 Bed 09 ‘“30 A t4 No Bed 4845 4302 239 | 4541 | 86.5 | 327200 964 983 3072 n72 202
1400 30wt Vg 6 No Bed 4845 4349 M 4590 | 87 327200 308000 957 962 3295 3432 462
1730 . 8 No Bed 4845 4349 60 | 4409 | 90.5 | 332000 304000 934 943 3504 3534 564 X
5/5 0955 . 10, 7.7 4845 4302 815 [. 5117 | 82.5 | 332000 322000 966 977 3251 3694 723 Bypass orifice damage - changed base brine flowrate
1130 22 hrs on Day 2 12 7.7 4798 4302 963 | 5265 | 83.0 | 310000 316000 950 961 3263 3793 a3 . .
2100 Bed 0945 + 1215 7.8 wt % 21 No Bed 4798 4302 860 | 5162 | 74.5 | 314000 | 310000 1073 1067 2230 - 2592 -378 Changed brine probes =479
5/6 0745 24 hrs on Da{ 30 Mo Bed 4798 694 1 499 | 73.0 300000 1046 o4 2464 2819 -151 -281
: 1300 Bed 820 + 1220 35 Ho Bed 4798 -443 | 4745 | 78.0° | 324000 - | 299000 1058 1060 29N 2451 -519 -390
2030 43 | 4798 4349 672 | 4974 | 75.0 | 305000 306000 1036 1053 2354 2615 -355 -322
5/7 0830 Bed 900 . 1100 55 4798 4349 456 | 4758 | 76.5 | 305000 | 298000 1014 1041 2464 264) =329 =212
T 1500 24 hrs on Day 4 61 4798 4349 L A43 | 4792 | 75.5 | 314000 297000 1061 2283 2461 -509 -396
2030 3 L &7 4798 4349 600 | 4949 | 75 314000 302000 1059 2300 2544 -426 -378
5/8 0745 Sed 830 » 1030 8 4798 4302 525 | 4827 | 7§ 300000 | 299000 1046 2418 2622 -348 -281
1100 2% hrs on Day S 81 . 4798 439 750°| 5099 |75 310000 306000 1059 2300 2606 =364 3 «378
Lost Sand Sample 90 4780 700 | 5049 | 65.5 | 270000 268000 1054 2330 2619 -351 Changed coolant temp - meter factor .2570'x T0 ~pc = 59.3 -345
§/9 0745 Bed on 815 + 1015 102 4780 544 | 4893 | 67 70000 264000 1039 2470 2707 -262 sp ht = 1.009 -208 °
1345 Lost Sand Sa 108 - 725 |. 5074 | 65.5 | 275000 274000 1056 2315 2613 -357 «363
i 2025 23 1/2 _hrs on Day 6 ns 887 {5037 | 68 256000 | 267000, 1050 2369 2657 -313 »309
§/10 0745 Bed 815 + 1030 132 450 | 4799 | 66 256000 250000 1037 2489 2687 -283 - -190
1100 1.6 wt % Sand 135 632 | 4982 | 66.5 | 265000 259000 1053 2342 2605 =365 . {5and Yoading low - maybe why didn't get backup) -336
2015 24 hrs on Day 7 144 621 4970. ] 67 270000 68000 1049 2378 2640 -330 to. 1056 -300
(74} 0745 No Bed flowed 5/11 156 525 4874 | 70 275000 258000 1042 2842 2669 =301 -236
12030 20 hrs on t1||1 Day 8 165 . 725 | 5074 |.72.5 | 289000 { 289000 1036 2498 2819 -151 ~180
5/12 | 0730.| - Bed 1385 + 1545 176 652 | 5001 | 71,0 | 285000 | 285000 1025 2602 2903 -7 -7
1330 3.1 wt & Sand 182 4255 655 | -4910 | 72 285000 0000 1020 2649 2912 - 60 - 70
1630 4 hrs gn DI* 185 #4255 721 4976 | 72.5 9000 274000 . 1041 2452 2724 -246 -270
5/‘3 1380 Bed 1345 1535 206 4302 729 | 5031 { 72.5 | 289000 | 277000 1025 2602 2907 =53 -97
1600 | 24 hrs on Day 10 208 . 4302 789 n.s 9000 .| 280000 1047 2397 272 -258 -302
5/14 1750 | . Bed 1800 + 2000 (I 6!) 230 l 797 5099 | 68 270000 | 255000 1042 2442 2767 -203 -256
2000 19 1/2 hrs on 232" 768 | 5070 | 66 265000 - | 259000 1050 2369 2672 -298 -329
5/15 1310 Bed 1350 + 1545 I.SS) 249 4339 435 | 4784 | 67 265000 | 244000 1025 2602 2801 -168 -n
1600 24 hrs on 12 252 4255 684 | 4939 | 69 270000 | 267000 1050 2369 2617 ~353 =350
516 0805 No Bed Flowed 268 4395 799 | . 5194 } 65 265000 | 275000 1037 2489 2862 -108 =170
2100 17 hrs on Day 13 274 4349 767 5116 | .61 241000 246000° 1020 2649 3009 39 -29
S/17 0855 Bed 0900 - HOO (l 1%} 286 - 4302 3N 4693 |- 62.5 | 251000 | 230000 007 2776 2943 -27 77
1100 24 hrs on Da; 288 4208 628 | 4831 | 60.5 | 251000 | 237000 1036 2498 2no -260 -243

A



" TABLE B-II (cont.)

REDUCED .DATA APEX 300

.

383 .

2884

- f Fouling
. . Flowrates - #/hr. Heat Loads overall U Tubeside Resis;ance Resistance
‘ : : . : . Cumulative | - Brine Brine ‘Total Coolant |  Brine Meter x K Corrected to Fouling - .Const. - -
Date -|.. Time ;|-Testing Time & Conditions |Time on, Hrs| Coolant | Feed Recirc. Brine | MID K-btu/hr " x Cool Flow | Uncorrected| - Base Vel. ‘| Resistance Recirc.
5/18 1430 - | Bed-7 wt % - 1445 5 1645 316 4780 4208 383" 4591 | 65.5 246 230 1020 2649 2760 -210 -9
1650 | 24 Hrs.on Day 15 318 - ' : N3 4921 | 68.5 296 2N 1041 2452 . 2700 =270 -289
5/19 1300 | Bed 1.1 wt % 1315 » 1445 338 751 4959 | 69 270 - 268 1022 2630 2914 - 56 -110
: 1500 28 Hrs on Da,x 16 : 340 826 5035 | 68.5 270 267 . 1042 2442 2739 -231 -298 -
5/20 1240 Bed -wt % 1245 1330 - 362 751 4959 | 69 270. 248 1022 2630 2914 - 56 =110
: 1400 21 Hrs_on Day_ 17 : 363 a 1013 5221 | 65.5 260 - 266 1032 2535 - 2927 - 43 -205
5/2] 0830 Bed 1110 5 1215 . 379 . . .. 798 5006 | 68.5 270 265 1027 2583 2884 - 86 -158
1230 | 12.Hrs on Time Day 18 1013 5221+ | 67.5 275 n 1036 2498 . - 86 -243
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_fouling‘resistances Th1s is believed to be more representative of the

true operating cond1t1ons

The next column is mean temperature difference. This value fluc-
tuates somewhat, depending primarily on the well conditions. The only
temperature controlled is the coolant inlet temperature, thus as the well:
gets cooler, the MTD decreases. The MTD was maintained in the upper 60's
for the bulk of the testing. | o

| i

The heat loads calculated for the coolant and brine circuits appear
in.the next two columns.  The coolant heat load is used for all heat
transfer coefficient calculations because the calculation is more straight
forward with fewer unknowns and hence more reliable. The compar1son of the
two heat loads, which should be the same, does. provide a cross check on
data reliability, however. Any wide discrepancy between the two values
would be a signal for questioning the data or the experiment operation,

In comparing the two heat Toads no major difference was measured and it

will be observed thatvthe coolant load is generaly only about a few percent
greater. This may indicate that some of the coolant heat is being leaked
to the atmosphere through ‘the insulation and that the assumed density and -

- specific heat of the brine were in error.

The next two columns show the actual overall heat transfer coefficient,
first as determined by calculation from the 1nd1v1dua1 temperature read1ngs,
and second as determined from the U-meter. The overall U determined from
the U-meter is ca]culated by mu]t1p1y1ng by the meter factor and the coolant
flowrate. The meter factor is the ‘average spec1f1c heat of the coolant ,
d1v1ded by the heat exchanger surface area in square feet.

, The final columns are the resistance readings first of the tubeside
uncorrected then corrected for ve10c1ty and f1na11y, the fouling res1stances. :
The resistances were ca]cu]ated as follows. The initial overall heat '

~B-5
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t?ansfer coefficient, measured for each exchanger, was considered to repre-
- sent a valid clean coefficient. A tubeside heat transfer coefficient was
‘calculated using the formula |

ht - 023 6P Cp  .062 (I.D.
. 02 .66 X 075 (0.D.
(06

Pr
H

mass velocity - IB/hr-ft2
Cp specific heat - BTU/1b°F
u = viscosity - 1b/ft-hr
D = hydraulic diameter-ft
Pr = Prandtl number (CPu/K)
K = therm’a]'conductivity'-'BT‘U/hr-ft2

{3
1]

A tubewall res1stance of 00023 hr-ft -°F/BTU was calcu]ated us1ng the
formula

i OD OD
'iRtw = ET']"

From these data, the shells1de heat transfer coeff1c1ent was determ1ned '

:for the measured f]owrate, us1ng the formu]a

= i 1 .
Uctean hti(célé)

~ The purpose of determ1n1ng hs is to permit the proper we1ght1ng of
correct1ons for variations’ in shellside flowrate in 1nterpret1ng the test

. data In actuallty, the coo]ant control valves were SO effect1ve that
B v1rtua11y no. var1at1on in. coolant (shel]s1de) flowwas observed dur1ng the

'testlng per1od

" B-6
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Figure B-1 illustrates the calculated hs for both APEX-100 and
APEX-300 as a function of flowrate. The curves were extended from the

~point value calculated using the formula hs &WCO‘B. There is about

a 10% difference in the calculated va]des for the two exchangers. This

may be explained by differences in fabrication. The nature of the construc-
tion of the exchangers, i.e., a tube within a tube with wire wrapped

eropnd the inside tube and tacked to provide separation and flow direction
permits construction tolerances to create variations in flow area and

leakage past the flow directing spacers. These differences could easily
result in a real difference of hs between the exchangers of this magnitude.

It appears more 11kely after exam1n1ng the fouling data, that the APEX-100

~unit had some fouling built up on the tubeside at the start of testing which

had been cleaned off of the APEX-300 unit during checkout testing of the
bed rec1rculat1on system. The reso]ut1on of the d1screpancy has no 31gn1-
ficance as far as the fouling test results are concerned

The total tubeside res1stance is calcu]ated for each data point by
subtracting the shellside res1stance and the tubewall metal resistance
from the overall resistance. The clean tubeside_resustance from data point
1 is then corrected for the difference in tubeside velocity from the base
data point by multiplying by the ratio of the flowrates to‘thed0.8 power.
This corrected clean tubeside resistance determihedvfrom the first data -

_point is then subtracted frdm‘the calculated total tubeside resistance
~and the remaining resistance is fod]ihg This resistance is made up of

~ both tubeside and shellside fouling, however, it is assumed that the

- fouling is exc]u51ve1y on the brine side because the shellside coo]ant is

clean water, which is treated w1th hydraz1ne for deoxygenat1on.
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