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A STUDY OF PUMPS FOR THE HOT DRY ROCK GEOTHERMAL 
ENERGY EXTRACTION EXPERIMENT (LTFT) 

by 

Charles A. T a t r o  

ABSTWCT 

t 

A set of spec i f i ca t ions  f o r  the  ho t  dry rock (HDR) Phase I1 c i r c u l a t i o n  

pumping system i s  developed from a review of basic f l u i d  pumping 
mechanics, a technica l  h i s t o r y  of the  HDR Phase I and Phase I1 pumping 

systems, a presenta t ion  of the  r e s u l t s  from experiment 2067 (the I n i t i a l  

Closed-Loop Flow Test or ICFT), and considerat ion of ava i l ab le  on-si te  

electrical power l imi t a t ions  a t  the  experiment site. 

For the  Phase I1 energy ex t r ac t ion  experiment ( t h e  Long Term Flow Test or 
LTFT) it is necessary t o  provide a continuous, l o w  maintenance, and h ighly  

e f f i c i e n t  pumping c a p a b i l i t y  f o r  a per iod of twelve months a t  va r i ab le  
f lowra tes  up t o  420 gpm and a t  sur face  i n j e c t i o n  pressures  up t o  5000 ps i .  

The pumping system must successfu l ly  withstand a t t a c k s  by cor ros ive  and 

embr i t t l i ng  gasses,  e ros ive  chemicals and suspended s o l i d s ,  and f l u i d  
pressure and temperature f luc tua t ions .  

I n  l i g h t  of present ly  ava i l ab le  pumping hardware and electric power supply 

l imi t a t ions ,  it is  recommended t h a t  p o s i t i v e  displacement mult iplex plunger 

pumps, dr iven by va r i ab le  speed con t ro l  electric motors, be used t o  provide 
the  necessary continuous sur f  ace i n j e c t i o n  pressures and f lowrates f o r  

LTFT. The dec is ion  of whether t o  purchase the required c i r c u l a t i o n  pumping 
hardware or to obta in  cont rac tor  provided pumping se rv ices  has no t  been 

made. 
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EXECUT1.VE S U - W - Y  

Specific requirements f o r  the  H o t  Dry Rock (HDR) Program’s Phase I1 su r face  

c i r c u l a t i o n  pumping sys tem are developed from a d i s c u s s i o n  o f :  pump 

mechanics, the  Phase I c i r c u l a t i o n  pumping system, I n i t i a l  Closed-Loop F l o w  

T e s t  (ICFT) experimental r e s u l t s ,  and the  ava i l ab le  electric power supply 

a t  the experimental site. System spec i f i ca t ions  are presented and summary 
recommendations are made f o r  the procurement of necessary pumping hardware, 

The o v e r a l l  ob jec t ive  of the HDR Geothemral Energy Development Program is 

t o  develop and demonstrate the technology required f o r  economical 

commercial ex t r ac t ion  of thermal energy from na tu ra l ly  heated c r u s t a l  rock 

a t  accessible depths where the  rock contains  i n s u f f i c i e n t  i n - s i tu  f l u i d  t o  

be an ecomonical source of steam or h o t  water. Hydraulic f r a c t u r i n g  is 

used to  connect the  i n j e c t i o n  and production wellbores a t  s u i t a b l e  depths. 
The total ava i l ab le  energy as hea t  i n  ho t  d ry  rock a t  depths up to  10km has 

been estimated a t  5 . 9 ~ 1 0  Quads f o r  the  conterminous United states bu t  

e x i s t i n g  technology l imi t a t ions  place cons t r a in t s  of the  amount of this 

thermal resource t h a t  can be economically exploi ted.  

6 

Phase I (Research) and Phase 11 (Engineering) systems have been developed 
a t  the  Fenton H i l l  s i te.  The goal  of the  Phase I1 system is to produce 

20MWt continuous for up t o  twelve months during the Long Term F l o w  T e s t  

(LTFT). The sur face  pumping system w i l l  have t o  provide up to  420 gpm a t  

5000 psi  f o r  LTFT. The geothermal f l u i d  f o r  LTFT w i l l  contain COz, H2S, 

02, d i s s o l v e d  species, suspended s o l i d s ,  and d i s s o l v e d  s o l i d s .  High 

pressure geothermal energy ex t r ac t ion  pumping systems are not  y e t  widely 
ava i l ab le  so petroleum indus t ry  hardware is genera l ly  modified as needed t o  

s u i t  the  geothermal app l i ca t ion  of i n t e r e s t .  The pumping system f o r  LTFT 

must continuously c i r c u l a t e  t he  geothermal f l u i d  while maintaining 
S u f f i c i e n t  pressure t o  prop open r e s e r v o i r  f r a c t u r e s ,  As r e s e r v o i r  

parameters mature during LTFT, the pumping system must have the  f l e x i b i l i t y  
to  meet variable capaci ty ,  va r i ab le  pressure requirements. 

- 7- 
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MultLple s t age  cen t r i fuga l  tu rb ine  pumps and reciprocating plunger pumps 

are most s u i t a b l e  for HDR f l u i d  c i r cu la t ion .  Cent r i fuga l  tu rb ine  pumps are 

composed of numerous impeller stages mounted on a s i n g l e  sha f t .  Each 

impeller imparts rad ia l  v e l o c i t y  t o  t h e  f l u i d  t h e r e b y  i n c r e a s i n g  i t s  

pressure.  Capacity and pressure c h a r a c t e r s t i c s  of c e n t r i f u g a l  pumps are 

in t ima te ly  related and maximum e f f i c i e n c i e s  r a r e l y  exceed 75%. Eff ic iency  
losses are dominated by disk-f luid viscous in t e rac t ion .  Cavi ta t ion damage 

i n  cen t r i fuga l  tu rb ine  pumps can occur i f  i n s u f f i c i e n t  f l u i d  pressure  
( c a l l e d  N e t  P o s t i v e  S u c t i o n  Head or N P S H )  is s u p p l i e d  t o  t h e  pump. 

Cent r i fuga l  pump performance and maintenance is  dominated by i m p e l l e r  wear 
r ings ,  shaf t  packing assemblies, and mechanical seals. Fluid pressure,  

t empera tu re ,  and c h e m i s t r y  de t e rmine  t h e  mater ia l s  selected f o r  pump 
impellers, packing, and sea l ing  mechanisms. 

Reciprocating plunger pumps do work on a f l u i d  by squeezing the  f l u i d .  

These pos i t i ve  desplacement pumps leave mechanical e f f i c i e n c i e s  ranging 
from 85-95%. They also produce f l u i d  pressures  tha t  are independent of 

capacity.  They also produce undesirable  pressure pulsa t ion  which must be 

reduced or eliminated to prevent  damage t o  associated equipment. Plunger 

pumps also contain packing assemblies, which seal the  f l u i d  chamber from 

the ex te rna l  w o r l d  along the  rec iproca t ing  plunger, and seals I n  the form 
of spring-loaded check valves,  two f o r  each plunger. The packing and seal 

mechanisms are high maintenance i t e m s  and d i r e c t l y  e f f e c t  duty r a t i n g  of 
the pump. Pulsat ion dampening equipment is usua l ly  i n s t a l l e d  on both the  

suc t ion  and discharge sides of mult iplex plunger pumps t o  reduce f a t i g u e  

Stress and to insure  adequate NPSH. For LTFT it is desirable t o  have pumps 
capable of continuous duty operat ion,  r a t h e r  than i n t e r m i t t a n t  duty rated. 

Continuous duty rated pumps are larger and more expensive than pumps of the  
same i n t e r m i t t a n t  duty ra t ing .  

The pumps used f o r  the Phase I experiments and also spec i f i ed  i n  the i n i t a l  

Phase I1 system design w e r e  mult is tage Centr i fugal  tu rb ine  pumps of var ious 

Sizes. The Phase I system provided 300 gpm a t  1375 psi  for i n j e c t i o n  v i a  

three series boosts of 175 psi, 600 psi, and 600 psi. Mechanical seal 

problems w e r e  encountered, packing materials degraded a t  l o w  flow rates, 

and there w a s  a gradual de t e r io ra t ion  of pump impellers poss ib ly  due t o  

- 8- 
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i n s u f f i c i e n t  NPSH. The d e s i g n  of  t h e  pumping sys tem f o r  Phase I1 

c i r c u l a t i o n  included fourteen ind iv idua l  cen t r i fuga l  pumps t o  produce 1000 
gpm a t  3000 psi. This pumping system design w a s  f l e x i b l e  y e t  complicated 

and only 5565% e f f i c i e n t .  The e l e c t r i c a l  p o w e r  requirements of such a 
pumping system could not  be m e t  by ava i l ab le  electric power a t  the site. 

Phase I1 rese rvo i r  parameters were evaluated during a 30 day experiment 

(the I n i t i a l  Closed-Loop Flow T e s t  or ICFT) conducted i n  May and June of 
1986. ICFT w a s  designed to obta in  data necessry f o r  spec i f i ca t ion  of the 

f i n a l  s u r f a c e  sys tem f o r  LTFT, For t h e  Phase I1 s u r f a c e  c i r c u l a t i o n  
pumping system, the most important parameters are sur face  i n j e c t i o n  

pressure and flow rate, and f l u i d  geochemistry. The pumping system must be 
. a b l e  to supply a maximum of 420 gpm (~OBPM) a t  5000 psi  although system 

impedance w i l l  decrease during LTFT thereby reducing these maximum pUping  
requirements. From ICFT f l u i d  chemistry data, it is expected that  H S, 

C02, suspended solids, and dissolved species w i l l  have the greatest e f f e c t  
on sur face  system components. The sur face  c i r c u l a t i o n  system u t i l i z e d  

dur ing  ICFT w a s  suppl ied by a cont rac tor ,  B.J. Ti tan  Services,  i n  

accordance w i t h  spec i f i ca t fon  HDRS-3635C. The cont rac tor  supplied pos i t i ve  

displacement t r i p l e x  plunger pumps, cont ro ls ,  personnel,  and suppl ies  for 

the 30 day experiment. The cont rac tor  supplied 400% capac i ty  on si te and 

experienced both power end (diesel engine) and pump problems during the 
test. Valve seats showed H2S embrit t lement and cracking and pu l sa t ion  

dampeners degraded due t o  C02 i n  the  f l u i d .  

Curren t ly  ava i l ab le  electric p o w e r  a t  the Fenton H i l l  s i te  is  1000 KVA 3 

phase WYE configurat ion which can probably supply 900 kWe continuously. 
150 kWe are necessary for si te  nonpumping requirements, leaving 750 kWe 

ava i l ab le  f o r  pumping . Pumpin r a t  maximum i n j e c t i o n  pressure is 914 
kW (1225 HHP) a t  100% pumpi m e f f ic iency .  For o v e r a l l  pumping 

system e f f i c i e n c i e s  f o  75%, almost 1.5 MWe are required.  Pump capac i ty  

must be continuously va r i ab le  from 1 t o  10 BPM through the use of va i rab le  
speed motor controls .  Electric motors may be cont ro l led  either by va r l ab le  

vol tage DC d r ives  and associated con t ro l s  or by var iab le  frequency AC 

dr ives  and controls .  Power conversion e f f i c i e n c i e s  f o r  both types of 

con t ro l s  are high (94 t o  98%) and maintenance requirements are nominal. 

2 
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Diesel-electric generat ing u n i t s  nay also be u t i l i z e d  to  augment e x i s t i n g  

u t i l i t y  suppl ied AC p o w e r  a t  t he  site. 

Spec i f i ca i t i ons  f o r  the  Phase 11 LTFT pumping system include parameters 
n e c e s s a r y  f o r  o u t s i d e  b id  procurement  and are c o n t a i n e d  i n  f o u r t e e n  

subheadings. For the  LTFT, it is f e l t  t h a t  p o s i t i v e  displacement plunger 
pumps w i l l  p r o v i d e  t h e  n e c e s s a r y  performance c h a r a c t e r i s t i c s  a t  h i g h  

e f f i c i enc ie s .  Available power f o r  pumping a t  the  s i te  w i l l  have to  be 

augmented by diesel-electric generator  u n i t s  unless  t he  local u t i l i t y  can 
supply 2MWe. Fluid chemistry w i l l  determine pump material s e l e c t i o n  and is 

predictable from ICFT experimental resu l t s ,  L i t t l e  of the  a l ready  

purchased pumping hardware is expected to  be u t i l i z e d  f o r  LTFT. It would 

be prudent t o  consider cont rac t ing  o u t  LTFT pumping se rv ices  unless  f u r t h e r  

s i te  plans necess i t a t e  permanent pumping hardware f o r  f u t u r e  geothermal 
tests . 

-1 0- 
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1 0 INTRODUCTION 

1.1 Outline of Topics Addressed i n  This Study 

This paper discusses the specific requirements for Los Alamos National 

Laboratory's (LANL's) hot dry rock ( H D R )  Phase 11 surface in j ec t ion  

(circulation) pumping system. F i r s t ,  the mechanics of centrifugal and 

reciprocating plunger pumps are briefly outlined. A technical history of 

the Phase I surface circulation (pumping) system follows as a precursor t o  

the development of specific requirements for the Phase I1 pumping system 

design. Next, results of the I n i t i a l  Closed-Loop Flow Test (ICFT) are 

presented. ICFT data and experimental results which w i l l  directly affect  

the Phase I f  Long Term Flow Test (LTFT) pumping system are discussed, 

including chemical and physical properties of the geothermal working fluid 

c r i t i c a l  to  the pump system design. A discussion of available e lectr ic  

power a t  the Fenton H i l l  geothermal s i t e  is included as is pertinent to 

prime mover specification for the pumping system. 

A t  this point, a f a i r ly  comprehensive s e t  of Phase I1 LTFT surface pumping 

system specifications i s  drawn up based on the technical considerations of 

the preceding chapters. A summary of these specifications serves as a 

basis for recommendations made i n  regard to  the procurement of necessary 

pumping system hardware fo r  the Phase I1 long term energy extract ion 

experiment (also known as the LTFT). It is hoped that this paper w i l l  also 
serve as a guide for specification development and/or hardware procurement 

of geothermal pumping systems for other geothermal projects. 

1.2 The Hot Dry Rock (HDR) Energy Extraction Project a t  Los Alamos 

National Laboratory 

The objective of the Hot Dry Rock (HDR) Geothermal Energy Development 

Program a t  Los Alamos National Laboratory ( L A N L )  i s  t o  develop and 

demonstrate the technology required for economical commercial extraction of 

-11- 



thermal energy from na tu ra l ly  heated rock a t  accessible depths i n  the 

earth's c r u s t  i n  loca t ions  where the  rock contains  i n s u f f i c i e n t  i n - s i tu  

f l u i d  to  be an economical source of steam or ho t  water. The HDR energy 

ex t r ac t ion  system is  composed of t w o  (or  more) separate w e l l s  d r i l l e d  i n t o  

a ho t  region of the earth's c rus t .  The w e l l s  are then connected a t  a 

desired depth by hydraul ic  f rac tur ing .  The connection created between the 

w e l l s  is comprised of numerous rock f r a c t u r e s  of varying apertures .  

The f r ac tu res  act as flow paths between the  t w o  w e l l s ,  thereby c rea t ing  a 

g i a n t  c r u s t a l  h e a t  exchanger known as a geothermal reservoi r .  C o l d  water 

from the  sur face  is pumped down one w e l l  ( t h e  i n j e c t i o n  s ide1  and flows 

through the  r e se rvo i r  f r ac tu res  where it absorbs energy as hea t  from the 

surrounding rock. This ho t  water is then recovered through the other w e l l  

(the production side) under s u f f i c i e n t  pressure  t o  prevent  boi l ing.  The 

use fu l  hea t  i n  the  water is then ex t rac ted  i n  a closed loop h e a t  exchanger 

or by f l a sh ing  the  hot water to produce steam to  sp in  a steam turbine.  A 

s impl i f ied  schematic diagram of the HDR energy ex t r ac t ion  system is  shown 

i n  Figure 1.1. 

The basic requirement for the establishment of an HDR geothermal system is 

t h e  a v a i l a b i l i t y  of h o t ,  l o w  p e r m e a b i l i t y  c r u s t a l  rock s u i t a b l e  f o r  

hydraul ic  f rac tur ing .  Rock temperatures above 392OF (2OO0C), e x i s t i n g  a t  

depths of less than 20,000 f t  (6  km) are the most s u i t a b l e  (G. Heiken et. 

al., 1982). 

The total  ava i l ab le  energy as heat i n  ho t  dry  rock a t  depths up t o  10 km i n  

the earth's c r u s t  has been estimated a t  5.9 x I O 6  Quads for the  

conterminous United States (G. Heiken et. al.,  1982). Current annual 

energy use i n  the  United States is approximately 70 Quads. Although the 

magnitude of ava i l ab le  energy as hea t  i n  c r u s t a l  hot d ry  rock makes energy 

ex t r ac t ion  a t t r a c t i v e ,  severe  downhole environments - p a r t i c u l a r l y  

temperature and pressure - and e x i s t i n g  technology l imi t a t ions ,  place 

cons t r a in t s  on the amount of this thermal resource that can be economically 

exploi ted.  

-1 2- 
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HDR Closed-Loop Energy Extraction System 

Figure 1 . 1  

Simplified Schematic of a Closed Loop €IDR Energy Extraction System. 

i 
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1.3 The HDR Phase I (Research) and Phase I1 (Engineering) Systems 

A prototype (Phase I )  closed loop HDR energy ex t r ac t ion  system similar t o  

t h e  system r e p r e s e n t e d  i n  F i g u r e  1.1 was developed  and s u c c e s s f u l l y  

operated f o r  over a year a t  LANL's Fenton H i l l  s i t e  bu t  t he  temperature and 

f l o w  rate of the  geothermal f l u i d  produced (less than 5 M W t )  were not  

s u f f i c i e n t  t o  demons t r a t e  t h e  economic f e a s i b i l i t y  of e l ec t r i c  power 

generat ion on a commercial scale. In  order t o  demonstrate the commercial 

v i a b i l i t y  of ho t  dry  rock energy ex t r ac t ion ,  the  development of a larger, 

h o t t e r ,  Phase I1 engineering system has been completed a t  Fenton H i l l  with 

a goal of producing 20 M W t  f o r  a period of up to  one year with minimal 

t h e r m a l  draw-down. A comparison of  t h e  Phase I and Phase I1 sys tem 

parameters is shown i n  Table 1.1. 

1.4 The Phase 11 In jec t ion  Pumping System and the Long Term Flow Test 

(LTFT) . 
As Table 1.1 ind ica t e s ,  successfu l  implementation of t he  commercial scale 

(Phase 11) system w i l l  place espec ia l ly  strenuous demands on the  sur face  

pumping system. With the  i n j e c t i o n  w e l l  of the  commercial s i z e  system 

approaching a t r u e  v e r t i c a l  depth of 12,000 f t  (4400 m )  and a bottom hole  

temperature of 455OF (235OC), the  sur face  pumping system w i l l  have t o  

provide working f l u i d  flow rates of up t o  420 gpm (26 l/s) a t  sur face  

pressures  reaching 5000 p s i  (35 MPa). The surface pumping system must be 

able t o  provide the necessary pressure and f l o w  rates with minimal down 

t i m e  f o r  the  one-year Long T e r m  Flow Test (LTFT) i n  order t o  demonstrate 

commercial v i a b i l i t y  of this energy ex t r ac t ion  scheme. 

The aforementioned pressures  and flow rates must be provided by a pumping 

system which also successfu l ly  deals w i t h ,  material embrit t lement due to  

dissolved CO and H S; possible abrasion due to suspended solids,  corrosion 

due t o  hea t  and pressure;  and the  possible p rec ip i t a t ion  of calcium-based 

sol ids  . 
2 2 
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TABLE 1.1 

Comparison of the Phase I and Phase I1 HDR Systems a t  Fenton Hi l l ,  N.M. 

Sys tern Parameter Phase I* Phase I I**  

Depth t o  Most Useful Reservoir 
R e s  e r voir Temperature 387OF (197OC) 455OF (235OC) 

2 

9620 f t  (2.93km) 11,580 f t  (3.5km) 

. E s t .  Ef fec t ive  H e a t  Transfer 
Area 480,000 f t 2  1,000,000 f t  

3 12,450 f t  (354m3) 
3 3 Est. Reservoir Modal Volume  9,330 f t  (264m 

Production Temperature 270°F (172OC) 374OF ( 1  90°C) 

Production Flow Rate 95 gpm (6 l/sec) 290 gpm (18.3 l / S )  

Energy Extraction Rate 3.5 M W ( t )  10 M W ( t )  

Water Loss 7 gpm (0.44 l /s)  77 gpm (4.9 l/s) 

Surf ace In jec t ion  Pressure 1300 psi  (9  MPa) 4600 psi  (31.75 

MPa ) 
Overall System Impedance 15 psi/gpm(l.6 GPa) 19psi/gpm(2GPa/m ) 

Reservoir Rock Type 

Reservoir Fracture I n i t i a t i o n  

3 

Gran i t i c  Precambrian Crys t a l l i ne  Rock 

Pressure 3OOOpsi (21MPa) 48OOpsi (33MPa) 

* Value a t  the end of a 286-day f l o w  test ,  March-December 1980. 
** Value at t he  end of t he  ICFT, June 1986. 
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1.5 Geothermal Circulation Pump Technology 

Generic high pressure circulation systems for  geothermal energy extraction 

applications are not yet widely available. Geothermal pumping systems are 

generally designed and developed ( a t  substantial cost)  to  meet the specific 

requirements of each individual geothermal system. The great variety of o i l  

f i e ld  exploration and production equipment has historically served as the 

basis for  geothermal hardware development. Off-the-shelf petroleum 

industry hardware is modified as needed to s u i t  the geothermal application 

of interest .  Hot dry rock energy extraction systems are no exception to 

t h i s  rule. Although enormous technological developments have been made i n  

the geothermal f ie ld ,  the diverse operating requirements - especially 

temperature, pressure, and chemical properties of the geothermal f lu id  - 
make the development of available of€-the-shelf geothermal circulation 

equipment economically unfeasible a t  current levels of demand. 

The purpose of the pumping system i n  the HDR Phase I1 energy extraction 

loop is really two-fold. The pumping system must continuously circulate 

the geothermal f lu id  a t  sufficient flow rates,  and it must also provide the 

necessary pressure to prop open the reservoir fractures, thereby minimizing 

reservoir impedance. The pumping system must also have the f lexibi l i ty  to 

meet variable capacity, varying pressure requirements as geothermal 

reservoir parameters change during the Phase I1 LTFT. 
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2.0 MECHANICS OF CENTRIFUGAL PUMPS AND RECIPROCATING PLUNGER PUMPS 

2 . 1 Introduction 

There are two classes of pumps s u i t a b l e  f o r  HDR geothermal f l u i d  

c i r cu la t ion .  They are : multiple s t age  cen t r i fuga l  tu rb ine  pumps (Figure 

2.1) and reciprocat ing plunger pumps (Figures 2-2 and 2-3). Although there  

are many o ther  types of pumps, they do not  o f f e r  high flowrate and high 

pressure simultaneously a t  reasonable e f f i c i e n c i e s  or they a r e  not  

compatible with geothermal appl ica t ions  and f lu ids .  Each type of pump has 

i t s  own merits and shortcomings with regard t o  geothermal appl icat ions.  

The most important operat ing c h a r a c t e r i s t i c s  of e i t h e r  pump type are: 

total  dynamic head o r  pump head, H [ f t ]  o r  [m], flow rate o r  capacity,  Q 

[gpml or [l/secf, hydraulic horsepower, P [hpl or [ W l ,  and ove ra l l  pump 

ef f ic iency ,  n [%I .  The pump head (€I) is the developed pressure d i f fe rence  

between the suc t ion  i n l e t  and the discharge flange as given by: 

V2 
= [f + $ + ']discharge - [+ + +']suction i n l e t  (2.1 1 

2 where the term P/Y is  the pressure head or flow work, v /2g is the ve loc i ty  

head or the k i n e t i c  energy of a u n i t  weight of f l u i d  moving with ve loc i ty  

V, and 2 is the e leva t ion  or p o t e n t i a l  head with respec t  t o  some chosen 

datum ( 2  is usual ly  negl ig ib le ) .  

Pump capaci ty  (Q) is the volume of f l u i d  per u n i t  t i m e  del ivered by the  

pump. Hydraulic horsepower ("P) is the  amount of energy imparted to  the  

f l u i d  per u n i t  t i m e  and is given by: 

(2.2) 
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Figure 2.2 

Liquid End, Vertical Power Pump (Ingersol l  Rand Co.). 

1 LOAD ON FRAME 

Figure 2.3 

Power End, Vertical Power Pump (Ingersol l  Rand Co.). 
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where s is  the  s p e c i f i c  g rav i ty  of the f l u i d  and Q and H are given i n  [gpml 

and [ f t l ,  respect ively.  Overall  pump e f f i c i e n c y  ( n ) ,  is the  hydraul ic  

horsepower (HI@) divided by the mechanical i npu t  power t o  the  pump s h a f t ,  

HHP 
BHP also c a l l e d  the  brake horsepower (BHP); n = - (2.3) 

Pump e f f i c i e n c i e s  are discussed f u r t h e r  i n  sec t ions  2.4 and 2.8. 

2.2 Basics of Cent r i fuga l  Turbine Pumps 

Centr i fugal  pumps impart radial and t angen t i a l  ve loc i ty  to  the  l i q u i d  via a 

se t  of r o t a t i n g  vanes called an impeller. This  f l u i d  k i n e t i c  energy is 

then transformed i n t o  an increase  i n  pressure  as the  f l u i d  e x i t s  through a 

d i f f u s e r  . Bernoul l i  I s equation f o r  any po in t  along a s t reamline relates 

the  decrease i n  a f l u i d ' s  ve loc i ty  to  a corresponding increase  i n  the  

p r e s s u r e ' o f  t h e  f l u i d  (I. Karas s ik ,  e t .  a l . ,  p. 2-3) .  T h i s  p r e s s u r e  

increase ,  or head (H), represents  t he  n e t  work done on a u n i t  weight of 

f l u i d .  Cent r i fuga l  pumps are designed to operate a t  the p o i n t  of best 

e f f i c i ency  as noted i n  Figure 2.4. Figure 2.4 shows the  general  

c h a r a c t e r i s t i c s  of a cen t r i fuga l  pump. The shape of the  head, e f f i c i ency  

and p o w e r  curves are t y p i c a l  of c e n t r i f u g a l  pumps. Pump performance f a l l s  

of f  rap id ly  away from the  maximum e f f i c i e n c y  (design)  point .  

The brake horsepower vs. capac i ty  (P-Q) curve i n  Figure 2-4, depicts the  

s t e a d i l y  increas ing  p o w e r  requirement f o r  higher  flow rates. The head VS. 

capac i ty  (H-Q) curve is f a i r l y  f l a t  b u t  fa l l s  o f f  markedly beyond the  best 

e f f i c i ency  point .  Therein lies one of the  most fundamental drawbacks of 

using cen t r i fuga l  pumps f o r  the  Phase I1 i n j e c t i o n  pumping system. In  the  

Phase I1 HDR energy ex t r ac t ion  system it is necessary t o  provide var iab le  

capacities a t  a stable i n j e c t i o n  pressure.  Reductions i n  e f f i c i ency  and 

t o t a l  pump head r e s u l t  a t  pump capacities above the  best e f f i c i ency  point.  

To surmount t h i s  problem would requi re  an over designed cen t r i fuga l  pump 

operated below i ts  maximum eff ic iency.  In  addi t ion ,  p re sen t  capabilities 
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Figure 2.4 

Typical Characteristic Curves for a Centrifugal Pump. 

of multistage centrifugal turbine pumps l i m i t  the maximum pressure that 

can be developed a t  the 420 gpm flow rates necessary for the Phase I1 LTFT. 

Present centrifugal turbine pumps can develop up to 2300 psi to ta l  dynamic 

head i n  one pump a t  the flow r a t e s  mentioned above (Goulds Proposal 

182-6-618, p. 2). Goulds proposal was to  take f l u i d  a t  3000 psi and boost 

this  t o  5300 psi with one pump. 

2.3 Affinity Laws for Centrifugal Pumps 

The relationship between the several variables involved i n  centrifugal pump 

performance can be expressed by the pump aff ini ty  laws (also called the 

pump laws). These laws relate pump impeller diameter, D, pump capacity, Q, 

t o t a l  head, H, pump brake horsepower, BHP, and pump speed, N [RPM] for a l l  

types of centrifugal pumps. 
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When comparing cent r i fuga l  pumps of the same impeller diameter, D, the 

re la t ions  are:  

Ql N1 

Q2 N2 
- = -  

2 
- =  H1 (2) 
H2 

3 - BHPl (2) 
BHP2 

where subscr ipts  1 and 2 denote the two pumps of i n t e re s t .  When comparing 

the two geometrically s imilar  pumps a t  the same speed, N, the re la t ions  

become : 

Ql Dl 

Q2 D2 
- = -  

2 
- =  5 (2) 
H2 

3 -=(+ BHPl . 
BHP2 

(2 .8)  

As can be seen from equations 2.4-2.6, a change i n  the speed of a given 

pump re su l t s  i n  a corresponding change i n  i ts  output capacity. However, 

the same sha f t  speed increase changes the t o t a l  developed pump head by the 

square of the speed change ra t io .  (If N = 2N, then H 
2 

Evsn more dramatic is the increase i n  the BHP required by the pump. BHP 

increases as the speed r a t i o  cubed (Eqn. 2.6). Equations 2.7-2.9 show the 

same relat ionship w i t h  respect t o  d i f f e r e n t  s i z e  pump diameters a t  the same 

s h a f t  speed, N. 

2 
2 1 = ( 2 )  N1 = 4N 0 )  
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Eff i c i enc ie s  of c e n t r i f u g a l  pumps remain near ly  cons tan t  for  small sha f t  

speed changes and for  small changes i n  impeller diameter. These l a w s  t e l l  

the c e n t r i f u g a l  pump user  that  a change i n  the pump speed w i l l  no t  only 

a f f e c t  the f l o w  rate b u t  it w i l l  markedly change the developed head and 

required brake horsepower. For the HDR LTFT, it is des i r ab le  t o  change the 

f l o w  rate w i t h  l i t t l e  or no change i n  i n j e c t i o n  pressure  (developed head). 

Th i s  is one shor t coming  of c e n t r i f u g a l  pumps i n  r e g a r d  t o  t h e  LTFT. 

Cent r i fuga l  pumps w i l l  n o t  provide f ixed  capac i ty  va r i ab le  pressure  

performance, or f ixed  pressure va r i ab le  capac i ty  operat ion because 

developed pressure  and capac i ty  are in t imate ly  re la ted .  

2.4 Mechanical Ef f ic ienc ies  of Cent r i fuga l  Pumps 

Overal l  pump e f f i c i ency  is simply the ratio of hydraul ic  horsepower ( " P I  
to  brake horsepower (BHP) as presented i n  Eqn. 2.3. The d i f f e rence  between 

HHP de l ivered  and BHP required is  pr imar i ly  due to hydraul ic  losses and 

leakage flow losses, although impeller d i sk  f r i c t i o n  and mechanical 

f r i c t i o n  also incu r  small e f f i c i ency  penal t ies .  Overall  e f f i c i ency ,  n, can 

also be expressed by: 

1 

'DF 'M - + - + -  n n  HHP HHP 

1 

H v  

n =  

where n is the hydraul ic  

Karassik, et.al., p. 2-17): 
H 

(2.10) 

e f f i c i ency  which can be approximated by (I. 
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n is the volumetric e f f i c i ency  and i s  given by: 
V 

Q n =  
V Q + Q L  

(2.12) 

where QL is  the i n t e r n a l  f l o w  leakage through the wearing r ings  or impeller 

vane clearances and t h r u s t  equal izat ion holes and Q is  the  pump output. 

H P is t h e  power l o s t  due to d i s k - f l u i d  v i scous  i n t e r a c t i o n  and P 

represents  mechanical f r i c t i o n  losses  due to bearings and s t u f f i n g  boxes. 

and P are i n s i g n i f i c a n t  (less than 2 percent of to ta l  " P I  a t  flow 

rates above 200 gpm. Centrifugal pump peak e f f i c i e n c i e s  range from 60-75% 

when operating a t  t h e i r  design point.  

DF 

PDF M 

2.5 Cavitat ion and N e t  Posi t ive Suction Head (NPSH) Requirements 

Cavi ta t ion is the occurrence of local bo i l ing  of the pumped f l u i d  due to  

low-pressure regions i n  the flow. This l o c a l  bo i l ing  creates regions of 

vapor and bubbles where the pressure is  below the vapor pressure of the 

l iqu id .  Damage to  the surrounding s t r u c t u r e  is  believed to  be caused by 

pressure waves or possibly f l u i d  jets emanating from the co l laps ing  bubbles 

when they again encounter regions of increased pressure.  Another important 

consequence of cav i t a t ion  is that the cav i t a t ing  region, through vigorous 

mixing with the main stream causes losses i n  t o t a l  pressure and thereby a 

decrease i n  eff ic iency.  The low pressure regions can also cause f l o w  

pa t t e rn  d i s t o r t i o n s ,  thereby enlarging the low pressure regions and 

decreasing the static pressure of the flow causing sudden head drops and 

e f f i c i ency  losses .  

When the  pumped f l u i d  contains dissolved gasses,  ex t r a  care m u s t  be taken 

to  provide the NPSH required t o  prevent the separat ion of dissolved gas 

species  as w e l l  as the  f lash ing  of water vapor. Dissolved gasses are o f t en  

liberated j u s t  before l i qu id  vaporization begins. The f i r s t  turbine s tages  

i n  multistage cen t r i fuga l  pumps are most prone t o  cav i t a t ion  damage. NPSH 
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is  the minimum pressure  required a t  the pump suc t ion  f lange  t o  prevent 

c a v i t a t i o n  i n  a pump and is determined by manufacturer t e s t i n g  of the pump 

a t  t h e  s t a t e d  i n s t a l l e d  operat ing conditions.  To prevent  cav i t a t ion ,  

a v a i l a b l e  NPSH a t  the pump suc t ion  f lange  must always be greater than or 

equal  to  t h e  manufacturer's spec i f i ed  NPSH. 

2.6 Multistage Impeller/Bowl Wear Surfaces 

Mult is tage c e n t r i f u g a l  pumps are genera l ly  constructed with removable or 
replaceable leakage j o i n t s ,  cal led wear ing  r i n g s ,  between t h e  moving 

impellers and the f ixed  b o w l s  or casing. Several  types of wearing r i n g  

conf igura t ions  are shown i n  Figures 2.5 through 2.7. These moving sur faces  

prevent  f l u i d  backflow from the  high pressure  side of the  impeller to  the 

l o w  p r e s s u r e  s i d e ,  t h e r e b y  i n c r e a s i n g  pump e f f i c i e n c y .  Wearing r i n g  

degradation is  s t rong ly  a f f ec t ed  by the suspended solids content  of the 

f l u i d  handled b u t  wearing sur faces  are also sub jec t  t o  corrosion due to  

h i g h  p r e s s u r e  gasses d i s s o l v e d  i n  t h e  f l u i d .  These problems can  be 

overcome by using a c lean  and/or deaerated f l u i d  f l u s h  t o  displace the 

pumped f l u i d  i n  t he  r e g i o n  between t h e  r i n g s .  Wearing r i n g s  may be 

constructed of bronze, cast i ron ,  s t a i n l e s s  steel, su r f  ace-hardened s tee1 , 
plastic, or  other materials depending upon the chemical characteristics of 

the f l u i d  handled. It is  not  the i n t e n t  of the wearing r ings  to be weight 

bear ing or alignment sur faces  f o r  the pump impellers. They are pr imar i ly  

for leakage c o n t r o l  around the impellers. 

Figure 2.6 

Double F l a t  Ring Construction. P l a in  F l a t  Leakage Jo in t -  no r ings.  
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Figure 2.7 

L-T'ype Casing Wearing Ring. 

2.7 Shaf t  Packing and Mechanical Seals 

Pump s h a f t  packing configurat ions b a s i c a l l y  c o n s i s t  of mechanical packing 

material c o n t a i n e d  in t h e  pack ing  box, bush ings  or  a bottom r i n g ,  a n  

ad jus tab le  gland r ing ,  and lub r i ca t ion  suppl ied either by normal leakage or 
by a higher pressure  f l u i d  in j ec t ed  i n t o  the  s t u f f i n g  box through a l an te rn  

r ing ,  Figure 2.8 shows a typ ica l  s t u f f i n g  box arrangement. The s t u f f i n g  

box is a f ixed  packing arrangement around the r o t a t i n g  pump s h a f t  provided 

to  seal aga ins t  leakage o u t  of the  pump along the s h a f t .  

Lantern Sealing Liquid Packing Gland 

Sluffing 
Connection (Quench Type) 

I 

Figure 2.8 

Typical S tu f f ing  Box Arrangement {Description of Parts). 
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Mechanical seals also provide an area i n  which t o  seal aga ins t  leakage 

along the s h a f t ,  however, the  mechanical seal forms a running ( ro ta t ing) ,  

seal  between the pump s h a f t  and other s t a t iona ry  parts u t i l i z i n g  one or 

more O-ring seals and spring-loaded mating surfaces .  Figure 2.9 depicts a 

bas i c  mechanical seal. The only mechanical wear takes  place between t h e  

two mating sur faces  because the  O-rings are f r e e  to move. The sp r ing  

assembly provides self-adjustment as the sur faces  wear, and the f l u i d  

provides a t h i n  lub r i ca t ion  f i l m  between the  mating surfaces .  Mechanical 

s e a l s  can  be of s e v e r a l  t y p e s  ( s i n g l e ,  doub le ,  b a l a n c e d ,  unbalanced ,  

tandem, etc.) and are used i n  place of s h a f t  packing assemblies or i n  

conjunction w i t h  t h e m .  Mechanical seal l i f e  is effected most s t rong ly  by 

suspended s o l i d s  content ,  dissolved gasses,  and temperature of the f l u i d  

handled. Fluid pressure,  temperature, and chemistry determine the type of 

seal selected and the  materials used i n  construct ion.  

HOUSING 

SHAFT - -- 
STATIONARY S&L \ 'ROTATING SEAL PART 

PART ' MATINGFACES 

Figure 2.9 

-sic Mechanical Seal. 

s h a f t  packing assemblies are prone to  degradation from suspended solids, 

dissolved gasses ,  and local hea t  build-up due to  i n s u f f i c i e n t  water leakage 

through the packing. Some continuous leakage is  necessary f o r  proper 

packing ef fec t iveness .  Packing and seal mechanisms are the major 

maintenance items i n  c e n t r i f u g a l  pumps. 
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Plunger pumps, sometimes ca l l ed  p o w e r  pumps, do work on a f l u i d  by v i r t u e  

of the  f l u i d ' s  negl ig ib le  compressibil i ty.  These pos i t i ve  displacement 
pumps use a moving cyl inder  (plunger) to decrease the  volume of a cavi ty  

containing the  f l u i d  being pumped. One-way check valves a t  each end of the 
cav i ty  provide o u t l e t  and i n l e t  flow paths a s  the plunger moves i n t o  and 

o u t  of the f l u i d  cavi ty .  The o u t l e t  valve opens as the plunger en ters  the 

f l u i d  cav i ty  and f l u i d  flows ou t  under pressure. As the  plunger retreats, 
the  o u t l e t  valve closes, and NPSH on t h e  i n l e t  side of the pump causes a 

new s lug  of f l u i d  to  en te r  through the  i n l e t  valve. 

Basics of Reciprocating Plunger Pumps. 

\ 

Figure 2.10 shows a 

Outlet 

Figure 2.10 

Reciprocating Plunger Pump Schematic. 

schematic of a reciprocat ing plunger pump. Plunger pumps are b u i l t  i n  
v e r t i c a l  o r  h o r i z o n t a l  c o n f i g u r a t i o n s  and wi th  two t o  n i n e  p lungers .  

Figures 2.2 and 2.3 show the  construct ion of a v e r t i c a l  plunger pump. 

Figure 2.2 shows the f l u i d  end, and Figure 2.3 shows the p o w e r  end. Pump 
capaci ty  (Q) is related to the number of plungers and the pump speed. 
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Neglecting s l i p  losses, Q [gpml is given by: 

(2.13) 

1 where A [ i n  I is the cross-sec t iona l  area of the  plunger, m is the  number 

of plungers,  N [rpml is the  speed of the  pump, L [ inches]  is  the  plunger 

s t roke  length,  and 231 [ i n  /gal] is a conversion factor. Plunger pumps and 

long stroke i n t e n s i f i e r s  are capable of producing continuous flow rates a t  
pressures  as high as 30#000 psi. Maximum developed pressure  is  dependent 

on the  p o w e r  de l ivered  to  the crankshaf t  and on the geometric configurat ion 

3 

of the  f l u i d  end. 

The brake horsepower (BHP) required t o  produce a c e r t a i n  f l o w  rate for a 

given developed pressure  is expressed by: 

(2.14) 

2 where Q is the  flow rate [gpml , p is  the developed pressure  [ lb s / in  1 , and 

n is the  o v e r a l l  pump e f f i c i ency  [%I .  Overal l  e f f i c i e n c i e s  of power pumps 

(90-95%) are s i g n i f i c a n t l y  better than those of c e n t r i f u g a l  pumps (60-75%) 

and are only a f f ec t ed  s l i g h t l y  by developed pressure  a t  cons tan t  speed 

(I.J. Karassik, et. al., p. 3-5). Therefore, hydraulic horsepower ( " P I  

r a t i n g s  for  p o w e r  pumps are very close t o  their rated mechanical i npu t  or 

BHP. 

Power pump s l i p  (S) is the  capac i ty  loss expressed as a percentage of t he  

suc t ion  capac i ty  and is of t en  given by: 

(2.15) 

where VE is the  volumetric e f f i c i  y of the pump [ % I  . when pumping water 

below 6000 p s i ,  VE is  ve ry  close t o  u n i t y  due  t o  water's n e g l i g i b l e  

compress ib i l i ty  and assuming minimal valve and s t u f f i n g  box leakage. 
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Volumetric efficiency is  the ra t io  of discharge volume to  the suction 

volume expressed as a percentage. Figure 2.11 gives volumetric efficiency 

curves as a function of the rat io  "r," and the discharge pressure. "r" is 

the to ta l  internal volume of the pump between the intake and outlet  valves 

divided by the output capacity of the pump, neglecting s l i p  losses. 

Volumetric Eff ic iency  X 

Discharge Pressure, PSI 

Figure 2.11 

Volumetric Efficiency of Plunger Pumps (Ingersoll Rand Co.). 

Volumetric efficiency is  decreased when dissolved gases or entrained a i r  

are present i n  the f lu id .  Volumetric efficiencies of positive displacement 

pumps are very high. Slip losses for pumping low viscosity fluid (water) 

are negligible. Overall mechanical efficiency is therefore high ( > g o % ) .  

Also, the output capacity of a power pump can be varied almost continuously 

w i t h  l i t t l e  change i n  pump performance. T h i s  fact  alone makes power pumps 

the preferred choice for fixed pressure, varying flow rate  applications 

l ike LTFT. It  is  possible that as LTFT proceeds, system impedance w i l l  

decrease thereby dictating a type of pumping system that  w i l l  provide 

variable capacities a t  steadily decreasing pressures. Plunger pumps w i l l  

also meet this  performance requirement. 
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Power pump design speeds (ND) are between 300 and 800 r p m .  To maintain 

good packing l i f e t imes ,  pump speeds are o f t e n  l imited by plunger s t roke  

speeds of 140 to  150 ft/min. Valve types and ava i l ab le  NPSH also l i m i t  

pump speed. 

2.9 Plunger Pump Packing and Valve Assemblies 

Power pump packing assemblies ( s t u f f i n g  boxes) seal the  high-pressure f l u i d  

end from the  ou t s ide  world and are s i t u a t e d  along the  plunger as shown i n  

Figure 2.12. The plunger packings perform the  same duty as those i n  a 

c e n t r i f u g a l  pump except  t h a t  i n  a plunger pump they are subjected to higher 

pressures  on the  f l u i d  s i d e  and they must seal reciprocal motion r a t h e r  

than s h a f t  ro t a t ion .  Packing materials can be reinforced asbestos ,  t e f lon ,  

neoprene ,  o r  o t h e r s  and are s e l e c t e d  based  on t h e  f l u i d ' s  chemica l  

composition, t he  discharge pressure,  and the  f l u i d  temperature. In  many 

cases it is necessary to i n j e c t  a c lean  lub r i ca t ion  f l u i d  under high 

I 
\ r l n  1 /LOWER BUSHING 

INJECTION TAP 

STUFFING BOX I / 
PACKING (ONE UNIT) 

Figure 2.12 

Typical Plunger Pump Packing Assembly (Ingersoll-Rand Co.). 

pressure  i n t o  the  packing area to reduce packing wear from abras ives  

cor ros ives  i n  the pumped f lu id .  Power pump packing assemblies must 

or 

be 

replaced p e r i o d i c a l l y  as p a r t  of normal pump main tenance  and it is 

the re fo re  advantageous to  u t i l i z e  a pump design with e a s i l y  access ib le  

packing assemblies. 
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Plunger pump check valve assemblies are of d i f f e r e n t  types depending on the 
type of f l u i d  handled and the operat ing pressure of the pump. The main 

parts of a check valve are i l l u s t r a t e d  i n  Figure 2.13. They are the valve 

Seat, the valve p l a t e ,  and the r e t a i n e r  assembly. 

I 
I 
I Figure 2.14 shows 

A SEAT AREA 
B=SPlLL AREA 

Valve Plat 

CLEAN FLUID. PLATE 
IS METAL OR 

5.000 PLASTIC 

Fluid Flow 

Figure 2.13 

Plunger pump Valve Assembly. 

WING 

SKETCH PRESSURE APPLICATION 

CLEAN FLUlDS 
CHEMICALS a, 10,000 

30,000 

FLUIDS WITH 
RPRTELES. CLEAR, 
CLEAN FLUID AT HIGH 
PRESSURE BALL IS 
CHROME PLATED 

PLUG 

CHEMICALS 

6,000 

MUD, SLURRY POT 
DIMENSIONS TO API-12. 

~~ ~ 

Figure 2.14 

Check Valves and Their Applications. 
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. 
s e v e r a l  types of valves and their appl ica t ions .  The valve seat is the 

su r face  on which the  valve seals and is  u s u a l l y - i n t e g r a l l y  cast i n  the 

f l u i d  end cas ing  then hardened or, more commonly, c o n s i s t s  of a separate 

hardened r i n g  or o the r  shaped sur face  f i t t e d  i n t o  the pump casing. Valve 

seal sur faces  and valve seats are prone to erosion and corrosion cracking 

1 

I 

I 
I 
I 

, because they se rve  as the pressure  seals between the  plunger chamber and 
i 

I 
I 

the  in t ake  and discharge manifolds. Valve seats are of a g rea t e r  hardness 

than are the  s e a l i n g  sur faces  of the  valve plate, having a 10 t o  15% harder 

su r face  f i n i s h .  J u s t  as i n  c e n t r i f u g a l  pumps, plunger packing and valve 

assemblies requ i r e  the most maintenance during the pump's l i fe t ime.  

I 

I 
2.10 Pulsat ion Dampening Equipment i 

I 
One drawback of p l u n g e r  pumps is t h e i r  c y c l i c a l  d i s c h a r g e  ra te  which 

produces w i d e  va r i a t ions  i n  discharge pressure  and capac i ty  about the mean, 

e s p e c i a l l y  i n  pumps w i t h  2, 3, 4, or 6 plungers. Table 2.1 summarizes the 

e f f e c t  of the  number of plungers on power pump capac i ty  var ia t ions .  

TABLE 2.1 

Plunger Pump Discharge Pulsa t ion  Charac t e r i s t i c s  

Number of % Above % B e l o w  Total 

pump Type Plungers Mean Capacity Mean Capacity Variat ion 

I 
Duplex 2 24 22 46 

Triplex 3 6 17 23 

Quadruplex 4 11 22 33 

Quin tup lex  5 2 5 7 

1 Sex tup  l e x  6 5 9 14 

Septuplex 7 1 3 4 

I 

I 

Nonuplex 9 1 2 3 

Reciprocating pump pulsa t ions  a t  c e r t a i n  f requencies  or harmonics can 

i e x c i t e  fundamental v ib ra t ion  modes (resonances ) i n  the  assoc ia ted  piping, 
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thereby c rea t ing  excessive noise and passible equipment damage. For the  

HDR i n j ec t ion  w e l l  a t  Fenton W i l l  it has-been determined t h a t  pulsat ions 

grea te r  than 2 percent  and less than -7 percent  of the i n j e c t i o n  pressure 

could be harmful. Pulsat ion dampening equipment should be i n s t a l l e d  on 

both the suc t ion  and discharge sides of a plunger pump. Suction side 

pulsa t ion  dainpenets provide a constant  NPSH to the pump i n l e t  valves, 

thereby pro tec t ing  the pump f l u i d  end from cav i t a t ion  damage and increasing 

valve seat lifetime, . Discharge side dampeners protect the o u t l e t  valve 

assemblies as well as the high pressure f l u i d  plumbing connected to the 

pump. Most dampeners are nitrogen-charged bladder bottles u t i l i z i n g  rubber 
a s  the bladder material. Some dampeners are also spring-assis ted bladders 

w i t h  nitrogen charges. Good pulsa t ion  dampening equipment can su i t ab ly  

a t tenuate  capaci ty  and pressure va r i a t ions  even on duplex and quadruplex 

plunger pumps. 
I 

2.11 NPSH Required 

Plunger pump speeds, and therefore capacities, a r e  l imited by the ava i lab le  

NPSH. A t  high plunger speeds, f l u i d  separa t ion  from the plunger can occur 

c rea t ing  l o w  pressure regions which induce cavi ta t ion .  M i n i m u m  NPSH is  
related t o  the pump speed by: 

2 14.72 - N2d (LR-R 

6861.18 (?) NPSH [PSI] = 

where N is the pump speed [rpm], d is the length of the pipe where f l o w  

r e s i s t a n c e  is measured [ f t l  , L i s  the  l e n g t h  of the  pump's power end 

connecting rod I f t ]  - not  including the plunger, R is the power end crank 
r a d i u s  f f t l  , A i s  t h e  p lunge r  end s u r f a c e  area [ i n  J , and A i s  the  

cross-sect ional  a rea  of the suc t ion  pipe [ i n  I. Here it has been assumed 
t h a t  NPSH equals suc t ion  head minus piping f r i c t i o n  loss. NPSH 

requirements for c e r t a i n  pump speeds are usual ly  given by the manufacturer. 

2 
S P 2 
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2.12 Continuous Duty and In t e rmi t t en t  Duty Ratings 

Every plunger pump design has assoc ia ted  with it an i n t e r m i t t e n t  duty 

r a t i n g  and a continuous duty ra t ing .  In t e rmi t t en t  duty r a t i n g  covers high 

capac i ty  pumping a t  or near maximum rated pump pressure f o r  s h o r t  durat ions 

( seve ra l  hours t o  a few days) a f t e r  which pump and p o w e r  end undergo major 

overhaul. Continuous duty r a t ings  cover long dura t ion  (months or years )  

pumping requirements a t  f l u i d  pressures  w e l l  below the  maximum rated pump 

pressure.  Continuous duty r a t i n g s  are d i r e c t l y  r e l a t e d  to plunger pump 

s i z e  and weight. For a given s i z e  and weight, a pump's continuous duty 

r a t i n g  can be th ree  to  fou r  times less than i ts  i n t e r m i t t e n t  duty rat ing.  
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3.0 TECHNICAL HISTORY OF THE PHASE I AND PHASE I f  CIRCULATION PUMPING 

SYSTEMS 

3.1 Introduction 

This  c h a p t e r  d i s c u s s e s  t h e  Phase I and t h e  Phase I1 s u r f a c e  pumping 

systems, including main in jec t ion  o r  c i r cu la t ion  pumps and dr ivers  as w e l l  

as f l u i d  makeup pumps and drivers.  The main in j ec t ion  pumps c i r cu la t e  

water a t  high pressure through the closed loop energy ex t rac t ion  system 

which includes the in j ec t ion  w e l l ,  the  geothermal reservoir, the production 

w e l l ,  and the surface system. Produced hot  water, under enough pressure to 

prevent f lashing,  is  c i rcu la ted  through a heat-exchanger and is then routed 

back to  the main c i r cu la t ion  pumps. The makeup pumping system supplies 

water to compensate for small f l u i d  losses i n  the surrounding reservoir  

rock . 

3.2 The Phase I Surf ace Pumping System 

The Phase I s u r f a c e  system w a s  des igned  t o  p rov ide  up t o  300 gpm of 

geothermal f l u i d  (water) w i t h  a 1200 p s i  d i f f e r e n t i a l  pressure and a 1450 

p s i  maximum pressure. The water w a s  specified a t  176OF w i t h  up t o  400 ppm 

total dissolved solids . The main c i r cu la t ion  pumps i n s t a l l e d  i n i t i a l l y  

were two Goulds centri$ugal seven s tage v e r t i c a l  turbine pumps each capable 

of furnishing 300 gpm of water a t  600 psi t o t a l  dynamic head. These two 

Goulds pumps were connected i n  series t o  provide up t o  1200 psi total 

dynamic head. I n l e t  pressure to  the Goulds' w a s  maintained a t  175 psi to 

produce a 1375 p s i  i n j e c t i o n  p res su re .  Each pump w a s  d r i v e n  by a 

Louis-Allis Co. 200 hp electric motor. 

The makeup water pumping system i n i t i a l l y  consisted of a s ing le  40 hp 

two-stage cent r i fuga l  pump, also manufactured by Goulds, capable of 

producing 130 gpm a t  190 psi.  As t h i s  pump's performance w a s  inadequate, a 

s ing le  Myers two-stage cent r i fuga l  supercharge pump was i n s t a l l e d  which 

supplied 125 gpm a t  134 psi when driven with a IS hp electric motor. 
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After Run Segment 2 of Phase I ( t h e  75 day Energy Extract ion Experiment, 

Jan.-Apr. 1978) two add i t iona l  Goulds seven stage c e n t r i f u g a l  pumps were 

i n s t a l l e d  as back-up system c i r c u l a t i o n  pumps f o r  those a l ready  on-line. 

These add i t iona l  Goulds pumps were b u i l t  to the  same spec i f i ca t ions  as t h e  

f irst  t w o  and were also dr iven by 200 hp Louis A l l i s  motors. A t  t he  same 

t i m e ,  f ou r  new Myers makeup pumps w e r e  i n s t a l l e d ,  each dr iven  by a 15 hp 

AJAX electric motor. With these pumps connected i n  parallel, the makeup 

system can supply 225 gpm a t  160 psi. This makeup system w a s  used for the 

Phase I1 ICFT conducted May-June 1986 and is cu r ren t ly  i n  place a t  the 

Fenton H i l l  site. 

3.3 Phase I Surface System Performance 

Throughout t he  Phase I energy ex t r ac t ion  experiments, the main Goulds 

c i r c u l a t i o n  pumps were continuously plagued by mechanical seal 

d e t e r i o r a t i o n  problems due to  suspended solids i n  the geothermal f lu id .  

The mechanical seals eroded away and there w a s  no way t o  determine whether 

a mechanical seal would last 90 minutes or 90 days. The c i r c u l a t i o n  pumps 

also tended to h e a t  up a t  l o w  pumping f l o w  rates thereby reducing pump 

packing l i f e .  Five separate energy ex t r ac t ion  experiments were conducted 

between September 1977 and December 1980 (Phase I, Run Segments 1 through 

5) .  During Run Segment 5 (the f i n a l  286 day f l o w  test)  there w a s  a gradual 

decrease i n  t h e  performance of the main c i r c u l a t i o n  pumps due to  corrosion 

or  e r o s i o n  o f  pump impellers, e s p e c i a l l y  t h e  f i r s t  and second stage 
impeller surfaces .  This damage w a s  poss ib ly  a t t r i b u t a b l e  to c a v i t a t i o n  

a r i s i n g  from i n s u f f i c i e n t  pos i t i ve  suc t ion  pressure  (NPSH) on the pump, 

although manufacturer 's  spec i f i ca t ions  were followed to  a s su re  s u f f i c i e n t  

NPSH. 

The i n i t i a l  Phase I makeup water pump ( t h e  40 hp Goulds pump mentioned 

earlier) performed r a t h e r  p i t i f u l l y .  The pump d i d  no t  self-prime properly 
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due t o  inadequate suct ion draw. It  is  thought that inadequate suct ion 

piping provided i n s u f f i c i e n t  NPSH, r e s u l t i n g  i n  poor performance. It w a s  
replaced w i t h  a s i n g l e  Myers pump (Section 3.2). This s i n g l e  Myers pump 

was subsequently replaced w i t h  four  new Myers makeup pumps to  achieve a 
flow rate of 270 GPM. There have been no s i g n i f i c a n t  problems w i t h  these 

four  Myers pumps cu r ren t ly  i n s t a l l e d  a t  Fenton H i l l  o ther  than periodic 

maintenance/replacement of the pump sea l s .  

3.4 Phase I1 Surface System Design 

The surface system design for the Phase If energy ex t r ac t ion  loop was 

i n i t i a l l y  designed to  have a heat r e j e c t i o n  capab i l i t y  of 50 M W t  a t  a 
design flow r a t e  of 1000 gpm and a r e se rvo i r  i n j ec t ion  pressure of 3000 psi 

(G.M. Cremer,  et.al., p. 5 8 ) .  The design of the Phase I1 surface system 

was t o  include four  Myers supercharger makeup pumps, s i x  f i r s t  s tage  pumps, 

and four  second s tage  pumps as p ic tured  i n  Figure 3.1. The four  Myers 

s u p e r c h a r g e r  pumps, each d r i v e n  by a 15 hp motor,  have a l r e a d y  been 

described i n  sec t ion  3.2. The s i x  each first s tage  pumps were designed t o  

provide 1400 p s i  water t o  the second s tage  pumps i n  seve ra l  d i f f e r e n t  f l o w  

configurations.  The four  Goulds pumps and motors i n  place from the Phase I 

experiment, were to  be used as f i r s t  s t age  pumps t o  increase  the  f l u i d  

pressure from 175 ps i  t o  1375 p s i  (1200 p s i  t o t a l  dynamic head) .  I n  

addi t ion,  for l o w  f lowrate  appl ica t ions ,  two add i t iona l  100 hp Goulds 29 

s tage  v e r t i c a l  tu rb ine  pumps capable of producing 40 gpm a t  1200 psi t o t a l  

dynamic head were included i n  the f irst  stage.  This  was done t o  a l l e v i a t e  

the packing problems that plagued the 300 gpm Goulds pumps when they w e r e  

used f o r  l o w  f lowrate  appl ica t ions  during the Phase I experiments. 

The second s tage  pumps were designed t o  raise the f i r s t  s tage  discharge 

pressure (1400 psi)  to the 3000 p s i  necessary for in jec t ion .  Four each 

Peerless  i n d u s t r i a l  12  s tage  cen t r i fuga l  turbine pumps, each driven by a 

Siemens-Allis 300 hp electric motor, were purchased during 1980, The 

Peerless pumps were manufactured i n  two sets of 2-each (Hp-1 and HP-2) to 

be connected i n  series as shown i n  Figure 3.2. This  w a s  the conceptual 
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Figure 3.1 

Phase I1 Surface System Design Schematic - 1980. 
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Figure 3.2 
1 

1 
i Phase I1 Circulation Pump System Design - 1980. 
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design f o r  t h e  Phase I1 c i r c u l a t i o n  pumping system. I n  1981, d e s i g n  

e f f o r t s  were d i r e c t e d  a t  an "interim system" f o r  Phase 11 able to  handle 

300 gpm a t  3000 p s i  t o  e x t r a c t  20 M W t .  T h i s  d e s i g n  (see F i g u r e  3.3) 

u t i l i z e d  t w o  of the  Goulds and t w o  of the Peerless pumps a l ready  purchased. 

I n s t a l l a t i o n  of t h i s  "interim" c i r c u l a t i o n  sys  t e m  w a s  p a r t i a l l y  completed 

dur ing  1982. This hardware w a s  eventua l ly  to be u t i l i z e d  i n  the f i n a l  

Phase 11 surface  system as shown i n  Figure 3.2. 

Current opinion regarding the  Phase I1 LTFT sur face  c i r c u l a t i o n  system 

favors a reduction i n  the  number of pumps from the  system design shown i n  

Figure 3.2. The most advantageous design would u t i l i z e  a minimum number of 

c i r c u l a t i o n  pumps each capable of meeting the  pressure  and f l o w  rate 

spec i f i ca t ions  of 200-420 gpm va r i ab le  f lowrate  a t  5000 psi i n j e c t i o n  

pressure.  This s p e c i f i c a t i o n  represents  realistic energy ex t r ac t ion  goals  

f o r  r e se rvo i r  parameters determined from the  recent  ICFT. These f lowrate  

requirements are s u b s t a n t i a l l y  reduced from the o r i g i n a l  1000 gpm 

requirement and i n j e c t i o n  pressures  have been increased from those 

o r i g i n a l l y  spec i f i ed  i n  the  Phase I1 su r face  system design. 

The ava i l ab le  s tock  of HDR pumping hardware, i f  it were t o  be used t o  

cons t ruc t  the su r face  c i r c u l a t i o n  system for the  Phase I1 LTFT, would no t  

meet the  c u r r e n t  pressure  and f lowrate  requirements. I n  addi t ion ,  the  

ava i l ab le  electric power a t  Fenton H i l l  is cu r ren t ly  inadequate t o  meet the  

pumping requirements even with h ighly  e f f i c i e n t  (75%) c e n t r i f u g a l  pumps. A 

new d e s i g n  f o r  t h e  Phase I1 c i r c u l a t i o n  pumping sys tem w i l l  f a v o r  a 

p o s i t i v e  displacement pumping system r a t h e r  than a c e n t r i f u g a l  system. 
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Figure 3.3 

Phase I1 "Interim" Surface System Design - 1981. 
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4.0 RESULTS OF THE PHASE 11 INITIAL CLOSED-LOOP FLOW TEST (ICFT) 

4.1 Introduct ion 

This chapter presents  r e s u l t s  of the  ICFT which are p e r t i n e n t  to  

spec i f i ca t ion  of the main c i r c u l a t i o n  pumping system for  the Phase I1 LTFT 

energy ex t r ac t ion  experiment scheduled for  la te  FY'87. The ICFT (Exp. 

20671, conducted  between May 19 and June  18,  1986, w a s  des igned  t o  

determine the  Phase If 'reservoir parameters necessary for s p e c i f i c a t i o n  of 

the f i n a l  sur face  system and flow loop f o r  the  Long Term Flow Test (LTFT). 

The ICFT w a s  a l so  des igned  t o  prove  t h e  f e a s i b i l i t y  of t h e  Phase I1 

r e se rvo i r  as an energy producer, and to evaluate  various completion schemes 

f o r  the i n j e c t i o n  w e l l  (EE-3A) and the damaged production w e l l  (EE-2). 

ICFT goals  and objec t ives  can be summarized as follows: 1 )  to  evaluate  

r e se rvo i r  c h a r a c t e r i s t i c s  such as r e se rvo i r  volume, e f f e c t i v e  h e a t  t r a n s f e r  

area, f l o w  impedance, and water loss; 2 )  to determine the characteristics 

and t o  p r e d i c t  t h e  l o n g  term t r e n d s  of  f l u i d  geochemis t ry  such  as, 
dissolved gasses, corrosion and s c a l i n g  tendencies,  suspended solids 

content ,  dissolved sol ids  content ,  and other parameters ; 3 t o  maximize 

the energy ex t r ac t ion  rate and t o  predict sur f  ace production temperature, 

p r o d u c t i o n  f l o w  ra te ,  and thermal e n e r g y  e x t r a c t i o n  ra te ;  and 4 )  t o  

eva lua te  the  condi t ion and completion of both the  i n j e c t i o n  and production 

wel l s  . 
For design of the Phase I1 LTFT su r face  c i r c u l a t i o n  pumping system, the 

most important ICFT determined parameters are: sur face  i n j e c t i o n  pressure  

and f l o w  rate, and f l u i d  geochemistry. These parameters are discussed i n  

this chapter, as w e l l  as a brief desc r ip t ion  of the su r face  c i r c u l a t i o n  

pumping system used for the ICFT. 

4.2 ICFT Pressure and Flowrate Data 

ICFT Experimental data for sur face  i n j e c t i o n  pressure,  production pressure,  

i n j e c t i o n  f lowrate, production f lowrate, system impedance, and energy 

ex t r ac t ion  rate a l l  as funct ions of t i m e  are given i n  Figures 4.1 - 4.4. 
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I 
! . By p l o t t i n g  both i n j e c t i o n  pressure  and production f l o w  -rate aga ins t  t i m e  
~ 

I (Figure 4.51, one can see the  c o r r e l a t i o n  between i n j e c t i o n  pressure and 

production flow rate. Maximizing the  output  flow rate w i l l  r e s u l t  i n  

maximum ene rgy  e x t r a c t i o n ,  a p r imary  g o a l  of  LTFT. The re fo re ,  it i s  

necessary t o  provide a sur face  pumping system capable of producing a t  least 

5000 psi. The pumping system should be capable of i n j e c t i n g  up t o  420 gpm 
(approx ima te ly  1 0  barrels per minu te )  a t  maximum i n j e c t i o n  p r e s s u r e .  

Figure 4.3 leads one to  predict t h a t  the  o v e r a l l  system impedance would j 
I 
1 probably decrease to  around 12-15 psi/gpm or less a t  the  high (420 gpm) 
I i n j e c t i o n  f l o w  rates planned f o r  LTFT. A t  t he  420 gpm flowrate ,  the  energy 

ex t r ac t ion  rate approaches 19 M W t  assuming a 1 6OoC temperature d i f fe rence  

I through the h e a t  exchanger. Figure 4.4 shows the  s t e a d i l y  increas ing  

energy ex t r ac t ion  rate during ICFT. This w a s  due t o  production wellbore 

i heat ing  during ICFT, r e s u l t i n g  i n  h o t t e r  production temperatures, and due 
i 
; . to  the increased i n j e c t i o n  (and therefore  production) flow rates during the 
8 l a s t  ha l f  of the  experiment (Figures  4.6 and 4.2, respec t ive ly) .  Figures 
i 
1 
L behavior during ICFT. 
!! 

I 

i 
I 
! 

i 
~ 

4.7 and 4.8 show i n j e c t i o n  w e l l  and production w e l l  p ressure  and flow 

s 

I 

4.3 ICFT Fluid Chemistry Data 

Presented b e l o w  are f l u i d  geochemistry r e s u l t s  from ICFT bel ieved t o  have 

the  g r e a t e s t  impact on the sur face  pumping system design f o r  LTFT. Table 

4.1 shows r e su l t s  f o r  some of t h e  gas samples  a n a l y z e d  by  t h e  gas 

Figure 4.9 shows d a i l y  H S gas concentrat ion i n  

percent  volume of to ta l  dry  gas during ICFT. Concentration measurements 

made to  detect H S concentrat ion ranged i n  value from 150 ppm t o  1125 ppm 

total  flow (Table 4.2) bu t  showed no d i sce rn ib l e  increase  or decline 

experiment proceeded. From t h i s  da ta ,  one is  l ed  to  believe that 

H S concentrat ions as high as 1200 ppm (0.12% by weight of to ta l  production 

flow) may be p e r i o d i c a l l y  encount d during the LTFT and surface system 

matograph during ICFT. 
2 

2 

2 

i 
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TABLE 4.1 

Selected Gas Samples from ICFT 

( a l l  i n  % volume of dry gas) 

N2 H S  0 
4 2 2 

Sample Date H c o o  CH 
2 2 

GOO3 

GOO9 

GO1 9 

GO23 

GO29 

GO33 

GO35 

GO36 

GO39 

GO45 

*GO60 

GO73 

GO85 

G104 

GllO 

G 1 1 8  

G120 

G122 

G124 

5/20/86 

5/20/86 

5/21 /86 

5/22/86 

5/28/86 

6/02/86 

6/03/86 

6/04/86 

6/06/86 

6/07/86 

6/08/86 

6/09/86 

6/10/86 

6/11 /86 

6/12/86 

6/13/86 

6/16/86 

6/17/86 

6/18/86 

ND 

ND 

ND 

ND 

ND 

0.26 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

98.72 

99.67 

99.34 

99.07 

97.07 

79.64 

98.05 

97.37 

96.41 

97.54 

56.61 

20.83 

25.01 

59.03 

72.89 

77.68 

84.36 

83.02 

86.82 

ND 

ND 

ND 

ND 

ND 

0.17 

ND 

ND 

ND 

ND 

ND 

0.05 

ND 

ND 

ND 

ND 

0.04 

0.04 

0.04 

0.05 

0.26 

0.17 

0.16 

0.11 

0.03 

ND 

0.07 

0.17 

0.16 

0.03 

ND 

ND 

0.11 

0.09 

0.10 

0.20 

0.19 

0.05 

0.24 

0.06 

0.05 

0.03 

0.25 

0.53 

0.08 

0.14 

0.08 

0.08 

0.12 

0.06 

0.06 

0.06 

0.06 

0.07 

0.12 

0.15 

0.13 

0.98 

0.12 

0.45 

0.75 

2.58 

19.32 

1.97 

2.42 

3.33 

2.21 

43.18 

79.10 

74.93 

40.80 

26.95 

22.16 

15.28 

16.60 

12.96 

Denotes N Inject ion Experiment Begun 6/08/86. 
2 

The amount of CO 

of t o t a l  f l u i d  weight. 

i n  the production f l u i d  varied between 
2 

ND Means "Not Detected." 

-2% and .8% 
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H S Gas Volume During ICFT. 
2 

TABLE 4.2 

H S Concentration During ICFT 
2 - 

H s [ppm of to-31 flow1 
-2- 

GO28 5/28/86 824 

Date sample - 
GO30 6/02/86 1000 (Gas Pocket) 

GO36 6/04/86 51 0 

GO38 6/05/86 625 

GO45 6/06/86 625 

GO74 6/09/86 188 

GO78 6/09/86 150 

GO85 6/10/86 170 

G109 6/12/86 

G120 6/16/86 

G122 6/17/86 

G124 6/18/86 

150 

725 

125 

925 

-49- 



equipment must be designed with t h i s  i n  mind unless  a gas separator is 

ins t a l l ed .  Besides the concern f o r  H S i n  the  geothermal f l u i d ,  CO 

and 0 are p resen t  i n  appreciable  q u a n t i t i e s  and must also be considered i n  

the design of su r face  system components. H2,  CH4, and C2H6 are p resen t  

only i n  very small amounts (less than 0.3% by volume f o r  H and less than 

0.17% by volume f o r  both CH and CH ) and p resen t  no s i g n i f i c a n t  design 

hurdles  a t  the  moderate f l u i d  pumping temperature (150OF). 

2' N2' 2 

2 

2' 

4 6 

Because CO is  the  most preva len t  dissolved gas i n  the geothermal f l u i d  

(Table 4.1) care must be taken to  prevent  steam f l a sh ing  and CO separa t ion  

i n  the sur face  system. This may be accomplished by maintaining the sur face  

system pressure above the CO separa t ion  pressure.  Concentrations of 

dissolved CO i n  the  geothermal f l u i d  could be as high as 0.5% by weight 

based upon ICFT f l u i d  chemistry r e s u l t s .  Figure 4.10 shows the minimum 

pressure required to  prevent  steam f l a sh ing  and CO separa t ion  a t  d i f f e r e n t  

temperature and d isso lved  CO concentrations.  

2 

2 

2 

2 

2 

2 

The geothermal f l u i d  also contains:  various dissolved species, such as 

a r sen ic ,  Ca,  l a ,  C1, K, SO , HCO F and Si0 which may precipitate o u t  of 

t he  f l u i d  as the  pressure  and temperature are reduced; suspended s o l i d s  

composed of quar tz  sand, f i n e  g r a n i t e  particles, m e t a l  particles; and o the r  

miscellany. (Concentrations of s e l ec t ed  geothermal f l u i d  species f o r  

samples taken during ICFT are given i n  Appendix B, p.112.) 

4 3, 2' 

For LTFT i t  i s  expec ted  t h a t  some of  t h e s e  species w i l l  r e a c h  t h e i r  

s a tu ra t ion  concentrat ions i n  the  f l u i d ,  theref  ore present ing  p o t e n t i a l  

corrosion and s c a l i n g  problems f o r  su r face  c i r c u l a t i o n  system hardware. 

4.4 ICFT Ci rcu la t ion  Pumping System 

The i n j e c t i o n  pumping system f o r  ICFT w a s  provided as a contracted se rv ice  

by B.J. T i t a n  S e r v i c e s  ( B i d  #5-XS6-3635C). B.J. T i t a n  h a s  e x t e n s i v e  

experience i n  long term, high rate pumping of petroleum w e l l s .  T i tan  
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Figure 4.10 

Minimum Pressure Required to Prevent Steam Flashing f CO 

for Different Temps. & Dissolved CO Concentrations (Bruce Robinson). 

Separation 
2 

2 
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I 

supplied equipment, personnel,  parts, and suppl ies  f o r  ICFT i n  accordance 

with spec i f i ca t ion  HDRS-3635C. The s p e c i f i c a t i o n  c a l l e d  f o r  a continuous 
pumping rate of up to 5 BPM below 5000 psi  (usua l ly  below 4500 psi)  and a 

continuous high pumping rate operat ion of 1 t o  3 days du ra t ion  a t  5000 psi 

and up t o  10 BPM. The pumps were to  be remote cont ro l led ,  variable speed 

( p o s i t i v e  displacement) plunger pumps, continuous duty rated f o r  5 BPM a t  

5000 psi with 100% equipment backup and a b l e  to  pump a t  rates as l o w  as 1 

BPM f o r  up to  one-half hour. Pump discharge pu l sa t ion  was n o t  to  exceed 

pressure  va r i a t ions  of +2% or -7% of discharge pressure  with pulsa t ion  

dampeners. Supply water to the  con t r ac to r ' s  pumps w a s  provided by LANL's 

Myers cen t r i fuga l  pumps operat ing a t  160 t o  175 psi. Fluid temperature w a s  

spec i f i ed  between 32OF and 125OF. The pumped f l u i d  is water w i t h  traces of 

C02, H S, s u l f a t e s ,  carbonates and o the r  species ( N a ,  K, Ca,  S i 0  C1, and 

F), and up to  200 ppm suspended solids. 
2 2, 

The pumps u t i l i z e d  by B.J. Ti tan were O P I  13OOWS. These are hor izonta l  

t r i p l e x  s ingle-act ing p o w e r  pumps rated a t  1300 hp (1000 "I?) with an 8 

inch  s t roke  and 5.75 inch plunger diameters dr iven by diesel engines. The 

f l u i d  end is machined from an a l l o y  steel  forging. Plungers are mild steel 

w i t h  ha rd  o v e r l a y  s u r f a c e s .  Packings  are e i t h e r  chevron  a d j u s t a b l e ,  

non-adjustable, or spring-loaded. Spec i f ica t ions  f o r  these pumps are given 

i n  Table 4.3. 

Four separate pump/diesel u n i t s  were i n i t i a l l y  brought on s i te  although 

each u n i t  could provide the  necessary i n j e c t i o n  flow rate. These pumps 

performed very w e l l  dur ing the 30-day ICFT with only moderate f l u i d  end 

maintenance required on valves, pu l sa t ion  dampeners, and f l u i d  end 

hardware. A l l  of the pumps were b u i l t  i n  1982 or before. Diesel f u e l  i n  

the  engine o i l  w a s  a r ecu r ren t  p o w e r  end problem. Two (2) f l u i d  end s t a y  

bolts f a i l e d  on one pump due to fa t igue .  One pump developed a crack i n  the 

suc t ion  head, another  pump developed a leak i n  the suc t ion  manifold, and 

two pumps experienced problems with pu l sa t ion  dampening equipment, 

e spec ia l ly  on the  suc t ion  s ide .  Overall ,  B.J. Ti tan w a s  pleased with pump 

performance, experiencing no packing or high-pressure i r o n  problems. 

? 
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TABLE 4. 3 

Performance D a t a  f o r  130OWS O.P.I. Tr iplex Pumps. 

MarrmHMpsHAFT 
IS TmmNG AT: 

50 R.P.H. 
100 R.P.M. 
200 R.P.H. 
250 R.P.H. 
300 R.P.H. 

7.000 P.S.I. 
20.9 B.P.M. B 2150 P.S.I. 
8 ”  
6” 
.069 Bamlr.per Revolutian 
1000 XHP 
300 R.P.M. ElpxpRM 

- 
- 

TXEKMPCANDISPLXE 

3.5 B.P.H. @ 7000 P.S.I. 
6.9 B.P.H. @ 6465 P.S.I. 
14.2 B.P.H. @ 3175 P.S.I. 

B.P.M. P 2 P.S.I. 1 

17.7 B.P.M. @ 2550 P.S.1. 
20.9 B.P.H. @ 2150 P.S.I. 

Valve bodies performed w e l l ,  al though valve seats showed H S embrit t lement 

corrosion due t o  dissolved H S (and also poss ib ly  due to  dissolved CO ) i n  

the geothermal f l u i d .  A l s o  one valve seat barrel cracked due t o  s u l f i d e  

stress corrosion. H S embrit t lement also caused seve ra l  f a i l u r e s  of the 

valve snap r ings ,  which secure the  rubber valve seals on the valve bodies. 

It should be noted, however, that  B.J. Ti tan had 400% pumping capac i ty  on 

s i te  and that  each pump r a r e l y  operated more than four  hours continuously 

and t h e n  a t  less t h a n  f u l l  r a t e d  load. These pumps were n o t  r e a l l y  

operated under continuous duty long term condi t ions during ICFT. 

2 

2 2 

2 

Figure 4.11 shows the  loca t ions  of corrosion/cracking experienced during 

ICFT. The valves were sp r ing  loaded l i f t  type with guided disk vanes, and 

are t y p i c a l l y  used when pumping r e l a t i v e l y  c lean  f l u i d s  a t  high pressures  

10,000 psi)  f o r  h o r t  durat ions.  Typical app l i ca t ions  would include 

a c i d  t reatments  and sand f r ac t ion ing  jobs i n  the  oi l f ie ld .  
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r S n a p  Ring? 

.Valve Seat  

Fluid Flow 

Figure 4.11 

Location of H S Corrosion/Cracking on Plunger Pump 2 
Valve Assemblies During ICFT. 

The cont rac tor  also experienced f a i l u r e  of th ree  s t ee l - r e in f  orced high 

pressure  hoses used on the  suc t ion  side of the  pumps. These hoses have a 
working pressure  r a t i n g  of 250 psi  and are static test pressure  r a t ed  a t  

400 ps i .  Two of the hose f a i l u r e s  were a t t r i b u t e d  t o  hose wear a t  

loca t ions  where t h e  hose  rested on t h e  ground or  on wooden b locks .  

Movement of the  hoses during pumping f i r s t  caused the  ou te r  rubber hose 

cas ing  t o  wear away, exposing the  inner  steel  reinforcement, which then 

began t o  wear away also. The h o s e s  s u b s e q u e n t l y  f a i l e d  when enough 

reinforcement had worn away and the hose yielded to  suc t ion  pressure,  

t y p i c a l l y  between 150 and 165 psi. The o the r  ( t h i r d )  hose f a i l u r e  has been 

a t t r i b u t e d  t o  the  temperature excursion experienced when suc t ion  side f l u i d  

temperatures reached 280-300°F f o r  a s h o r t  time. This w a s  enough to cause 

one s tee l - re inforced  hose t o  f a i l .  

The f a i l u r e  of t h e  d i s c h a r g e  ( h i g h  p r e s s u r e )  p u l s a t i o n  dampeners w a s  

t h o u g h t  t o  be caused  by e i t h e r  CO o r  H S induced  b l i s t e r i n g  of  t h e  

dampener bladder material. B l i s t e r ing  w a s  observed on both the f l u i d  side 

and the N s ide  of the bladders. B.J. T i tan  be l ieves  t h a t  dissolved CO i n  

t he  high pressure f l u i d  migrated i n t o  the  bladder material causing 

b l i s t e r i n g  of the  bladder and eventual  bladder f a i l u r e .  There were two 

2 2 

2 2 
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discharge side pu l sa t ion  dampeners that  fa i led due to b l i s t e r i n g ,  The 

discharge dampeners u t i l i z e d  high-pressure ni t rogen (N ) charged bladders. 

There were also two suc t ion  side dampeners that failed. These u n i t s  were 

c y l i n d r i c a l  N charged bladders w i t h  sp r ing  assist. The f a i l u r e s  were 

bel ieved t o  be due t o  bladder f a t i g u e  f a i l u r e  although the u n i t s  have no t  

2 

2 

y e t  been dismantled to  a s c e r t a i n  the exac t  cause. 

B.J. Ti tan  recommends that e x t r a  bladders be ava i l ab le  for  replacement i n  

discharge dampening equipment used during LTFT, because of the adverse 

effect of gas migra t ion /b l i s te r ing  on the bladders experienced during ICFT. 

B.J. T i tan  also recommends the use of large pulsa t ion  dampening equipment 

which can be r e a d i l y  maintained on-s i te  for LTFT. 
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5.0 FENTON HILL ELECTRIC POWER LIMITATIONS 

5.1 Available Electric Power a t  Fenton H i l l  

The Fenton H i l l  geothermal s i te  is serv iced  by Jemez Mountain Electric 

Coop., Inc. which feeds  primary electric power t o  the  s i te  through the  

Jemez Springs Substation, 25 miles away. The ava i l ab le  electrical power a t  

Fenton H i l l  is 1000 KVA, 3 phase WYE configurat ion a t  e i t h e r  24.9 KV and 

240V or 480V. The secondary system r a t i n g  of 1000 KVA is  n o t  a continuous 

load ra t ing ,  however, only a peak value. The e x i s t i n g  electrical system 

can probably supply 900 KWe continuous power. I f  one w e r e  t o  use a large 

e lec t r ic  motor t o  d r i v e  t h e  c i r c u l a t i o n  pumping sys tem,  t h e  maximum 

s t a r t i n g  c u r r e n t  t h a t  could be drawn (assuming a 90% p o w e r  f a c t o r  f o r  the 

transformer a t  Fenton H i l l )  would be 1084 Amps. This c u r r e n t  l imi t a t ion  

necess i t a t e s  vol tage reducing starters f o r  any electric motor over 250 hp 

s ince  s t a r t i n g  cu r ren t  is typ ica l ly  3-5 times the  opera t ing  load current .  

Of the 1000 KVA suppl ied t o  the  si te,  less than 160 KWe average continuous 

power is  needed t o  meet normal opera t ing  requirements aside from f l u i d  

c i r cu la t ion .  During ICFT, electric power consumption averaged 132 KWe f o r  

the 35 day b i l l i n g  window containing ICFT as compared with 60 KWe average 

hourly consumption f o r  t he  previous month and 52 KWe f o r  the same month 

during 1985. ICFT power consumption does no t  include c i r c u l a t i o n  pumping 

power because  i n j e c t i o n  pumping w a s  p rov ided  by d i e se l  e n g i n e  d r i v e n  

plunger pumps. It does, however, i n d i c a t e  the  magnitude of summer t i m e  

on-s i te  p o w e r  consumption aside from f l u i d  c i r cu la t ion .  Winter electrical 

demand w i l l  be higher  due to electric space heat ing i n  on-si te  buildings.  

Assuming the  150-170 KWe are necessary f o r  nonpumping requirements and t h a t  

900 We is the realistic to t a l  ava i l ab le  continuous power (1 MWe peak for 

s h o r t  du ra t ion ) ,  then approximately 730-750 KWe are ava i l ab le  f o r  f l u i d  

c i r c u l a t i o n  (845-871 BHP a t  100% electrical motor e f f i c i ency) .  
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5.2 Power Requirements f o r  LTFT Fluid Ci rcu la t ion  

To provide s u i t a b l e  energy ex t r ac t ion  rates during LTFT, it is necessary to  

i n j e c t  a t  least 200 gpm of geothermal f l u i d  a t  minimum sur face  in j ec t ion  

pressures  of 4500 psi. Table 5.1 shows the c i r c u l a t i o n  pumping power 

requirements f o r  LTFT. 

TABLE 5. 1 

LTFT Circu la t ion  Pumping Power Requirements 

Flowrate In j ec t ion  Pressure Power Required 

200 gpm (nom) 4500 p s i  525 HHP / 392 KW 

420 gpm (max) 5000 psi  1225 HHP / 914 KW 

The nominal pumping p o w e r  requirement i s  0.39 MW and the maximum p o w e r  

required is  0.91 MW. Centr i fugal  type pumps f o r  l a rge  capac i ty  moderate 

pressure  app l i ca t ions  such as t h i s  are l imi ted  to  75% o v e r a l l  mechanical 

e f f ic iency .  Plunger or p o w e r  pumps opera t ing  i n  the same capaci ty  and 

pressure ranges have mechanical e f f i c i e n c i e s  of 90-95%. Therefore, plunger 

pumps requi re  less supplied power t o  produce the necessary HHP f o r  f l u i d  

c i r cu la t ion ,  Table 5.2 shows the  BHP required a t  the  pump s h a f t  t o  produce 

1 HHP f o r  d i f f e r e n t  pump e f f i c i enc ie s .  

TABLE 5. 2 

BHP Necessary to Produce 1 "P 

for Given Pump Mechanical Ef f ic ienc ies  (n  1 

Pump Eff ic iency  (n  ) BHP to  Provide 
m e  

m e  
I21 1 "P 

60 1.67 

65 1.54 

70 1 e43 

75 1.33 

80 1.25 

85 1.18 

90 1.11 

95 1.05 
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For example, a c e n t r i f u g a l  tu rb ine  pump with a 65% mechanical e f f i c i ency  

would requi re  2156 BHP (1.61 MW) i n p u t  t o  produce 1400 "P (1.05 MW) while 

a plunger pump with an 85% e f f i c i ency  would require only 1652 BHP (1.23 MW) 

t o  produce the same HHP. 

To c a r r y  t h e  comparison and a n a l y s i s  one s t ep  f u r t h e r ,  one must a l so  

consider  the  e f f i c i ency  of the pump dr ive r ,  i.e. an electric motor, a 

diesel engine, or o the r  prime mover such as a turbine.  Large electric 

motors are charac te r ized  by e f f i c i e n c i e s  between 85 and 95% and 3 phase AC 

power f a c t o r s  of 85-90%. For ana lys i s ,  assume an  electric motor e f f i c i ency  

) of  90% w i t h  a power f a c t o r  (p.f .1 o f  95%. Electr ic  motor ( n  

e f f ic iency ,  motor power f a c t o r ,  and mechanical e f f i c i ency  are mul t ip l ied  

together  t o  give o v e r a l l  electrical-to-"P pumping system eff ic iency.  

Therefore a pumping system with n =75%, nelec=90%, and p.f.=95%, y i e lds  an 

o v e r a l l  system e f f i c i e n c y  (n ) of 64%. This pumping system would require 
1.16 KW of electric power t o  d e l i v e r  1 "P (.746 KW) to the f l u i d .  

e lec 

m e  

S Y S  

Figures 5.1 through 5.4 show the electric p o w e r  required to produce the  

necessary LTFT f lowrate  and i n j e c t i o n  pressure f o r  s e v e r a l  o v e r a l l  pumping 

system e f f i c i enc ie s .  Figure 5.4 shows that even with an o v e r a l l  system 

e f f i c i ency  of 75%, 1.2 Mwe are required t o  produce a 400 gpm flowrate  a t  

5000 ps i .  Reca l l  from s e c t i o n  5.1 t h a t  o n l y  0.75 M W e  are c u r r e n t l y  

ava i l ab le  a t  Fenton H i l l .  
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5.3 Variable Speed Electric Motor Controls 

For LTFT, it is  necessary t o  provide var iab le  pump capaci ty  which means 

having the caEabi l i ty  to  change the speed of the d r ive  motor. DC electric 

d r ive  motors may be cont ro l led  by using an AC t o  DC converter t o  convert 3 

phase AC electric power i n t o  var iable  voltage DC power f o r  prec ise  DC motor 

speed  con t ro l . -  However, s i n c e  f i x e d  f requency  AC e lec t r ic  motors are 
cheaper, simpler, and more durable,  it is general ly  advantageous t o  convert 

- the  fixed frequency AC power (supplied by the u t i l i t y )  i n t o  AC voltage of a -  

d i f f e r e n t  frequency using a frequency inver te r .  

. 

I 
I 
I 

I Both converters and i n v e r t e r s  u t i l i z e  t h y r i s t e r  switching c i r c u i t s  composed 

of s i l i c o n  cont ro l led  r e c t i f i e r s  or SCRS - to transform the 3 phase AC 

p o w e r  i n t o  e i t h e r  DC voltage or var iab le  frequency AC power. a r e  _._ 

merely 4 l ayer  p-n-p-n control led switching devices a s  shown i n  Figure 5.5. - .  

1 

GA 

1 
Figure 5.5 

Graphical Representation of an SCR. 

Forward cu r ren t  (anode t o  cathode) is cont ro l led  by low l e v e l  ga te  voltage 

and reverse  cu r ren t  (cathode to anode) is blocked i n  the same manner as 

t h a t  of a s i l i c o n  diode up t o  some r e v e r s e  breakdown vo l t age .  Power 

conversion e f f i c i e n c i e s  of SCR i nve r t e r s  a r e  extremely high due to  the 

tate r e c t i f i e r s ,  and because only one s tage  

i n  going from f ixed frequency AC power to  
Power conve r s ion  e f f i c i e n c i e s  fo r  SCR 

Because they are so l id - s t a t e  switching 

l y  r e l i a b l e ,  have l o w  maintenance, are f a u l t  

faced t o  computers f o r  f a u l t  diagnosis and 

-61 - 

- 



5.4 Diesel Engine and Diesel-Electric Pump Drives 

Xnstead of using u t i l i t y  supplied AC powerr diesel engines can be used to  

d r i v e  plunger pumps. Mechanical transmissions allow shaft  output  power 

from the diesel engine to d r ive  the pump most e f f i c i e n t l y .  Mechanical 

transmission e f f i c i e n c i e s  are high, ranging from 87 to  95 percent.  Diesel 

engine/transmission d r i v e r s  have good performance his tor ies  i n  long term 
power de l ive ry  app l i ca t ions  and are r e a d i l y  maintained. 

Diesel engine dr iven electric genera tors  (sometimes called diesel-electric 

u n i t s )  produce on-site electrical power. These units are standard items i n  

the o i l f ie ld  f o r  supplying pump r ig  and s i t e  power. These u n i t s  are also 

r e a d i l y  ava i l ab le ,  durable,  modular, and e a s i l y  maintainable. 

A diesel engine or a diesel-electric u n i t  should be considered t o  

supplement the c u r r e n t l y  ava i l ab le  electric p o w e r  a t  Fenton Hil l .  This 

would enable LTFT to  u t i l i z e  e x i s t i n g  AC e l e c t r i c i t y  during nominal pumping 

appl ica t ions .  For pumping operat ions requi r ing  more power, the diesel 

engine or diesel electric u n i t  would supplement u t i l i t y  AC p o w e r .  

-62- 



6.0 SPECIFICATIONS FOR THE PHASE I1 CIRCULATION PUMPING SYSTEM 

6.1 Scope 

An extended energy ex t r ac t ion  experiment (the LTFT) is planned to  evaluate  

the  commercial thermal production p o t e n t i a l  of the Phase I1 HDR geothermal 

r e se rvo i r  over a twelve month period. The funct ion of the sur face  pumping 

system is to c i r c u l a t e  geothermal f l u i d  through the h o t  dry  rock reservoi r  

region located approximately 12,000 feet  beneath the earth's surface.  The 

HDR s i t e  is located a t  Fenton H i l l  i n  n o r t h  c e n t r a l  N e w  Mexico a t  a n  

e l eva t ion  of 8700 feet. The pumping system, as specified i n  the following 

s e c t i o n s ,  s h a l l  c o n s i s t  of pumps, t h e i r  prime movers, v a r i a b l e  speed 

c o n t r o l l e r s ,  and a l l  the necessary documentation, instrumentation, and 

spare parts for twelve months continuous service.  

6.2 Pumping Requirements 

The pumps s h a l l  be of rec iproca t ing  mult iplex design continuous duty rated 

to  provide a total  of 10 BPM (420 gpm) a t  5000 psi (1225 HHP continuous). 

Total capac i ty  sha l l  be continuously va r i ab le  from 1 t o  10 BPM. The pumps 

sha l l  be designed for continuous duty operat ion over a period of one year 

w i t h  only brief shutdown periods to  replace expendable f l u i d  end and wear 

parts. This f l u i d  end maintenance should not  requi re  more t i m e  than the 

use of t w o  men during an e i g h t  hour s h i f t  during any s i x  month period. The 

pumps w i l l  accept 32OF t o  150°F water from the  heat exchanger through a 6 
i n c h  diameter s u c t i o n  l i n e  p r e s s u r i z e d  by one ( 1 )  t o  f o u r  ( 4 )  Myers 

c e n t r i f u g a l  makeup water feed pumps opera t ing  between 160 and 175 psi. The 

pumps must be suppl ied w i t h  suc t ion  s t a b i l i z e r s ,  such as Fluid Kinet ics  or 

i v e r s i t y  approved equivalent ,  designed to  e l imina te  a l l  acce le ra t ion  

head losses a t  the pump's maximum opera t ing  speed and able to provide 1000 

psi suc t ion  side pressure.  Cyclic f a t i g u e  loading of the i n j e c t i o n  system 

by the  pumps requ i r e s  t h a t  discharge pressure  pulsa t ion  no t  exceed +2% or 

-7% of the discharge pressure.  The bidder w i l l  include documentation of 
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s u i t a b l e  pump performance i n  h i s  bid. I f  discharge pu l sa t ion  dampeners are 

required they w i l l  be Fluid Kinet ics  or University approved equivalent  with 

bladders capable of extended l i f e  i n  high pressure  f l u i d  environments 

containing dissolved CO and B S (See f l u i d  chemistry, s e c t i o n  6 . 7 ) .  
2 2 

6.3 Pump Construction 

The pumps s h a l l  be constructed i n  accordance w i t h  API Standard 674, May 

1980, except f o r  modifications as agreed to  between the Universi ty  and the 

pump s u p p l i e r .  The s u p p l i e r  s h a l l  f u r n i s h  a h i s t o r y  of t h e  pump's 

performance i n  continuous duty high pressure  i n s t a l l a t i o n s .  

Pump materials should be capable of s u i t a b l e  t e n s i l e  and y i e ld  s t r eng th  

while handling ch lor ides ,  H SI and other dissolved gasses  which may lead to  
2 

extreme stress corrosion and cracking of valve seats and working barrels. 

The high pressure  working barrel components, discharge manifolds, and 

valves must be fabricated from materials such as forged Armco "Nitronic 

50,. 41 4 0  s tee l ,  or U n i v e r s i t y  approved e q u i v a l e n t .  working barrels 

preferab ly  w i l l  be ind iv idua l  for each plunger. No w e l d  repair w i l l  be 

allowed on high pressure  forgings.  

Valves and seats w i l l  p re ferab ly  be clamped between the manifolds and 

working barrels  and s h o u l d  be removable  as a complete u n i t .  Valve 

materials should be a t  least equal  to  the working barrels and/or discharge 

manifolds. 

Plungers s h a l l  be f in i shed  w i t h  a hard sur fac ing  material w i t h  a t  least 57c 

on a b r i n e 1 1  h a r d n e s s  scale f i n i s h e d  t o  a t  l e a s t  a 16  RMS. Plunger  

s t u f f i n g  boxes should include a se l f -ad jus t ing  ( spr ing  loaded or other) 

main packing t o  e l imina te  d a i l y  manual adjustment. A leak-off header wi l l  

be p rov ided  t o  c a r r y  away l eakage  from t h e  main p a c k i n g  and s h a l l  be 

furnished with an orifice and pressure  switch to  i n d i c a t e  f a i l u r e  of the 

main packing. Plunger lubricators sha l l  be furnished with the  pumps, each 

hav ing  a separate r e s e r v o i r  and equipped  w i t h  a d e v i c e  such  as "Lube 

Sentry" with alarms t o  i n d i c a t e  l o w  o i l  l e v e l  and no f l o w  conditions.  
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Pump p o w e r  end lube systems shall be f u l l  pressure systems w i t h  rifle 

~ d r i l l e d  c rankshaf t  and connecting rods. The main lube o i l  pump w i l l  be 

d i r e c t l y  dr iven  from the main pump crankshaft .  The lube o i l  system w i l l  

i n c l u d e :  a 25 micron c a r t r i d g e  t y p e  f i l t e r ,  a l o w  o i l  pressure alarm 

switch, a high o i l  temp. alarm switch,  p ressure  gauges on both sides of 

f i l t e r ,  a d i a l  thermometer, and an oil-to-air hea t  exchanger with a motor 
dr iven  fan. O i l  cool ing  c a p a b i l i t y  s h a l l  match the  continuous BHP load 

r a t i n g  of t h e  frame. 

6.4 Electrical Power and Drivers 

A t  p resent ,  the ava i l ab le  i n s t a l l e d  electrical power a t  the  Fenton H i l l  

s i te is  1000 KVA. Approximately 150 We continuous w i l l  be needed f o r  s i te  
housekeeping  and data a c q u i s i t i o n  which l e a v e s  7 5 0  kWe a v a i l a b l e  for  

c i r c u l a t i o n  pumping equipment. Maximum l i n e  cu r ren t  is 1084 Amps. 

Maximum c i r c u l a t i o n  pumping requirement (420 g p m  a t  5000 psi)  is 1225 HHP 

or 914 kW. Available electric power l imi t a t ions  necess i t a t e  the use of 

d i e s e l  engine or diesel-electric prime movers f o r  t he  pumps. The d r i v e r  

must  be capable of c o n t i n u o u s l y  v a r i a b l e  c o n t r o l l e d  speed, e i the r  by 

electrical or mechanical means. The to ta l  speed range must be equal  to or 

greater than 10 t o  1. I f  d i e se l - e l ec t r i c ,  the  u n i t  must have a continuous 

d u t y  o p e r a t i o n  power fac tor  g r e a t e r  t h a n  0.8 and no more t h a n  a 4OoC 

temperature rise a t  8700 f t .  a l t i t u d e .  

6.5 Skid and Housing 

The sk ids  w i l l  be of 3 runner cons t ruc t ion  with an o i l f i e l d  tai l  ro l l  type 

loading f ea tu re  designed u t i l i z i n g  I-beam s t r u c t u r a l  members whose s i z e  and 

cross sec t ion  w i l l  be selected to l i m i t  skid de f l ec t ion  t o  0.25 inches a t  

any  p o i n t  when the  s k i d  i s  s u p p o r t e d  on b o t h  ends.  Beam d e f l e c t i o n  

ca l cu la t ions  w i l l  be included with the  b id  to  ve r i fy  compliance. Cross 
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members w i l l  be l o c a t e d  th roughou t  t h e  s k i d  t o  p r o v i d e  s u p p o r t  f o r  

necessary equipment. The skid s h a l l  include an adequate s i z e d  f l o o r  plate 

about the top of the skid as a walking deck. A l l  welds shal l  be ground 

smooth and a l l  sharp  corners  s h a l l  be removed by rounding with a grinder.  

The sk id  w i l l  be sandblasted and coated with a z inc  primer coat. 

The housing sha l l  incorporate  sound a t t enua t ing  material and w i l l  

completely enclose the  equipment, providing a weatherproof area extending 

the f u l l  sk id  length.  The noise l e v e l  s h a l l  not exceed 90dBA a t  any po in t  

10 feet  from sk id  and housing. Each pump sha l l  meet the criteria of OSHA 

1910.95. The enclosure s h a l l  enclosure s h a l l  include adequate access doors 

and also i n t e r n a l  and ex te rna l  l i gh t ing .  

6.6 Instrumentation and Controls 

A l l  ins t rumentat ion and con t ro l s  shal l  be monitored and operated l o c a l l y  on 

the equipment wi th in  the skid and housing and also remotely i n  a 

da ta /cont ro l  cen ter .  Provision shal l  be made for remote monitoring and 

operat ion of instrumentat ion and c o n t r o l s  v ia  electrical contac ts  on an 

equipment junct ion box (or boxes) for the necessary use r  suppl ied data 

cen te r  interconnect ions.  Everything monitored and/or con t ro l l ed  l o c a l l y  

can also be monitored and con t ro l l ed  remotely v i a  the data cen te r  

interconnect ions.  

The following funct ions are t o  be monitored: 

Plunger pump suc t ion  pressure  and f l u i d  temperature 

Plunger pump discharge pressure  

Plunger pump discharge flowrate 

Power end l u b r i c a t i n g  o i l  pressure  and temperature 

Fluid end lub r i ca t ing  o i l  pressure.  

The u s e r  w i l l  p r o v i d e  t r a n s d u c e r s  t o  measure pres. and temp. Local 

ind ica t ion  of these parameters sha l l  be furnished by the vendor. Flow w i l l  

be measured w i t h  a tu rb ine  type f l o w  meter and ind ica ted  l o c a l l y  w i t h  a 
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t achometer ,  as w e l l  as p r o v i d i n g  a 10-20 mil l iamp s i g n a l  t o  the  data 

center .  A l l  gauges used f o r  l oca l  monitoring are t o  be of superior  q u a l i t y  

to enhance monitoring confidence. A l l  measurements needed f o r  proper 

operat ion of a p a r t i c u l a r  u n i t  (vol tages ,  rpm, hydraulic pres., fan  speed, 

bearing temp., accumulated running t i m e  clock, etc.) are to be f u l l y  

described and provided as p a r t  of the bid. 

6.7 Circula t ing  Fluid 

Ci rcu la t ing  f l u i d  w i l l  be water w i t h  t r aces  of CO H S, 0 2' s u l f a t e s ,  and 

carbonates. The water w i l l  be fi l tered 

t o  remove suspended p a r t i c l e s  l a r g e r  t h a n  0.005 inches .  CO 2 gas i s  

expected t o  be about 0.1% by weight of the production w e l l  water and w i l l  

be reduced by the addi t ion  of fresh makeup water which is projected t o  be 

between 10 and 100% of the water supplied. 

2' 2 
Water pH w i l l  be between 5 and 9. 

It is expected that  most f l u i d  cons t i tuents  w i l l  reach their equilibrium 

values during the energy ex t rac t ion  experiment. A n  oxygen s t r i p p e r  and/or 

a gas separator  w i l l  be used to reduce the l eve l s  of 0 2 and H 2 S i n  the 

water. 

Water contaminants a r e  not expected to exceed the concentrations given i n  

Table 6.1 below. 

TABLE 6.1 

Circula t ing  Fluid Contaminant Concentrations 

c1 - 5000 

Na - 1600 ppm F - 10 ppm 

H S  - ( 5  ppm K 

- <1 ppm Ca - 120 ppm 
H a 3  - 1000 ppm Suspended Solids - 800 ppm 

- 250 ppm s i l i c a  - 500 ppm 

- 200 ppm 2 

O2 

so4 
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These are considered to be maxiaum possible concentrat ions for the  

geothermal f lu id .  Pump materials should be se l ec t ed  f o r  maximum continuous 

duty l i f e  under these  conditions.  

6.8 Testing 

Each major component such as the pump, reduct ion gear ,  motors, cont ro ls ,  

etc., shal l  be tested a t  each manufacturer's f a c i l i t y  and w i l l  be 

witnessed . 
The pump s h a l l  be s u b j e c t e d  to a 3-hour mechanical r u n  test a t  the 

manufacturer's f a c i l i t y  a t  which t i m e  it w i l l  operate for a t  least  one hour 

a t  f u l l  pressure and one  hour  a t  f u l l  f l o w .  The f l u i d  end s h a l l  be 

hydrotested t o  a t  least 1-1/2 times the m a x i m u m  discharge pressure.  These 

tests w i l l  be witnessed and c e r t i f i e d  reports w i l l  be furnished. 

The completed packaged u n i t  w i l l  be tested a t  f u l l  opera t ing  speed t o  prove 

alignment and compat ib i l i ty  of the components. A l l  alarms and switches 

must be tested t o  prove their funct ions during this test. This test w i l l  

be witnessed. 

6.9 Sta r tup  Assistance 

The manufac tu re r  of t h i s  equipment  s h a l l  provide u n - s i t e  s t a r t u p  and 

check-out a s s i s t ance  a t  Fenton Hall. This as s i s t ance  s h a l l  be designed t o  

educate Los A l a m o s  personnel on the operat ion,  capabilities, maintenance, 

and s a f e t y  r e q u i r e m e n t s  of t h e  u n i t s .  S t a r t u p  assistance sha l l  a l so  

include the a c t u a l  operat ion of the equipment in its specified a m l i c a t i o n .  

Vendor is to quote on f i v e  ( 5 )  days f o r  th is  s t a r t u p  ass i s tance .  
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* 6.10 Manuals 

The manufacturer of the  equipment s h a l l  provide complete operation manuals 

to include electric motor manuals, pump manuals, assembly drawings, a l l  

hydraul ic- lubricat ing oil-electrical schematics, and vendor da t a  on a l l  

associated components i n s t a l l e d  on the  equipment. Three ( 3 )  manuals s h a l l  

be provided per un i t .  

6.11 Maintenance Schedule 

The vendor of the  equipment s h a l l  provide a complete maintenance schedule 

for the  purpose of allowing Los A l a m o s  personnel t o  i n i t i a t e  a standard 

scheduled maintenance program. It is also required that the vendor be able 

t o  perform a l l  of these  maintenance funct ions on a maintenance con t r ac t  

program i f  i n s t i t u t e d ,  i n  which case t h r i t y - s i x  hour response t i m e  by the  

vendor is a requirement. 

6.12 Safety 

Safe ty  is of prime importance a t  Los Alamos and cannot be overemphasized. 

The b id  package must c o n t a i n  a s e c t i o n  where in  s a f e t y  i s  e x c l u s i v e l y  

t r ea t ed .  The bidder  s h a l l  f ami l i a r i ze  a l l  opera t iona l  personnel with a l l  

s a f e t y  problems unique to the  equipment during s tar t -up.  These s a f e t y  

practices s h a l l  also be documented i n  t he  equipment manuals. Generally the  

b i d d e r ' s  sys tem s h a l l  meet a l l  i n d u s t r y  ( A P I ,  ASME, ANSI) s t a n d a r d s  

applicable . b i d d e r ' s  sys tem s h a l l  meet a l l  i n d u s t r y  ( A P I ,  ASME, ANSI) s t a n d a r d s  

applicable . 

6.13 Performance Warranty 

anufac turer  s h a l l  warrant the  equipment f o r  100% of cost on parts and 

labor f o r  one year  a f t e r  such date t h a t  equipment is accepted. Should the  

equipment requi re  any warranty work, t he  se rv i ce  must be performed a t  he 

Fenton H i l l  s i t e  i f  possible. The b i d d e r  s h a l l  e v a l u a t e  t h e  cost of  

providing t h i s  performance warranty and w i l l  l ist t h i s  cost as a separate 

charge which may or may no t  be included i n  the  total  bid package. 
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6.14 B i d  Document Requirements 

The bid package s h a l l  include the  following documentation i n  addi t ion  to 

the indiv idua l  items required i n  the  spec i f ica t ions :  

Complete Preliminary Assembly Drawings ( 3  each) 

Skid Deflections and Vector Analysis ( 3  each) 

Pump Performance Curves (3  each) 

Piping and Instrumentation Schematic ( 3 each) 

Prime Mover Spec i f ica t ions  ( 3  each) 

Terms of Payment ( 3  each) 

To ta l  Cost of Equipment ( 3  each) 

Delivery Schedule ( 3  each) 

Any Exceptions or Exclusions to t h e  Spec i f ica t ions  ( 3  each). 

The bid w i l l  be awarded based on a competit ive c o s t  review and a technica l  

evaluation. After review and evaluat ion a recommendation w i l l  be prepared 

for award. "he ESS-4 Geological Engineering group w i l l  be ava i lab le  to 

d iscuss  recommendations p r i o r  t o  the award of the contract .  
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7.0 SUMMARY AND RECOMMENDATIONS 

7.1 Equipment Se lec t ion  

A t  p re sen t  it is f e l t  t h a t  p o s i t i v e  displacement mult iplex plunger pumps 

w i t h  both suc t ion  and discharge pu l sa t ion  dampeners are the  best choice f o r  

the LTFT su r face  c i r c u l a t i o n  system. Their  s u p e r i o r i t y  over mult is tage 

c e n t r i f u g a l  tu rb ine  pumps is c l e a r l y  evident.  Plunger pumps have much 

better mechanical e f f i c i e n c i e s  and when f i t t e d  W i t h  suc t ion  side pulsa t ion  

dampeners are n o t  s u b j e c t  to c a v i t a t i o n  problems u n t i l  d r iven  above r a t ed  

I speed. Plunger pumps have no r o t a t i n g  mechanical seals or wearing r ings.  
The Phase I c e n t r i f u g a l  pumps experienced mechanical seal degradation due 

to  suspendid s o l i d s  i n  the  geothermal f l u i d .  Plunger pumps are capable of 

va r i ab le  capac i ty  with less pressure  va r i a t ion  than c e n t r i f u g a l  pumps. A 

c e n t r i f u g a l  pump's developed head is  inverse ly  related to  i ts  capacity.  

W i t h  proper material se l ec t ion ,  plunger pumps can perform continuous duty 

high pressure  pumping t a sks  w i t h  only minor f l u i d  end maintenance. Fluid 

end maintenance on plunger pumps is  less t i m e  consuming than for  mult is tage 

c e n t r i f u g a l  pumps because the f l u i d  end components are r e a d i l y  accessable. 

Plunger pumps may be spec i f i ed  and purchased o u t r i g h t  f o r  LTFT or they W i l l  

be suppl ied and maintained by any q u a l i f i e d  bidder i f  it is  decided to 

c o n t r a c t  o u t  LTFT pumping services .  

In  l i g h t  of p re sen t ly  ava i l ab le  electic power l imi t a t ions  a t  the Fenton 

H i l l  s i te,  it w i l l  be necessary to  d r i v e  the  pumps with either d i e s e l  

engines or with electric motors suppl ied by diesel-electric p o w e r  u n i t s  and 

con t ro l l ed  by SCR conver te rs  ( f o r  DC d r i v e  motors) or i n v e r t e r s  ( f o r  AC 

d r i v e  motors ) . In j ec t ion  pumping p o w e r  requirements are s u b s t a n t i a l l y  

g r e a t e r  than the ava i l ab le  i n s t a l l e d  p o w e r  supply a t  the s i te ,  although 

prel iminary d iscuss ions  have begun w i t h  the local u t i l i t y  t o  supply the 

necessary LTFT electrical demand of approximately me. Although it is 

t echn ica l ly  feasible t o  provide pumping p o w e r  from the ext rac ted  thermal 

power of t he  geothermal r e se rvo i r ,  the costs are enormous and the  r e se rvo i r  

is too small (10-20 ml to attract OarmerClpiL hlvtxentandsupprtforsuchascfiane.  
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7.2 Materials Concerns 

Fluid chemistry is one of the  most unique boundary condi t ions for the  

spec i f i ca t ion  of the pumping system, as it is f o r  any geothermal 

A t  Fenton H i l l ,  d issolved H2S, the CO /Carbonate i n s t a l l a t i o n .  

e q u i l i b r i u m ,  and d i s s o l v e d  0 i n  t h e  f l u i d  are conce rns  t h a t  must be 

addressed to insu re  maximum sur face  equipment lifetimes. G a s  separators 
and materials hav ing  h i g h  r e s i s t a n c e s  t o  hydrogen a t t a c k  ( c o r r o s i o n ,  

b l i s t e r i n g ,  and embrit t lement) should be used. Only long dura t ion  

experiments ( l i k e  LTFT) w i l l  prove the c a p a b i l i t y  of equipment and 

materials i n  this HDR geothermal system. 

2 

2 

7.3 Geothermal Reservoir 

The r e s u l t s  form ICFT i n d i c a t e  that o v e r a l l  system impedance and t o t a l  

water loss w i l l  probably dec l ine  during LTFT. A dec l ine  i n  t o t a l  system 

impedance would r e l a x  the 5000 psi  maximum i n j e c t i o n  pressure  cu r ren t ly  

specified, thereby reducing the s t a t e d  power requirements and the  s i z e  (or 

number) of pumps u t i l i z e d .  Fluid chemistry parameters w i l l  no t  change 

s i g n i f i c a n t l y  during LTFT except  that concentrat ions of some species w i l l  

approach equi l ibr ium values d i c t a t e d  by r e se rvo i r  temperature and pressure.  

Fluid chemistry parameters dictate materials s e l e c t i o n  for  the e n t i r e  

s u r f a c e  system. A f t e r  s t a r t u p ,  t h e  closed-loop HDR sys tem g e n e r a l l y  

e x h i b i t s  decreased i n j e c t i o n  pressures  due t o  buoyancy effects caused by 

i n j e c t i o n  of r e l a t i v e l y  cool f l u i d  down t h e  i n j e c t i o n  w e l l  and  the  

production of hot f l u i d  i n  the production w e l l .  

7.4 Already Puchased Hardware 

There are cu r ren t ly  four ( 4 )  Siemens-Allis 300 hp electric motors ava i l ab le  

for  use which were purchased i n  1980. These electric motors, although 

intended to be v e r t i c a l l y  mounted drivers f o r  t h e  Peerless pumps, may be 

a b l e  t o  be used t o  d r ive  one plunger pump (rated a t  600 BHP) i f  two motors 

could be coupled toge ther  through a variable speed transmission. These 
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electric motors seem to be the only possible equipment already ava i l ab le  

which might be able to  be modified for use i n  the Phase I1 LTFT i n j e c t i o n  

pumping system. 

7.5 Future Goals 

It would be prudent t o  consider the p o s s i b i l i t y  of cont rac t ing  o u t  the 

twelve-month LTFT. This one year long experiment would lend i tself  w e l l  to  

outs ide  se rv ice  bids. But i f  f u t u r e  plans for the Fenton H i l l  s i t e  include 

f u r t h e r  goethermal r e se rvo i r  or energy ex t r ac t ion  experiments, then it 

would enhance the si te 's  c a p a b i l i t y  t o  have permanent c i r c u l a t i o n  pumps 

ava i l ab le  and working for f u t u r e  tests and therefore a c t u a l  procurement of 

pumping equipment would be advisable.  

i 
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APPENDIX A 

ICFT EXPERIMENT= RESULTS 

ICFT Gas D a t a  

ICFT Fluid Geochemistry D a t a  
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ND-&LDv 
i 
I 

VOL. OF DRY GAS 

H;' w.3 UHL H Z  
% L % % 

wr, 99.w WI, Nr 
KD 99.92 Nf, Ni) 

h' 96.72 NI, @.e: 
19I1 95.s WI, NP 
ND 99.93 ND hT 
Nf! 99.0; R kQT 
N3 99.92 ND ta 
N3 94.64 N? t.ii 
E 99.67 ND 8.55 
KD 9 . 5 i  NIt 8.23 
a 99.M NI! 0.28 
NP 99.89 N3 Nl' 

ND 99.40 m NrJ 
ND 99.06 ND NP 
w 99.84 ND w 
N!l 99.86 UD NL 
NI 99.a ND NG 
w 99.34 ND 8.17 
ND 99.a NrJ Nu 
ND 97.92 ND 8.89 
ND 97.s9 NrJ ND 
w 99.87 m 8.16 
Im 98.91 NE 0.15 
b %.e4 ND 8.14 
ND 9e.63 W G.lt 
NIi 96.05 ND 0.m 

b 97.87 ND 8.11 
0.27 76.81 , 0.1 8.13 

ND 87.85 ND ND 
ND 07.73 ND Nlr 

Nu 93.73 ND 6.1Q 
ND 98.85 ND ND 
WD 97.37 w 0.07 
ND 91.62 ND 0.11 

NJ 97.27 NO 0. l i  
hn %.n ND 0.11 

ND 69.49 ND e.7: 

--- -I -- - --. 

9.26 79.64 ND e . 0 ~  

-- -- - -- - 

ND 97.61 NE e.ii 
m 95.07 NI! e.]@ 

ND Pt.41 ND c.ai 

NL 97.47 ND 6.15 

ND 97.55 ICD e.16 

NI! 9i.94 ND @ad9 
NU 95.51 NE 0 .w 

ND 97.113 ND 1.1? 

w 91.54 ND 4.18 

ND 97.54 ND 8.1G 
ND 97.01 wt 8. l t  
ND 91.72 ND ND 
ND 96.83 ND 8.11 
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OZ K' 
). % 

YI: 0.E 
6.24 0 . 9  

w 6.87 

N?! 0.87 
F 8.43 

ND 8.14 
NE e.13 

2.11 7.78 
0.P 0.29 

ND 0.16 

0.04 0.48 
6.05 0.45 
@.e3 0.66 
8.H I.% 
0.43 1.98 
e.03 0.75 

0.05 1.81 
8.06 1.28 
0.15 1.71 

0.25 2.58 
0.55 19.96 
0.53 11.53 
0.33 11.83 
8.53 19.2 
0.63 5.50 
0.08 1.87 
0.14 2.42 
0.86 2.19 

0.89 254 
8.15 2.99 
0.11 2.76 

9.c a.17 

P e.ea 

e.ei 

e.eb e. 12 

NI. e.ii 

MI 8.14 

NP a.14 

8.64 e . 9  

-- -- 

--- --- 

e.12 2.91 
0.11 2 . ~ 6  
Q.65 2.24 
0.14 3.313 
0.w 2.2: 
0.09 2.x 

0.88 2.21 
0,BB 2.21 
8.11 2.70 
0.25 7.95 
0.11 2.95 

e.@ 2.25 



M 96.61 
rn 95.93 
WS 55.21 
1 9 1  t2.49 
E 69.2; 
ND k.€l  
Ri 63.91 
NT 42.74 
MJ 29.11 
NI. 45. :9 
Nz 43.E 
UTI 4C.4? 
NJ 4t.M 
Wlt 47.78 
ND 47.21 
ND x.64 
ND 21.61 
E 20.t3 
N2 a.00 
N@ 2z.M 
ND 21.9 
N3 21.70 
ND 22.10 
m 22.m 
M. 2.L.88 
ND a.70 
w 21.E 
WIj 22.e 
NO 22.19 
ND 25.01 
w 25.99 
m 24.M 
ND 26.54 
ND 27.12 
N3 26.13 
D 31.61 
w3 30.N 
ND 31.45 
NI! 43.38 
k 46.23 
b 62.39 
Nu 32.58 
N5 66.S 
ND 49.92 
b 74.5! 
ND 78.61 

NG 56.17 
ND 59.63 
Nn 68.39 
ND 71.23 
U9 71.73 
ND 70.63 
ND JA.87 

m a. ie  

ND m i  
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SAMPLE r). 
611t 

6: 12 
bll3 
6114 
6115 
61 It 
6117 
tl18 
6119 
6122 
G X  
c.iu 
6:23 
6124 

6111 

COM MEN s 
SAMPLE 

6801 First gas maple, tap. 2e76 
wv 
6883 
6ee( 
6805 
6Q18i 
wi 
w: 
m3 
683 
M! 1 
6e:r" 
V13 
6614 
60!5 
6816 
6611 
6818 Possibly ront.tinated with air. 
&?I9 

603 Fasribly contuiruted with air. 
683 Possibly mtuina ted  with air. wj 
6024 
6025 
68% 
6027 Possibly mtaminated with air. 

6029 Possibly cotltminated with air. 
6030 N i  uater phase. Hit gas pocket? 
GP31 Manual inj.,Cdlected at separator. 
6 0 3  Nc wter phase. Hit gas pocket? 
6@3 KO water phase. Hit gas pocket? 
663 No rater phase, Hit gas pocket? 
W.5 Cold Trap Sealed. b p l i n g  p u p  added. 
6@36 6; recrlrbrrtrd. 

603 after altrmte vents/&utm. 

. 6028 Clfter pama rrprirnt. 

13337 
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Possibly mtamiNted with air. 
a injected E-3 at '11:s 

WA 
683 Pfirible start of nitrogen purge. 
'*A k s s j b l e  st i r t  of nitrogen purge. 
6 G 7  Nltrogea purp. 
6e% Nrtrogm purge. 
&3 Nitrogen pv-ge,ventirq wIprrtlrl f h  to HX. 

Nitrogen pu*p,ventrr,y w/pr:lal flow to til. 
a! h'itropen purge,wr,tirrp w/prtirl flow to HX. 
Mi= Nitrogen purge,wntinrj wlp~vtial flow t o  H L  
68;;j Nitroper. purgr,vmnting w/pdl-tAsl flow tc. Hk. 
@& Nitqert purge,wnting wlprrtial flow tu hl. 
&S Kitroper, p;-ge,vqnting wrprrtirl flor t o  HI. 
6855 liitrcgon purge,venting w;yrtirl flw t c  HX. 
GCi7 Nitrqer~ purge,ventq w/partirl flw to H1. 
6 W  h'itrogen pdrge,verzing wIpactirl flow to  Hi. 
6ei9 Nitrogen purge,wnting */partial flow t o  HX. 
6e7@ Nitropea purpe,ventinp r/prrtid flow t o  M. 
9 7 1  Stopped vent iq, gas purge male. 
GPR 
as: 
8% Lowered pmssun,only ga. i n  s a q I i 4  line. 
6832 Lcwrrol pressuro,only pas it1 sampling iirw. 
GlaP lrcreaset pressure tt 588 Sfi~. EY 8 gas. 

618;- Decreased ptesrure to  39@ PSI. 6as mly. 
6;E; h:ruased pressure to  4 3  PSI. 
E:& 
6% 
61& 
6167 
6!0T 
6169 Reduced Pressure. b t  l y  gas. 

Giei 
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I 

5/20 6/18 
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ICFT 
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0,8 nl 
8 0.7 

* 0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
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I 
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3 1 ICFT I 
X CO2 DRY GAS 

100 I 
90 

80 

7 0  - 

8 6 0 -  
K 

50 - 
40 - 

30 - 

20 
5 / 2 0  5/22 611 0 611 2 6/18 

DATE 

80 

70 

60 

5 0  

40 

30 

20 

10 

0 

5: NZ DRY’ GAS 

5 / 2 0  5/22 618 611 0 6/12 6/18 

DATE t 
Nt b j d o n  
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ICFT FLUID CHEMISTRY 

P-00 1 
P-002 
P-003 
P-004 
P-005 
P-006 
P-007 
P-008 
P-009 
P-0 10 
P-011 
P-0 12 
P-013 
P-014 
P-015 
P-016 
P-017 
P-019 
P-022 
Q-024 
P-025 
P-027 
P-028 
P-030 
P-032 
P-034 
P-036 
P-038 
P-039 
P-04 1 
P-043 
P-043 
P-046 
P-047 
P-049 
P-051 
P-052 
P-053 
P-055 
P-057 
P-059 
P-063 
P-065 
P-067 
P-069 
P-07 1 
P-073 
P-074 
P-075 
P-077 

P-OB 1 
P-083 
P-085 
P-087 
P-089 
P-09 1 
P-093 
P-095 
P-097 
P-099 
P- 100 
P-101 
P- 102 
P-104 
P- 106 
P-108 
P-110 
P-112 
P-114 
P-116 
P-118 
P-120 
P- 122 
P-124 
P- 125 
P- 196 

~ 4 7 9  

20-May-86 
eo-May-86 
20-May-86 
20-May-86 
20-May-86 
20-May-86 
20-May-86 
20-May-86 
20-May-86 
20-May-86 
2l-May-86 
21-May-86 
21-May-86 

21-May-86 
21-May-86 
21-May-86 
21-May-86 
22-May46 
22-May-86 
22-May-86 
22-May-86 
22-May-86 
23-May-86 
23-May-86 
23-May-86 
24-May-86 
24-May-86 
24-May-86 
25-May-86 
25-May-86 
25-May-86 
25-May-86 

2 1 -Ma y-86 

26-~ay-a6 
26-May-86 
26-May-86 
27-May-86 
27-May-86 
20-May-86 

29-May-86 
29-May-8€ 

28-May-86 

29-May-86 
30-May-86 
30-May-86 
30-May-86 
01-Jun-86 
02-Jun-86 
OS-Jun-86 
03-Jun-86 
04- Jun-86 
04- Jun-86 
05-Jun-86 
06-Jun-86 
06-Jun-86 
06-Jun-86 
07- Jun-86 
07-Jun-86 
08-Jun-86 
09-Jun-86 
IO-Jun-86 
11-Jun-86 
it-Jun-86 
12-Jun-8€ 
12-Jun-86 
13-Jun-86 
13- Jun-86 
13-Jun-86 
14-3un-86 
14-Jun-86 
14-Jun-86 
15-Jun-86 
15- Jun-86 
16-Jun-86 
17- Jun-86 
18- Jun-86 

DATE 
SaMPLE # DD-MUM-VY tin&? 

01 I15 
03 x 00 
08: 10 
10100 
12100 
14100 
16100 
18tOO 
20 x 00 
e2 1 00 
00100 
02 1 00 
04 x 00 
06100 
08 so0 
12100 
16x00 
22 xoo 
03: 1s 
05: 10 
10100 
14x00 
22 100 
06x00 
14x08 
22 IO0 
06:00 
10x00 
18100 
02 IO0 
08 : 00 
12100 
16100 
0o:oo 
08 : 00 
15100 
08 I 30 
16800 
00 : 00 
08 x 00 
02 : 00 
l2:OO 
2O:OO 
04 : 00 
12t00 
20100 
10x00 
14r30 
04 : 00 
16100 
02 : 00 
08x00 
12x00 
00x00 
08 x 00 
16100 
08100 
23 x 45 
20 IO0 
08x00 
1.0 x 30 
08 I O 0  
10x00 
02 x 00 
19x00 
11x10 
18105 
21 155 
05 IO0 
13100 
21 xoo 
05 too 
17r00 
09 x 00 
07 : 00 
07 I 30 

--- --- 
69 3605 
100 4558 
88 4365 
83 4460 
78 4180 
67 3950 
62 3585 
S8 3480 
57 3210 
52 3100 
50 3040 
46 2810 
45 2705 
46 2728 
45 2600 
39 e300 
44 2270 
79 2280 
41 2195 
44 2253 
38 1978 
41 2000 
34 1810 
45 1790 
31 1734 
33 1738 
35 1706 
32 1730 
36 2024 
124 1833 
59 1800 
42 1814 
36 1824 
45 1807 
41 1786 
35 1698 
39 1600 
26 1585 
39 1615 
50 1625 
32 1604 
28 1577 
24 1562 
23 1578 
34 1611 
25 1610 
24 1637 
28 1699 
26 1648 
26 1746 
23 1678 
22 1695 
23 1565 
26 1598 
22 1588 
23 1580 
22 1615 
24 1597 
27 2072 
19 1003 
23 1665 
e4 1654 
23 1652 
23 1678 
22 1642 
22 1621 
21 1621 
20 1621 
19 1590 
17 1583 
18 1557 
18 1540 
19 1560 
20 1560 --- 1570 

1556 --- 

-- -- 
12700 6.62 

14670 5-38 
14500 -- 
13720 5.- 
13040 --- 
12220 --- 
11570 --- 
10850 --- 
10670 --- 
10460 --- 
10100 --- 
9810 --- 
9620 --- 
9440 --- 
8430 --- 
8550 --- 
8200 --- 
8050 --- 
7780 --- 
7300 --- 
7500 11.9 
6810 --- 
6770 --- 
6310 --- 
6500 --- 
6670 --- 
6510 --- 
7460 --- 
6350 --- 
6750 --- 
6460 10.4 
6380 --- 
6290 --- 
6210 --- 
6230 --- 
6430 --- 
6160 --- 
6350 --- 
6500 --- 
6320 --- 
6250 --- 
6470 --- 
6290 --- 
6450 --- 
6760 --- 
6670 --- 
6650 --- 
6660 --- 
6840 --- 
6490 --- 

15790 6.29 

6350 --- 
6100 --- 
6330 --- 
6280 10.6 
6250 --- 
6480 --- 
6220 10.6 
7820 --- 
4050 --- 
6310 --- 
6250 --- 
6200 11.4 
6260 --- 
5430 --- 
6100 --- 
6040 --- 
6200 --- 
6200 --- 
5600 --- 
5850 --- 
5990 --- 
5900 --- 
5400 10.2 
6160 --- 
6390 --- 
-81- 

HC03 
ppm --- 
78 1 
742 
630 
649 
55s 
54 1 
530 
482 
462 
458 
465 
436 
436 
428 
415 
412 
406 
445 
356 
370 
387 
37s 
344 
383 
388 
393 
400 
389 
123 
644 
408 
408 
398 
447 
438 
415 
454 
442 
510 
544 
478 
487 
465 
48 1 
508 
505 
514 
520 
46 1 
466 
444 
462 
423 
455 
477 
470 
487 
488 
183 
306 
359 
367 
370 
360 
38 1 
386 
383 
376 
35 1 
322 
322 
32 1 
376 
399 
458 
447 

K 
ppm --- 
262 
412 
330 
319 
295 
285 
262 
245 
e75 
e33 
233 
227 
204 
t04 
210 
192 
167 
163 
167 
166 
1 60 
154 
141 
130 
134 
130 
127 
133 
1 55 
108 

114 
123 
119 
131 
118 
113 
114 
101 
116 
103 
110 
110 
102 
125 
137 
137 
137 
130 
115 
128 
129 
125 
117 
127 
1 i24 
129 
125 
154 
75 
122 
123 
124 
124 
129 
126 
130 
127 
119 
115 
128 
122 
122 
117 
120 
123 

Nil 
ppm --- 
2390 
2880 
2630 
e590 
2440 
2340 
2220 
2090 
1930 
1920 
1 890 
1730 
1740 
1740 
1570 
1500 
1430 
1420 
1420 
1400 
1320 
1340 
1190 
1130 
1130 
1 loc, 
1130 
1170 
1350 
1180 
1230 
1180 
1180 
1180 
1160 
1140 
1130 
1140 
1140 
1150 
1210 
1240 
1250 
1200 
1270 
1250 
1250 
1230 
1220 
1240 
1260 
1100 
1160 
1160 
1130 
1150 
1140 
1160 
1490 
666 
1130 
1150 
1 150 
1150 
1140 
1140 
1140 
1140 
1120 
1040 
1110 
1120 
1100 
1140 
1130 
1110 

--- 
6. 21 
6.87 
5.76 
5.92 
5.58 
5.50 
5.86 

6.80 
6.81 
6.86 
7.26 
7.26 
7.26 
7.34 
5.88 
7.57 
7.  81 
7.48 
7.59 
7.76 
7.82 
6.03 
5.62 
5.66 
5. 83 
5.73 
5.78 
8.21 
5.85 
6.03 
5.79 
5. 84 
5.83 
5.63 
5.74 
5.68 
5.66 
5.67 
5.75 
5.75 
5.82 
5.78 
6. 13 
5.74 
5.75 
5.83 
5.44 
5.70 
5.70 
5.84 
5.81 
5.90 
5.80 
5.78 
5.75 
5. 82 
5.54 
8.52 
6.18 
5.88 
5.82 
6.04 
6.02 

6.92 
5.84 
5. 82 
5.77 
5.90 

5.86 
5.85 
5.87 
5.82 
5.74 

6.78 

5. a9 

s. a9 

--- 
437 
467 
464 
47 1 
462 
462 
462 
462 
475 
475 
479 
491 
488 
492 
492 
447 
477 
488 
505 
496 
445 
so1 
443 
450 
439 
449 
460 
456 
484 
432 
469 
452 
454 
462 
456 
454 
454 
454 
452 
452 
452 
460 
452 
460 
456 
452 
484 
452 
447 
452 
447 
44 1 
454 
462 
462 
462 
469 
4% 
477 
282 
460 
437 
47 1 
467 
454 
443 
443 
439 
44 3 
44 1 
454 
458 
447 
404 

0 
ERR 

504 
ppm --- 
103 
129 
86.3 
94. s 
91.8 
99.0 
106 
113 
128 
121 
121 
125 
131 
131 
133 
136 
158 
210 
156 
165 
137 
155 
153 
16.2 
158 
165 
167 
186 
207 
189 
181 
183 
183 
186 
183 
16e 
176 
173 
183 
18& 
: 84 
185 
105 
18& 
19Z 
192 
199 
202 
204 
216 
196 
195 
191 
199 
133 
20: 
209 
206 
264 
120 
220 
229 
233 
230 
230 
232 
229 
253 
204 
197 
191 
187 
203 
2 15 
E 2 7  
534 



P 
5 
3 
Q, 

::: ] 
a 

7.8 
3.6 

7.4 

7.2 

7 

6.4 

6.6 

6.4 

6.2 

6 

5.8 

5.6 

2.2 - 

5 1.8 
J 

si 1.6 z 
1.4 - 
1.2 -, 

1 -  

0.8 



. 

120 - 
110 - 
100 - 

90 - 
2 00 - 

70 - 
6 0  - 

P 
d 

2Q 1 

DAY 

4 a 12 16 20 24 28 32 
DAY 0 
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z 
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c 70 
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40 
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. 

A 

AS 
BHP 

d 

D 

EE-2 

EE-3A 

9 

H 

L 

m 
n 
n 

n 
H 

V 
N 

ND 

P 
P 

PDF 

pM 
Q 
QL 
r 
R 

S 

S 

V 

VE 
2 

Y 

SYMBOLS USED 

2 
Cross-sectional area [ i n  1 
Plunger end surface area [ i n  ] 

Cross-sectional area of suc t ion  pipe [ i n  1 
Brake horsepower 

Pipe length [ f t l  

Pump impeller diameter [ i n ]  

Production w e l l  
In jec t ion  w e l l  

Acceleration due t o  g rav i ty  [ f t / s ec  ] 

Developed pump head [f  t l  
Stroke length [ in ]  

Number of plungers 

Overall  pump ef f ic iency  [%I 

Pump hydraul ic  e f f i c i ency  [%I 

pump volumetric e f f i c i ency  [ % I  
.Pump speed [rpml 

Pump design speed [rpml 
Developed pressure [ p s i ]  

Pump hydraul ic  horsepower [hpl 

Powere loss due to  disk-f luid viscous in t e rac t ion  [hpl 

Power l o s t  due t o  mechanical f r i c t i o n  [hpl 

pump capac i ty  [gpml 

Pump i n t e r n a l  f l o w  leakage [gpml 

In t e rna l  pump volume divided by i ts  output capaci ty  

Plunger pump power end crank radius [ f t l  

Fluid s p e c i f i c  grav i ty  

pump s l i p  [ %  of total  suction capacity1 

Fluid ve loc i ty  [ f t/sec 1 
volumetric ef f ic iency  [%I 

Elevation above datum [ f t l  

Fluid dens i ty  [ lb/f  t3] 

2 

2 

2 
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S 

ANSI 

API 

ASME 

HDR 

ICFT 

LTFT 

NPSH 

OSHA 

RMS 

SCR 

Bartels per minute (1  b a r r e l  = 42.2 U.S. ga l lons )  

Decibels on the A scale 
Gallons per minute 

Horsepower 
Thousand volts 
Thousand v o l t  amperes 

Thousand watts 

Thousand w a t t s  electric 

Liters per second 

M l l i o n  pascals 

Mil l ion watts electric 

f i l l i o n  w a t t s  thermal 

Parts per mi l l ion  concentrat ion 

Pounds per square inch 

Revolutions per minute 

V o l t s  

ABBREVIATIONS 

American National Standards I n s t i t u t e  

American Petroleum I n s t i t u t e  

American Society of Mechanical Engineers 

Hot Dry Rock 

I n i t i a l  Closed-Loop Flow Test 

Long T e r m  Flow Test 

N e t  p o s i t i v e  s u c t b n  head 

Occupational Safety and Health Administration 

Roo t  mean square 

S i l i c o n  coltrolled rectifier 

? 
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