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Basically, two types of pumps are used for 
high pressure waterflood service. These are the 
positive displacement and kinetic energy types. 
This paper will deal with plunger pumps which 
are a reciprocating variety of positive displace- 
ment pumps and horizontal and vertical centri- 
fugal pumps of the kinetic energy classifi- 
cation. Examples of installations of these pumps 
are shown in Figs. 1-4. 

PUMP CHARACTERISTICS 

Each of these pumps has its own set of char- 
acteristics which may be classified as either an 
advantage or disadvantage for its use in a par- 
ticular project. Some of the major advantages 
are listed: 

Centrifugal Pumps 

(1) Initial cost is less than for a plunger pump 
at certain rates and pressures. 

(2) May be directly connected to high speed 
prime movers such as turbines with built- 
in speed reducers or electric motors with- 
out the use of gears or belts. 

(3) Have no reciprocating parts. 

(4) Contain no valves requiring inspection and 
maintenance. 

(5) Produce a non-pulsating discharge. 

(6) Require a lesser amount of floor space than 
plunger pumps with the same capacity. 

(7) Require less attendance than plunger 
pumps. 

(8) Handle large volumes of fluid. 
plunger Pumps 

(1) Have greater flexibility than centrifugals 
in reference to speed, discharge pressure 
and capacity. 

(2) Maintain higher uniform efficiencies than 
centrifugal pumps. 

(3) Are better adaptable to high pressure con- 
ditions than centrifugal pumps. 

(4) Are particularly suitable to the handling 
of small and medium fluid volumes. 

(5) May be used with most low speed prime 
movers without speed changes. 

ECONOMIC EVALUATION 

In order to make a complete economic evalu- 
ation of pumps to be used in a specific injection 
system, one must consider all conditions which 
are anticipated throughout the life of the pro- 
ject. Several of these fundamental considerations 
should be: 

(1) Anticipated system injection rate and 
pressure. 

(2) Quality of source water. 
(3) Location and space available for the in- 

jection plant. 
(4) Selection of prime movers. 
(5) Pump efficiencies. 
(6) Initial investment. 
(7) Effect of flood performance upon injec- 

tion equipment requirements. 
(8) Flexibility of injection facilities. 

(9) Operating costs. 

(10) Project life. 

Anticipated Injection Rate and Pressure 

The selection of the required number of injec- 
tion wells and the total daily injection rate influ- 
ence the type of injection pumps to be used. Ob- 
viously, if a few wells are to be put on injection 
status initially with the addition of several wells 
later in the .project, the basic requirements 
should provide for a future expansion of injection 
equipment to accommodate these additional 
wells. The most economical approach to a prob- 
lem of this nature would probably be to install 
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sufficient to these require- 
and additional when 

An of initial maximum 
jection pressure is of primary importance. Prior 
to the fillup phase of a flooding operation, the in- 
jection pressure should probably be kept below 
the formation fracturing pressure in order to ob- 
tain the best possible sweep efficiency, thereby 
increasing ultimate recovery. 

With a reciprocating pump, injection volumes 

and pressures can be varied within certain limits 
ly changing plungers and liners without altering 
rorsepower requirements for the same pump 
RPM. Centrifugal pump discharge pressure and 
volume may be altered by varying the number of 
jump stages and the size and shape of the impel- 
ers. The shape of the impeller is normally fixed 
md not variable. These changes affect horsepow- 
fr requirements necessitating either a change 
n prime movers or the original installation of a 
)rime mover of sufficient size to meet the maxi- 
num discharge conditions. If a decision is made 
o use the larger prime mover, the unused ex- 
mess horsepower represents a monetary loss to 
he operator. 

Juality of Source Water 

Prior to the selection of injection equipment, 
he quality of source water must be known. A 
omplete chemical and mineral analysis of the 
lrater should be obtained. If possible the corro- 
ive nature of water should also be determined. 
lteps should be taken to remedy an existing cor- 
asive condition by chemical means and/or by 
maintaining a closed injection system and using 
orrosion resistant materials. If abrasive parti- 
les or excessive turbidity are present in the 
aurce water, filtering systems should be in- 
talled to protect the pumps. 

Past experience has indicated that plunger 
umps tolerate entrained solids better than cen- 
4fugal pumps. Manufacturers claim the vertical 
mbine pumps can handle slightly greater a- 
ounts of abrasive materials than the horizontal 
ntrifugals. 

Ication of Injection Plant 

In areas where available space presents a prob- 
m, the operator is interested in installing ade- 
iate injection equipment utilizing the least a- 
aunt of floor space. For an installation with 
is 1imitatiOn centrifugals have a distinct advan- 
ge over horizontal and vertical plunger pumps, 

Selection of Prime Movers .$ 

The desired use of specific prime movers will! 
often influence the pump selection. If an opera-, 
tor wishes to commence flooding operations on a : 
lease where electric power is readily available, it : 
is conceivable that the additional power require-,: 
ments would enable him to receive the benefit of 1 
a lower power rate for artificially lifting his pro- 
ducing wells. This could possibly favor the use of 
electric motors in lieu of gas engines. 

On the other hand, many times lease gas may 
be used for either single or multicylinder engines 
and gas turbines at a nominal cost to the opera- 
tor. 

Centrifugal pumps may be directly coupled to 
constant high speed electric motors whereas gear 
reducers or belt drives should be used with plun- 
ger pumps to utilize the electric motors. Electric 
motors have the disadvantage of one constant 
speed. Variable speed drives are available; how- 
ever, lower efficiency and increase in electric mo- 
tor investment are involved. 

Plunger pumps are especially adaptable for use 
with slow speed gas engines. The pumps may be 
coupled directly to the engine shaft and will op- 
erate with a uniform efficiency over a wide 
range of speeds. 

Speed increasers are necessary when driving 
centrifugal pumps with multicylinder engines. A 
disadvantage is that these increasers are expen- 
sive, thereby increasing the overall price of the 
injection equipment. The prime mover must op- 
erate at a relatively constant speed as the pump’s 
efficiency for constant discharge pressure or vol- 
ume is affected by fluctuations in RPM. 

Pump Efficiencies 
It is an established fact that centrifugal pumps 

operate at lower efficiencies than plunger pumps. 
Plunger pump volumetric efficiencies range from 
about 92 to 97 per cent and 95 per cent is an ac- 
ceptable design basis. The plunger pump me- 
chanical efficiency is around 90 per cent. Poor ef- 
ficiency can be improved by the use of an inex- 
pensive charge pump piped into the suction of an 
injection pump. 

Centrifugal pumps are generally rated on the 
basis of capacity and head at the point of maxi; 
mum efficiency. 

The volute-type centrifugal pump is essential- 
ly a velocity machine. Liquid enters the impel- 
ler axially to the shaft and has energy imparted 
to it by rotating vanes of the impeller. The de- 
sign of this type of pump follows the well known 
affinity laws which may be stated as follows: 
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(1) At a constant impeller diameter - 
(a) The capacity vraries directly as the 

speed. 
(b) The head varies as the square Of the 

speed 
(c) The horsepower varies as the cube Of 

the speed. 
(2) At a constant speed - 

(a) The capacity varies directly with the 
impeller diameter. 

(b) The head varies as the square of the 
impeller diameter. 

(c) The horsepower varies as the cube of 
the impeller diameter. 

The input horsepower may be determined from 
the following formula: 
HP = Gallons per Minute X Total Head in Feet 

3960 X Pump Efficiency Expressed as a 
Decimal 

X Specific Gravity of Liquid 

Efficiencies of approximately 47 - 74 per cent are 
obtainable for fluid volumes ranging from 3500 
to 10,000 BWPD. As the capacity increases to 
100,000 BWPD a maximum efficiency of about 
87 per cent is reached. From this information it 
can be seen that centrifugal pumps are designed 
for large volume requirements. If these pumps 
are used for medium capacity installations, the 
additional power expense due to their low effici- 
ency can quickly overshadow their low initial 
cost. 

Initial Investment 

Every operator is concerned with the initial 
costs related to an injection project. The imme- 
diate expense of buying and installing injection 
equipment has a significant bearing upon pump 
selection. Obviously, an operator doesn’t want to 
buy extra equipment that will not be used for 
several months. Also, he will be against sizing in- 
jection pumps without sufficient flexibility to 
meet changes in injection requirements. 

The initial cost of a centrifugal pump installa- 
tion is less than the initial cost for a plunger 
pump installation with the same output capacity 
within a certain range of difference in efficien- 
cies. This will be discussed in more detail later in 
this paper. The price of a filtering system must 
be considered when centrifugal pumps are to 
handle fluid cont.aining abrasive solids. Ordinari- 
ly, filters are not needed with plunger pumps. It 
has been previousIy mentioned that these pumps 
tolerate suspended solids in the injection stream 
much better than centrifugals. Normally, pulsa- 

tion dampners should be installed downstream of 
plunger pumps to eliminate water hammer. 

For protection against corrosive source water, 
c,orrosion resistant materials should be used with 
both types of pumps. Corrosion resistant alumi 
num bronze fluid ends and ceramic plungers are 
now standard equipment for plunger pumps. The 
use of corrosion trim alloys such as 316 stainless 
steel and Monel materials for horizontal centri- 
fugal pumps increases the overall pump costs a- 
bout 60 per cent. 

Effect of Flood Performance 
To reach reservoir fillup in a flood system, the 

injection \rolume must exceed the total fluid with- 
drawals. This is usually accomplished by inject- 
ing large volumes of fluid at low injection pres- 
sures, Dependent upon reser\*oir voidage this pe- 
riod may vary fom se\*eral months to several 
years. 

After fillup phase has been reached, the injec- 
tion rate may be decreased so as to meet current 
\vithdrnw~als. It is conceivable that this rate may 
be rcducned to 30 to 40 per cent of maximum ca- 
pacity, When this cutback occurs, surplus horse- 
power and capacity exist. If plunger pumps are 
used. the surp!us pumps and prime movers may 

be readily salvaged. Thus the operator actually 
receives a return on his original investment 
through salvage. However, in many cases it is ne- 
cessary to operate vertical turbine pumps in 
series to meet injection pressure requirements, 
and in these cases salvage of individual pumps 
is not possible as injection volumes decrease fol- 
lowing fillup. 

Horizontal centrifugal pumps may be manu- 
factured with higher head ratings than the tur- 
bine pumps; however, series operation is often 
required as with the turbines thus eliminating 
the possibility of pump salvage. With the reduc- 
tion in horsepower requirements, the large prime 
movers may be replaced with smaller ones. This 
change, however, represents little or no mone- 
tary gain to the operator as the new prime mover 
costs and the removal and installation costs are 
genera1l.v prohibiti\re. Also, disposal of a large 
used muJtic,vlinder engine at a price which will 
offset the cost of the new lower horsepower en- 
gine is often difficult. 
FlcxiJiilit>~ of Injection Facilities 

Relnti\-ely early in the life of an injection pro- 
ject format ion \vater production will increase. 
The Jirol)Jem of produced water disposal then 
confronts the operator. The logical answer is tc 
use this water in the present injection system. 
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Will this water be compatible with the source 
water enabling mixing of the two or will it be ne- 

cessary to inject each separately? Compatibility 
tests must be performed to establish the feasi- 
bility of mixing the waters. If incompatibility ex- 
ists, the two waters must be handled separately 
to prevent injection well and line plugging. SUE- 
pen&d solids may also he present in the forma- 
tion water making is necessary to install filtering 
or settling systems upstream of the pumping sta- 
tion, particularly if centrifugal injection pumps 
are used. 

Separate injection of these waters requires a 
degree of flexibility with an injection plant. At 
a plunger pump facility the produced water may 
be routed through one or more pumps without 
alteration of the system with the exception of mi- 
nor piping changes. However. with high volume 
centrifugal pumps this problem becomes more 
serious. Small volumes of produced water will 
normally be handled in the early stages of a flood 
operation. These centrifugal pumps lack the flex- 
ibility to separately pump these produced wate- 
volumes, thereby necessitating the need fo dn 
additional pump. 

The cost of injection lines is a major expense to 
waterflood projects. Frequently this cost may be 
reduced by installing several small or medium 
capacity plunger pump stations instead of one 
large volume centrifugal station. Smaller dia- 
meter and shorter. injection lines may then be 
used. This reduction in line costs may offset the 
additional station costs and result in an initial in- 
vestment savings. The validity of this application 

depends upon each project’s individual require- 

ments. Another consideration is in the increase 
in operating labor and maintenance involved 
with more than one station. 

Operating Costs 
Along with the immediate investment required 

for a project installation, future operating expen- 
ses must be considered. These operating costs 
may dictate what type pumps are to be bought. If 

;a11 operator is inexperienced in the use of a 
cific pump, vendors and other companies 
same area should be consulted. Also pum 
\+eability is of J1rimar.v importance. Are tra 
ser\*iccnien available in case of pump failu 
not art ComJlany Jlersonnel capable of m 
t1ec.essar.v repairs? If the answer is no t 
questions, excessive downtime may be the co 
quence. 

Plunger ~~urnps require more attendance than- 
do centrifugal pumJ~. The reciprocating parts $ 
a plunger pump demand a sizeable lubrication 
s~~stem. whereas a centrifugal pump needs litt,@ 
lubrication. These facts influence routine ma& 
tenanc*c caosts. Consideration of the above facto&c 
may result. in a significant monetary savings G 
the operator. 

.:--&I -,-. 
; ?g. 

Project Life 
-I 
(’ 

;. 
As mentioned earlier a sound economic injec. 

tion pump selection must be based upon estima.. 
ted conditions prevailing throughout the expec;’ 
ted life of a flood system. Initial expenditur&l 
present only a portion of the picture. A combina:: 
tion of these expenses with operating costs pro-. 
jetted over the project life yields a valid basis for. 
pump selection. 

‘4 > 

FIELD APPLICATION 
;, 
,A 

In the Landon (San Andres) and Slaughter 
Fields in West Texas, Pan American Petroleum 
Corporation has vertical triplex (plunger pumps), 
vertical centrifugal and. horizontal centrifugal 
waterflood installations currently in operation 
Following the installing of these systems a study. 
was conducted to determine the actual costs in- 
curred’ with each. With each project, the corn-. 
plete station costs were tabulated. Equipment- 
and piping prices, building, construction and in- 
stallation costs at each station were studied. 

These costs were then totaled for each type 
pump station and divided by the combined capa- 
city of the stations in each category. The results 
are as follows: 

TABLE I 

(All plant rates at 3000 psi maximum design pressure) 

Type Station 

Horizontal Centrifuga 

Vertical Centrifugal 

Vertical Triplex 

Average Plant 
BWPD Cost/BWPD 
Capacity Capacity 

22,000 $ 7.19 

12,000 $ 8.14 

7,000 $11.31 
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Injection station capacity ohvious1.v had an in- 
fluence on the above cost figures since capacities 

(,f the plants in the three categories were not 
jtrictly comparable. However, costs per BIVPD 
for the individual \,ertical triplex plants exhibi- 
ted only a slight variation with extreme differ- 
ences in plant capacity. It is therefore concluded 
that a substantial amount of the indicated higher 
cost of vertical triplex installations over the other 
TWO types would continue through larger plant 
sizes. 

Natural gas prime movers are utilized at all 
st;rtions. The costs for filters were included in the 
llorizontal centifugal figure as one station is op- 
cl.nting with a filter plant and a need for a filter- 
Ing system is indicated at the second. Corrosion 
trim parts are not being used at the centrifugal 
stations. Ceramic plungers and aluminum bronze 
fluid ends are used on all triplex pumps; how- 
e\rer, this fact doesn’t affect the comparati\‘e 
ckosts appreciably as pump vendors pointed out 
that this equipment only increases the price of 
these particular triplexes about $300. 

In conjunction with the above study, pump 
operating and maintenance costs at each station 
were computed. These costs were taken from 
approximate one year operating periods for all 
stations excluding the two horizontal centrifugal 
plants. At the time of this investigation these 
stations had been operating only five months. 
Operating costs of the vertical triplexes were 
only 0.5 mil/BW injected. A slightly higher cost 
of 1.0 mil/BW was experienced with the vertical 
centrifugal pumps. The horizontal centrifugal 
pumps produced an operating figure in excess 
of 4.0 mils/BW. This high cost for the horizontal 
centrifugal pumps is probably not representa- 
tive since it is primarily the results of unex- 
pected pump repairs, which will be discussed 
later in more detail. Information received from 
other operators in West Texas had led us to 
expect cheapest operation from these pumps. 

Each pump presents a different i7ariet.v of 
operating and maintenance problems. \I’ithout 
the use of pulsation dampners with plungeI. 
pumps, piping and fluid end failures may be 
prevalent. Pan American’s main trouble with 
vertical triplex pumps in the Slaughter Area 
has been the cracking of steel \~al\res in the pump 
fluid ends. This problem has been eliminated by 
the use of more resilient Dell-in \ralves. 

Improper suction and dischnrgta csonditions 
contribute to premature valve failure. The com- 

mon use of lubricated plunger packing in lieu 
of dry packing m;ttcrial has greatly increased 
packing life. thcrtxl)y decreasing maintenance 
time and leaknjic. Ceramic plungers ha1.e given 
excellent scr\*ice. 

Mechanical seal l~eplacement at the vertical 
centrifugal plants has been the major main- 
tenance expense. At one installation mechanical 
seal failures have necnessitated replacement every 
60 days at an approximate cost of S150 per pump. 
These frequent f;lilul*es are thought to be 
caused by excessi\.c horizontal movement of the 
vertical pump shaft. At one Station in the 
Slaughter Field. both \.ertical turbine pumps 
had to be replaced bccsause of extreme corrosive 
damage c.aused b!. the source water. These 
pumps contained standard cast iron and car- 
bon steel metallurg?.. Following the replace- 
ment of these 1~11u1)s less c,orrosi\ve source water 
was used. 

At another unit in the Slaughter. Field, two 
horizontal c.entl,ifugal injection stations are in 
operation. Eac*h statioli contains two pumps 
c’onnectetl in series. \Vater is being injected at 
a rate of 2!).000 li\\‘PD. Injection commenced 
at this T!nit during December, 1963. Since that 
time se\.eral major pump repairs have been 
necessar,v. Pump Number One at the North 
Station was inspected in April, 1964. When the 
pump c.ase was opened, the center stage piece, 
one shaft slee\re and balance sleeve and several 
wear rings were found to be escessi\rely worn. 
These parts were replaced. Three months late1 
in July, I%i4. this pump was again inspected 
and extreme wear was found on all eight stage 
wear rings. E\.idenc*e of graphitization was pre- 
sent on the pump c*ase and wear rings. There 
was also e\.idenc*e of mechanical abrasion: there- 
fore filters were installed. In September, 1964, 
the second pump at the South Station was exam- 
ined. \Vhen the pump caase was opened several 
wear rings were found cracked and broken. Se- 
\‘ere wear was evident on the rings and impellers. 
C~.~ll,hitizatioIi anal improper impeller installation 
I)>, the manufnc*turer contributed to this pump’s 
failure. These pumps c.onsisted of steel cases, cast 
iron wear rings and 1 I ‘13 chrome steel impellers. 
ny September,. l!KX. pump Number One at the 
North Station was d.cturncd to service. The worn 
cast iron wear rings had been replanted with 11,/13 
c*hrome steel rings. Three weeks later the first 
stage wear rings had seized. The cause of this 
seizure is undetermined. This malfunction has 
been corrected ant1 the pump is now in operation. 



SITMMARY 

In summary. considerably more operating 
problems with resulting higher operating costs 
have been experienced with the horizontal cen- 
trifugal pumps than with either the plunger 
the vertical centrifugal pumps. Tt is entirely pos- 
sible that these problems would have been great- 
ly reduced had better metal combinations heel) 
specified for the horizontal centrifugal pumps. 

The fundamental facts and considerations I-C- 
quired for injection pump selection have been 
discussed. Obviously, all of the questions haven’t 
been answered. However, the factors presented 
in this paper should be considered in each indi- 
vidual waterflood before determining which type 
pump is to be utilized. Thus with this basic in- 
formation clearly in mind a sound economic de- 
cision may be made. 
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