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NOTE: Pavagraphs A10 through A17 were inadrertently left out of the fourth edition of API
RP 11L. These missing paragraphs are included in this Errata.

Al10. In determining the natural frequency, the
veloeity of force propagation “a” plays a key role.
The theoretical value for this velocity is about
17,000 feet per second. In practice, however, it has
been found that lower frequencies normally occur.
The speed of sound in long narrow rods is usually
somewhat lower than in normal size vessels. Also,
the effect of the rod coupling can cause an apparent
increase in density resulting in a decrease in prop-
agation velocity. In practice, it has been found that
“a" equals about 16,300 feet per second. With this
value, the nondimensional pumping speed ean be
calculated by: NL

No' = 245,000 F

All, Another dimensionless parameter of import-
ance in deseribing the behavior of the sucker rod
string is the dimensionless rod stretch, Fo/Ske. In
this parameter, the spring constant, k:, is involved.
For untapered rod strings, it is evaluated by the
relation: EA

ke T,

For tapered rod strings, the spring constant is com-
puted from the familiar reciproecal formula:

1 _1la , Lo 1

W= Elata
The complete term, Fo/Sk: gives the rod stretch
caused by static application of the fluid load =3 a
percentage of the polished rod stroke, For example,

Fo _
S 01

means that the rod stretch is 10% of the polished
rod stroke when the fluid load is statically applied.
At ve low speeda where static conditions are
approached, the dimensionless rod stretch and pump
stroke are related as follows:

- T
] Ske
At higher speeds, this relation breaks down as dy-
namic effects become more important.

Al2. The charts are uged to determine the de-
endent parameters as defined in the report. Three
orces of particular importance are determined from

the charts, F1 is the fluld load plus the maximum
dgnamic effect on the up stroke, Fz is the dynamic
effects during the down stroke taken away from the
lead on the polished rod. Fs is a force which will give
horsepower when applied to the full stroke length
at the speed of the pumping unit.

Al3., The surface dynamometer card which is
generated in the analog computer is independent of
the weight of the rod string involved. The shape of
the camg will be the same and a different rod load
will simply shift the card up or down in relation fo
the zero line. In calculating all parameters except
torque, this can be handled very easily by ealculating
fluid and dynamie loads independent of the rod load
and then adding in the rod load. In the case of
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torque, the amount of rod load is important in de-
termining the torci1ue involved in the unit. All torque
values were calculated using a rod lead of:

If a rod load different from this {s used, a correction
must be made as shown in Fig. 4.6.

Al4, In the analog model, it has been assumed
that the tubing is anchored and no tubing meotion
occurs during the pumping stroke. If the tubing is
unanchored, then a correction must be made for
the shortening of pump stroke which will oceur.
This happens because the tubing shortens when the
load is transferred to the rod string and then
lengthens during down stroke when the fluid load
ig transferred back to the tubmf. A correction in
pump stroke is made by simply calculating the
amount of tubing stretch which will occur with the
fluid load used in the design and subtractini this
amount of stroke from the neft plunger stroke at
the bottom of the hole. This should give a reasonable
correction, It will not be absolutely correct due to
the fact that dynamic effects occur in the tubing
string as well as in the rod string and these dynamic
effects are not taken into account.

Al5. An sverage conventional u}m.t:';\;u'.n unit
geometry has been used in the simulation. is is
a conventional unit with the counterweights in phase
with the erank and the tail bearing being over the
slow speed shaft at midpoint of the stroke. For units
with drastically different geometry from that as-
sumed, the simulation will not be accurate and the
values caleulated will be more approximate, It is
believed, however, that the values for maximum and
minimum loads and for pump stroke will be reason-
ably good. The calculated value for torque will not
be even approximately right and a torque caleula-
tion must be made by some other method.

A16, Pumping unit motion was assumed based on
a medium glip motor. Generally speaking, a higher
alip prime mover results in slight decreases in the
maximum load and a slight increase in the minimum
load but also tends to reduce the subsurface pump
stroke; therefore, some error may be introduced in
the ealculations if a prime mover with a consider-
ably different slip characteristic than a medium slip
electric motor is used. Also, the assumption is made
that no friction occurs in the stuffing box or in the
pump itself. This, of course, is an unreal assumption
although the values for frietion in this ease should
be minor and of negligible importance in the desaign.

Al17. One note of caution in using the new design
technique should be pointed out. s method of
design will generally give values for load and torque
that are higher than values calculated by many
previously used pumping design formulas. This
tendency of previously used formulas to underesti-
mate the loads has frequently been offset to soms
degree by a tendency to overestimate the well re-
quirements. The new design method should predict
actual well loads to a reasonable degree of ac-
curacy If true well conditions are assumed.
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NOMENCLATURRE
S, —Bottom Hole Pump Stroke, inches L/ ke ~—Elastic Constant-—Total Rod String, inches

PD —Pump Displacement, barrels per day
PPRL ~—Peak Polished Rod Load, pounds (See
Figure 3.1)
MPRI, —Minimum Polished Rod Load, pounds {See
Figure 38.1)
PT —Peak Crank Torque, pound inches
PRHP -—Polished Rod Horsepower
CBE —Counterweight Required, pounds
H —Net Lift, feet
L —Pump Depth, feet
N —Pumping Speed, Strokes Per Minute
S —Polished Rod Stroke, inches (See Figure 3.1)
D —Plunger Diameter, inches
G -—Specific Gravity of Produced Fluid
Wr -~Average TUnit Weight of Rods in air,
pounds per foot (Table 4.1, Column 3)
Br — Elastie Constant—Rods, incheg per pound
foot (Table 4.1, Column 4)
Note: Er represents the inches of elonga-
tion caused by the application of a
load of one pound to a rod one
foot in length,
P -~ Frequency Factor (Table 4,1, Column §)
E —Elastic Constant—Tubing, inches per pound
foot (Tahle 4.2, Column B)
Note: E: represents the inches of elonga-
tion caused by application of a
load of one pound fo a section of
tubing one foot in length,
P, —Differential Fluid Load on full plunger
area, pounds (See Figure 3.1)

Skr

No
N

1/ke

w
Wrt

i
e
T

Py
T

per pound

Note: kr = Spring Constant of the total
rod string and represents the load
in pounds required to stretch the
total rod string one inch.

—DPounds of load necessary to stretch the
total rod string an amount equal to the
polished rod stroke, 8.

— Natural Frequency of Straight Rod String,

»

strokes per minute,

— Natural Frequency of Tapered Rod String,
strokes per minute,

—kElastic Constant—Unanchored Portion of
Tubing String, inches per pound

Note: ki = Spring Constant of the unan-
chored tubing and represents the
load in pounds required to stretch
the unanchored portion of the tub-
ing, between the anchor and the
pump, one inch,

—Total Welght of Rods in air, pounds

— Total Weight of Rods in fluid, pounds (See
Figure 3.1)

— PPRL Factor (See Figure 3.1)
— MPRL Factor (See Figure 8.1)
~—Crank Torgue, pound inches

—PRHP Factor

-~ Torque Adjustment Constant for values of
Wee/Skr other than 0.3

Attention Users of this Publication: Portions of this
publication have been changed from the previous edi-
tion. The location of changes has been marked with a
bar in the margin. In some cases the changes are signif-
icant, while in other cases the changes reflect minor
editorial adjustments. The bar notations in the margins
are provided as an aid to ugers to identify those parts of
this publication that have been changed from the pre-
vious edition, but APl makes no warranty as to the
accuraey of such bar notations,

This edition covers editorial changes in APl RP 111
(Third Edition, February 1977): Recommended Practice
Jor Design Caleulations for Sucker Rod Pumping Sys-
tems (Conventional Units), approved at the 1978 Stand-
ardization Conference as reported in Cire PS-1589.
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Requests for permission to reproduce or transtate all or any
partof the material published herein should be addressed to
the Director, Production Depariment, 211 N, Ervay, Suite
1700, Dallas TX 75201.
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POLICY

APl PUBLICATIONS NECESSARILY ADDRESS
PROBLEMS OF A GENERAL NATURE. WITH
RESPECT TO PARTICULAR CIRCUMSTANCES,
LOCAL, STATE AND FEDERAL LAWS AND REG-
ULATIONS SHOULD BE REVIEWED,

API IS NOT UNDERTAKING TO MEET DUTIES
OF EMPLOYERS, MANUFACTURERS OR SUP-
PLIERS TO WARN AND PROPERLY TRAIN AND
EQUIP THEIR EMPLOYEES, AND OTHERS EX-
POSED, CONCERNING HEALTH AND SAFETY
RISKS AND PRECAUTIONS, NOR UNDERTAKING
THEIR OBLIGATIONS UNDER LOCAL, STATE, OR
FEDERAL LAWS,

NOTHING CONTAINED IN ANY API PUBLICA-
TION IS TO BE CONSTRUED AS GRANTING ANY
RIGHT, BY IMPLICATION OR OTHERWISE, FOR
THE MANUFACTURE, SALE, OR USE OF ANY
METHOD, APPARATUS, OR PRODUCT COVERED
BY LETTERS PATENT. NEITHER SHOULD ANY-
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THING CONTAINED IN THE PUBLICATION BE
CONSTRUED AS INSURING ANYONE AGAINST
LIABILITY FCOR INFRINGEMENT OF LETTERS
PATENT.

GENERALLY, API STANDARDS ARE REVIEWED
AND REVISED, REAFFIRMED, OR WITHDRAWN
AT LEAST EVERY FIVE YEARS. SOMETIMES A
ONE-TIME EXTENSION OF UP TO TWO YEARS
WILL BE ADDED TO THIS REVIEW CYCLE. THIS
PUBLICATION WILL NO LONGER BE IN EFFECT
FIVE YEARS AFTER ITS PUBLICATION DATE
A3 AN OPERATIVE API STANDARD OR, WHERE
AN EXTENSION HAS BEEN GRANTED, UPON
REPUBLICATION. STATUS OF THE PUBLICATION
CAN BE ASCERTAINED FROM THE API AUTHOR-
ING DEPARTMENT (TEL. 214-220-9111). A CATALOG
OF APl PUBLICATIONS AND MATERIALS IS
PUBLISHED ANNUALLY AND UPDATED QUAR-
TERLY BY API, 1220 L. ST., N.W., WASHINGTON,
D.C. 20005,
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SECTION 1
INTRODUCTION

1.1 In 19564 a group of users and manufacturers
of sucker rod pumping equipment undertook g study
in depth of the many complex problems associated
with this means of lifting fluid from a well. To con-
trol and direct the effort, Sucker Rod Pumping
Research, Incorporated, a non-profit organization
was created. The services of Midwest Research
Institute at Kansas City were retained to perform
the work necessary to achieve the objectives of the
organization.

1.2 The design calculations are based on correla-
tions of the test data that were obtained during
the research phase of the project. Sucker Rod
Pumping Research, Incorporated, before its dissolu-
tion, released these correlated test results to Amenr-
ican Petroleum Institute for publication. This Recom-
mended Practios for the Design Caleulations of
Sucker Rod Pumping Systems using eonventional
pumping units is based on these correlations,

1,3 Three discussions included in the final reports
of test resuits by Midwest Research Institute have
been published for permanent reference in APr
Drilling and Production Practice (1963), p. 232
under the title “Electric Analog Study of Sucker-rod
Pumping Systems.” These discussions include the
following topics:

a. Vibration Characteristics of Sucker-rod Strings
b. Physical Characteristics of Sucker Rods

¢. Dimensional Analysis of Sucker-rod Pumping
Systems

1.4 A catalog of over 1100 dynamometer cards de-
rived from the electronic analog computer for many
combinations of the independent non-dimensional
parameters Fo/Sk: and N/No was included in the
material released to API by Sucker Rod Pumping
Research, Ine. This catalog has been printed as
Bulletin 11L2 and is available from API Production
Department, Dallas, Texas.

1.5 Two computer programs have been davelopead
from the data in RP 11L and purchased by API,
One program developed tabular material calculated
for depths of 2000 ft to 12,000 ft in increments of

800 £t and for production rates of 100 barvels per
day to over 1500 barrels per day in varying incre-
ments. Rod and gump size combinations as listed in
Table 1 of RP 11L were used, except for the elimina-
tion of rods 88 and 99. All API stroke lengths are
covered, This material {5 printed as Bulletin 1153
and is available from API Production Department,
Dallas, Texas, 75201,

The other program developed a series of ecurves
for selecting beam pumping units for depths of
1600 ft to 9900 ft and various rates of production
and combinations of rod sizes, pump sizes, and
speeds. Generally, the limiting factor on the curve
is the peak torque rating of the unit. This material
is printed as Bulletin 1114 and is algso available
from API Production Department, Dallas, Texas.

1.6 Ameriean Petroleum Institute (A PI) Recommended
Practices are published to facilitate the broad availabii-
ity of proven, sound engineering and operating prac-
tices. These Recommended Practices are not intended to
obviate the need for applying sound judgment as to
when and where these Recommended Practices should
be utilized.

1.7 The formulation and publication of API Recom-
mended Practices is not intended to, in any way, inhibit
anyone from using any other practices.

1.8 Any Recommended Practice may be used by
anyone desiring to do so, and a diligent effort has been
made by API to assure the accuracy and reliability of
the data contained herein. However, the Institute makes
no representation, warranty, or guarantee in connection
with the publication of any Recommended Practice and
hereby expressly disclaims any liability or responsibil-
ity for loss or damage resulting from its use, for any
violation of any federal, state or municipal regulation
with which an API recommendation may conflict, or for
the infringement of any patent resulting from the use of
this publication.

SECTION 2
VALIDITY OF CALCULATIONS

2.1 In a large majority of cases, it has been found
that the values caleulated by the following method
have been in reasonably close agresment with mea-
sured values. Several groups, conducting independent
surveys, have found this design method to give
better results than other methods formerly used.
However, since this method is based on the best
interpretations of average values, the actual con-
ditions found in individual cages may not always
yield valid predictions of pumping system perform-
ance,

2.2 The designer must realize that there are a
number of unusual conditions which may be present
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in a well that could cause misleading conclusions
from these design calculations. Some of these wnusual
conditions are:

a. Slanted or crooked holes,

b. Very viscous fluid,

¢. BExeessive sand production,

d, E::!cessive gas production through the pump,
an

e. Well flowing-off,

2.3 The regearch work was limited to simulated
Pproblems in which the tubing was assumed as being

1 0732290 0003LLO 7 [
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anchored at the pump. Therefore, the test results
reflected only this condition. However, because of
the many known cases in which tubing is unanchored,
& formula is included which, experience indicates,
will give a very close approximation of relative
plunger travel with respect to the pump. This value
ig identified with the symbol Sp;. Examination of the
formula will reveal that the contraction of the
tubing caused by the transfer of the fluid load from
the standing valve to the traveling valve is subtract-
ed from the calculated plunger stroke, It is realized
that this formula is highly gsimplified and not mathe-

matically correct, but it i3 close enough for praectieal
applieation.

2.4 These design calculations may be used with
confidence when applied to the broad category of
average, normal pumping wells fitting the assumed
conditions outlined in Appendix A. Unusual con-
ditions not fitting the assumptions will cause devia-
tions from calculated performance. The designer
must recognize this fact even though he cannot cal-
culate quantitative values for this deviation.

SECTION 5
DISCUSSION
3.1 An upderstanding of the J:‘ormulas utilized b. The dependent nendimensional variables are:
bo aimed by vetersing to. Feare 315 Rho. yariables Peak Polished Rod Load, PPRL: Fy/Sle
Fo, 1, Fa, Wi, and S are illustrated with this figure. yelﬁﬁn,‘f‘g:_ ﬁ gf‘sfl;l,f‘? Rod Load, MPRL: 2%.2//8 Szﬁi
Polished Rod Horsepower, PRHP: Fs/Skr
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t
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GRIATER (AN IFRO, N

BOTIOM Of

= POVISHEP Mol AR FOR PUMFING fFtey,
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=GAD —om—atn

o

POLISHEDR ROD POSITIDN \

— MahiWUW PGLISHED ASDL LOAD,
WFRL

FIGURE 3.1
BASIC DYNAGRAPH CARD

a. At Pumping Speed, N O

Peal Polished Rod Load, PPRL = W + Fo
Minimum Polished Rod Load, MPRL = Wx

b. For Pumping Speed, N > O

Peak Polished Rod Load, PPRL =W+ @M
Minimum Polished Rod Load, MPRL = Wt ~F2

.3.2 The problem i3 generalized by using para-
meters of variables that are nondimensional.

a. The independent nondimensional variables are:
N/N, (Dimensionally = SPM/SPM = 1), and

Fo/Ske (Dimensionally = Pounds  _,y
Inches x Pounds/Inch
‘Where:
N = SPM

N, = SPM at natural frequency of rod string
8 == Surface stroke
kr = Spring constant of rod string
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Plunger Stroke, Sp: Sp/S

3.3 In the research project the sucker rod pump-
ing system was simulated by an electronic snalog
computer. Computer runs were made for many
combinations of N/N, and Fo/Skr with the dependent
nondimensional variables being measured on each
test. Test results were correlated by R. D, Schropp
of Phillips Petroleum Company by plotting the
families of curves shown in Fig. 4.1 through 4.5. From
these curves, values for the various non-dimensional
variables may be determined for substitution in the
following design ealeulation formulas:

Plunger Stroke,
Sp = [(Sy/8) x 8] - [Fox 1/ke]

NOTE: When tubing is anchored, the value
of 1/kc equals zero, therefore the formula for
Sp with anchored tuding becomee (8;/8) x 8.

Fump Displacement,
PD=10.1166xS;x Nx D2

Peak Polished Rod Load,
PPRL = Wr + [(F1/8kr) x Sk;]

Minimum Polished Rod Load,
MPRL = Wit - [{F2/Sk:r) x Skl

Peak Torque,
PT = (2T/8%k:) x Skrx 8/2x T,

Polished Rod Horsepowaer,
PRHY = (Fs/Sk:) x SkrxSx N x 2,53 x 10-¢

Counterweight required,
CBE = 1.06 (W -+ % Fo)

1 0732290 0003LLY 9 r
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SECTION 4
DESIGN PROCEDURE

4.1 The final solution to this design problem is
reached through trial and error methods. Grenorally,
three steps are required in designing an installation.

8. A preliminary selection of components for the
inatallation must be made.

b. The operating characteristics of the preliminary
selection are caleulated by use of the formulas,
tables, and figures presented herein.

¢. The calculated pump displacement and loads are
compared with the volumes, load ratings, stres-
ses, and other limitations of the preliminary
gelection.

It will usually be found necessary to make more
than one caleulation to bring the limitations of the
various components of the instailation into agree-
ment,

4.2 The minimum amount of information which
must be known (or assumed) for a particular sucker
rod pumping unit installation design caleulation must
include:

Fluid Level — H, the net lift in feet

Pump Depth-—f,, feet

Pumping Speed — N, strokes per minute

Length of Surface Stroke — &, inches

Pump Plunger Diameter—D, inches

Specific Gravity of the fluid — G

The nominal tubing diameter and whether it is
anchored or hanging free.

Sucker rod size and design

4.3 With these factors, the designer will he able
lo ealeulate the following:

Plunger Stroke — S, inches
Pump Displacement — FD, barrels per day
Peak Polished Rod Load — PPRI,, pounds
Minimum Polished Rod Load — MPRL, pounds
Peak Crank Torque — PT, pound inches
Polished Rod Horsepower - PRHP
Countexrweight required — CBE, pounds

4.4 Accumulate the known (or assumed) factors
on API Form 11L-1 or similar sheet. An example of
a completed design caleculations form iz ineluded on
page 6. Form 11L-1 may be obtained in 100-sheet
vads by ordering from the APY Production Depart-
ment office in Dallas at a cost of $2.00 per pad.

4.5 Refer to Table 4.1, use the sucker rod string
designation in‘Column 1 and the plunger diameter
in Column 2 as guides, read and record the values
for Wr, Er, and Fs found in Columns 3, 4, and &
respectively. Table 4.2, Column 5 will give the value
of E:. This factor becomes significant only when
working with an unanchored tubing strlng. If the
tubing is anchored, Et need not be recorded.

COPYRI GHT 2000 Anerican Petroleum lInstitute
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NOTE; The values of vod percentages, rod weights,
elastic constants, and frequency factors shown in
Table 4.1 differ from those in previous editions of
RP11L and those shown in Tables 1 and 2, API
Bulletin 1113, First Edition, May 1970, Values in
current Table 4.1 were adopted at the June 1976
Standardization Conference, based on the artiole
Sucker Rod String Design by A. B. Neely, pub-
lished in PETROLEUM ENGINEER, March 1976,
Changed rad percentages have negligibie effect upon
values ealeulated in Bul 11L8 except for the weight
of rods in fluid (Wy). 4 supplement to the first
edition of Bul 1118 has been published which con-
tains an explanation of the differences and an
example for correcting values in Bul 1163 based
on the new vod percentages in Table 4.1.

4.6 Perform the indicated mathematical opera-
tions indicated through step 11. If the tubing is
anchored, 1/k: (step 11) is equal to zero and need
not be_ caleulated. The values arxe now available
with which the bottom hole pump stroke, S,, and
the pump displacement, PD, may be calcufated.

4,7 With the calculated values of Fo/Skr and
N/No’ record the value of Sp/S from Figure 4.1 and
solve for Sp and PD in steps 18 and 14. Pump dis-
placement is the first test being made to see if the
preliminary selection of ecomponents for the instal-
lation is satisfactory, If the pump displacement cal-
culated in step 14 fails to satisfy known or antici-
pated requirements, appropriate adjustments must
be made in the assumed data and steps 1 through 14
repeated. When the calculated pump displacement is
acceptable, proceed with the design ecaleulationa by
performing steps 16, 16, and 17,

4.8 By using the caleculated values of Fo/Sk, and
N/No, the values of Fi/Skr (Figure 4.2), Fa/Sk:
(Figure 4.3), 2T/S%k. (Figure 4.4), and Fs/Sk.
(Figure 4.5) are read from the curves and recorded.

en referring to Figures 4.1 and 4.6 to determine
Sg/S and Ta, the value of N/N¢’ must be used, Record
the value of T

4.9 Substitution of the appropriate values in the
varions formulas and performance of the indicated
mathematics in steps 23 through 27 will yield the
various loads to be expected from the préliminary
selection of equipment. It is now necessary to com-
pare these calculated loads with Iimitations imposed
by the preliminary selection. Calenlate the stress
in the sucker rods to determine if it is within
acceptable limits,

4.10 Generally, more than one selection of equip-
ment and caleulation of operating conditions is
neceasary befora the optimum selection can be made.

. 0732290 0003kb2 O r
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EXAMPLE DESIGN CALCULATIONS
CONVENTIONAL SUCKER ROD PUMPING SYSTEM

Object: To solve for—Sp, PD, PPRL, MPRL, PT, PRHP, and CBR

Known or Assumed Daita:

Fluid Level, I = Efﬂm_ﬁ. Pumping Speed, N = /f> sPM Plunger Diameter, D = £5 0 in.
Pump Depth, L = Mo_ﬂ:. Length of Stroke, § =34 in, Spec. Crav. of Fluid, ¢ = O, 7

It 7 /it &
Tubing Size_Lin. Is it anchored? Yes.@ Sucker Rods 3—3'&-&3’ ,é‘ 66-21 ?d "'%

Record Factors from Tables 4.1 & 4.2:

1. We=E33 ___ (Table 4.1 Column 3) 3. Fom_/2O82 __(Table 4.1, Column 5)
804y jp~* -¢
2. B =_+804x 0™ Tuble 4.1 Column 4) 4 Er= oS00 (Table 4.2, Column 5)

Calculate Non-Dimensional Variables:

6. Fom 300xGxDixH=340x 0T x D2 < 4500 ~3098 s
B o - .
6. ke BrxL= «B041/0 X 5po0  —4020X 00 T/, 9. N/N. = NL+245,000 = Ll xFoee s =232

7. Ske=S+l/ke =34 . 40505072 L3433 s, 10, N/No' = N/No=Fe =,3&ég__;_ LO82 _ .3Fof
2 2 ~ o =3
8. FofSle=F 028 +[FA433 - B2 1L Wk=ExL=e3075/0 x5 008 =/bI85/0inN.

Solve for S; and PD:

12, SplS:_..&.é:’.__(Figure 4.1) 5
18. Sp=[(Sp/) xS]~[Fox1/k] =[=86  x54 1.1.JOF8 x /S FTEXLD 1A} T _in.

14. PD = 0.4166x Spx NxD? = 0.1166x “Fs / x /6  x2. 25 — /TG vareels per day

If the caleulated pump displacement fails to satisfy known or anticipated requirements, appropriate
adjustments raust be made in the assumed data and steps 1 through 14 repeated. When the caiculated
pump displacement is acceptable, proceed with the Design Calculation.

Determine Non-Dimensional Parameters:
5. W=WexL=l832 5000 =-F/65 s
18, We=Wit-(1286)] = 2465 [1-(i28x.Z )= Mms.

Reecord Non-Dimensional Faetors from Figures 4.2 through 4.6:

1. WetSke =8 LL0 [ 3432 =604

18. Fi/Skr = 2465 (Figured.2) 20, 2T/SM = «3 7 (Figure 4.4)
19. FaiSly =e2l 3 (Fipure L) 21, Fa/Ske =22 2 (Figure 45) 22, Te=ePPZ  (Figure 1.6)

Solve for Operating Characteristica:

28. PPRL = Wa-+[(F1/Sko) xSkl = § 410 4 [ 968 x/3437 1= /4 756 s,

24, MPRL = Wir - [(Fa/Ske) x 8kel = éj (10 122 < 13433 1= 5249 e

2. PT = (20/S%) xSkex8/2xTo= 37 x L3432 « 27 x.797 =/3-'>:.- 773 1 inches .
6. PRHP = (Fa/Ske) X Skex Sx Nx263x106 =¢ 2 7 x/‘é433x $4_ s /b xossxi00= B4

27. GBE = 1.06(Wre + 1/2 Fo) = 1.06x (ji.z&_ + ML) = /0237 s
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TABLE 4.1 . :
ROD AND PUMP DATA
See Par. 4.5,

1 2 3 4 5 6 7 8 9 10 11
Plunger Reod Elastic
Diam, Weight, Constant, Frequency Rod String, % of each size
Rod* inches b perft in. per lb ft Factor, r &

No. D W E, F, 13 1 7% % % %
44 All 0.726 1.990 x 109 1.000 e veeeen veeets e 100.0
b4 1.06 0.908 1.668 x 10-¢ 1.138 - o e e C e 44.6 Bb.4
G4 1.25 0.929 1.633 x 10-8 1.140 .- e R R 49.5 50.5
54 1.50 0.957 1.684 x 10-8 1137 .. evrn e P 56.4 43.6
54 1.75 0.990 1.526 x 10-¢ 1.122 . e e s 64.6 8b.4
54 2.00 1.027 1.460 x 108 1.096 ‘aen oo 3.7 26.3
D4 2.25 1.067 1.391 x 10-¢ 106 ... C e e e e e 83.4 16.6
54 2,50 1.108 1.318 x 109 1.023 e e e e 93.6 6.5
55 All 1,135 1270 x 10-6 1.000 ... . . e e 100.0
64 1.06 1.164 1.382 x 10-8 1.229 crren e 33.3 38.1 33,6
G4 1.26 1.211 1,319 x 109 1.216 e 37.2 35.9 26.9
64 1.50 1.275 1.282 x 10-¢ 1.184 et cemveree e 42.3 40.4 17.3
G4 1.76 1.341 1,141 x 108 1146 .. . L 47.4 46.2 7.4
65 1.06 1.307 1.138 x 10-8 1.098 - - e e v 34.4 656 ...
65 1.25 1.321 1,127 x10-¢ 1.104 e everenn, I 378 82.7 ...
65 1.50 1.343 1110 x 108 1.110 e e . s 41.8 58.2 ...
65 1.76 1.369 1.090x 10-¢ 1114 L . e e 46,9 53.1
65 2.00 1.39%4 1.070 x 10-¢ 1.114 e e . 52,0 480 . ...
65 2.25 1.426 1.045 x 10-¢ 1,110 - - - . 8.4 41.6 ...
66 2.50 1.460 1.018 x 10-¢ 1.099 S . 65.2 348 ... .
65 2.76 1.497 0.990 x 10-® LO82 o 72,5 275 N
65 3.25 1.674 0.930 x 10-8 1.037 . e e enew 88.1 11.9 e
66 All 1.634 0.883 x 10-¢ 1.000 e S .. 100.0 e ameeae
75 1.06 1.568 0.997 x 10-6 1.191 - 27,0 27.4 45,8
75 1.26 1,604 0.973 x 108 1.193 - . 204 29.8 40.8
75 1.50 1.664 0.9356 x 10-¢ 1.189 . 33.3 33.3 33.3
75 1.75 1.732 0.892 x 10-® 1.174 Ce 37.8 37.0 25.1
75 2.00 1.803 0.847 x 10-¢ 1.161 c 424 41.3 16.2
75 2.25 1.875 0.801 x 10-8 1.121 R . 46.9 45.8 7.2
T8 1.06 1.802 0.816 x 10-8 1.072 C e e 28.6 71.6
76 1.25 1,814 0.812 x 10-8 1.077 e R 30.6 69.4 S
i} 1.50 1,333 0.804 x 10-¢ 1.082 A 33.8 66.2 chee e reees
78 1,76 1.856 0.796 x 10-¢ 1.088 - 37.6 62.5 . o e
76 2.00 1.880 0.786 x 10-6 1.093 .- <. 41.7 58.8
76 2.26 1.908 0774 x 10-8 1.096 - C o 46.5 53.6
76 2,60 1.934 0.784 x 10-6 1.097 . .. . 60.8 49.2
T8 2.75 1,967 0.761 x 10-¢ 1,094 R . 56.5 43.5
76 3.25 2.089 0,722 x 109 1.078 R 68.7 31.8 e s
76 3.75 2.119 0,690 x 10-9 o447 . .- 82.3 17.7
7 All 2.224 0.649 x 106 1.000 lo0.0 ...

85 1.06 1,883 0.873x10-¢ 1.261 22.2 224 224 33.0 ...

85 1.25 1.943 0.841 x 10-¢ 1.268 ... 235 24.2 24.3 276 ...
86 1.50 2,039 0.791 x 10-¢ 1.232 26.7 274 26.8 192 ...
85 1.76 2,188 0,738 x 10-¢ 201 ... 8 304 28.6 106 ...
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TABLE 4.1 (Continued)
See Par, 4.5,

1 2 3 4 5 8 7 8 9 10 11

Plunger Rod Elastic
Diam., Weight, Constant, Frequeney Rod String, % of each size
Rod* inches Ib per £t in, per b ft Factor, - -

Ne. D W i, ", 1% 1 g % %% ey
36 1.06 2.058 0.742 x 109 1,161 ... 22.6 23,0 54.83 . e
86 1.25 2,087 0.732 x 10-¢ 1,156 ... 24.3 24.5 512 ...
26 1.50 2.133 0,717 x 108 1.162 26.8 27.0 463 ...
86 175 2.185 0.69% x 10-¢ 1164 294 30.0 40.6 e emeeees
86 2,00 2.24% 0.679 x 10°¢ 1.161 32,8 38.2 33.8 R R
86 2.25 2.315 0.666 x 10-8 1.168 36.9 36.0 27.1
36 2.50 2.385 0.633 x 10-% 1.138 40.6 39.7 19.7
86 2,75 2.455 0.610 x 109 1.119 44.5 43.3 12,2
a7 1.06 2.390 0.612 x 10-% 1.065 24.3 5.1
81 1.25 2.399 0.610 x 10-¢ 1.058 25,7 74.3
87 1.50 2413 0.607 x 10“? 1.062 . 27.7 72.3
87 1,76 2,430 0.603x 10 1,066 30.3 69.7
87 2.00 2,450 0.598 x 10-6 1.071 .o 33.2 66.8
87 2.25 2,472 0.594 x 10-¢ 1.076 : 364 63.6
87 2.50 2.496 0.588 x 10-¢ 1.079 . 39.9 60.1
87 2.75 2.523 0.582 x 10-8 1.082 . 43.9 56.1 .
a7 3.25 2,576 0.570 x 10-6 1.084 . 51.6 48.4 S . R
87 3.95 2.641 0.556 x 10-¢ 1.078 . 61.2 38.8 L .
87 4.75 2,793 0.522 x 10-¢ 1.088 83.6 164 - s
38 Al 2.904 0.497 x 106 1.000 e 100,0
98 1.06 2.382 0.870 x 19-¢ 1,222 19.1 19.2 19.5 42.3
96 1.25 2435 0.655 x 10-¢ 1.224 20.5 20.56 20.7 38.3
96 1.60 2,511 0.633 x 109 1.223 23.4 22.5 22.8 32.3
96 1.75 2.607 0.606 x 108 1.213 24.8 25.1 25.1 251 . .
96 2.00 2,703 (.578 x 108 1.196 27.1 27.9 274 17.6
96 226 2.8006 0.549 x 10-° 1,172 29.6 30.7 298 9.8
97 1.06 2.645 0.668 x 10~ 1.120 19.6 20.0 60.3 . e

T 1.25 2.670 0.563 x 10-8 1.124 20.8 21.2 §58.0
97 1.50 2.707 0.566 x 10-8 1.131 22,6 23.0 545 ... .
97 1.75 2.751 0.548 x 10-6 1.137 24.5 25.0 50.4
97 2.00 2.801 0,538 x 10-6 1.141 26.8 27.4 45.7 . L L
97 2.25 2.856 0.528 x 10-¢ 1.143 294 30.2 404
97 2.50 2,921 0.515 x 10-® 1,141 32,5 33.1 344
97 2.76 2,989 0.503 x 10-¢ 1.135 38.1 35.3 28.6
97 3.25 5.182 0.475 x 109 1111 42.9 41.9 152 .
98 1.06 3.068 0.475 x 10-8 1.043 21.2 78.8 - C e e e
98 1.25 3.076 0,474 x 10°¢ 1.045 22.2 7.8 - .
98 1.50 3.089 0.472 x 106 1.048 23.8 76.2 . T,
98 1.75 3.103 0.470 x 109 1.061 25.7 74.3
98 2.00 3.118 0.468 x 108 1.055 27,7 72.3 e e e e
a8 2.25 3.137 0.465 x 10-¢ 1.058 30.1 69.9 R e e
98 2.50 3,167 0.463 x 10-8 1.062 32.7 67.3 ...
98 2.5 3.180 0,460 x 108 1.066 36.6 64.4 .- S
98 3.25 3.231 0.458 x 10-9 1.071 42.2 57.8 e e
98 3.75 3.289 0.445 x 10-¢ 1.074 49.7 503 ... e e e,
98 4.75 3412 0.428 x 106 1.064 66.7 34.3 e e e e
99 All 3.876 0.393 x 10-¢ 1.000 1000 . i e e
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TABLE 4.1 (Continued)

See Par. 4.5,
1 2 3 4 b 6 7 8 9 10 11
Plunger Rod Elastie-

’ Diam., Weight, Congtant, Frequency Rod String, % of each size

Rod* inches Ilbperft. in.peribft Factor, r A

NO. D 4 Er [ 1 % 1% 1 % % %
107 1.06 2.977 0.5624 x 10-9 1,184 16.9 i6.8 i1 49.1

107 1.26 3.019 0.517 x 10-¢ 1.189 17.9 17.8 18.0 4683 ... ...
107 1.50 3.086 0.606 x 10-¢ 1,196 194 18,2 19,6 419 L e
107 1.7 3.158 0.494 x 10-90 1,197 21.0 21.0 21.2 36,9

107 2.00 3.238 0.480 x 10-¢ 1.195 22,7 22.8 23,1 314 ... ...
107 2.26 3.336 0.464 x 10-¢ 1.187 25.0 26.0 25.0 25,0 .. .
167 2.50 3.43b 0.447 % 10-0 1.174 26.9 299 271 182 .
107 2.75 3.5387 0.430 x 10-¢ 1.1586 29,1 30.2 290.3 113 .
108 1.06 3.326 0,447 x 10~ 1.097 17.3 i7.8 649 . et i
108 1.26 3.345 0.445 x 10-6 1,101 18.1 18.6 63.2 .. e e
108 1.50 3.376 0.441 x 10-¢ 1.106 194 199 607

108 1.75 3411 0.487 x 10-8 1,111 20.9 214 1
108 2.00 3.452 0.432 x 10-8 1.117 22.6 23.0 B43 et e
108 2.26 3.498 0.427 x 10-¢ 1.121 24.6 26.0 506 ... el
108 2.50 3.548 0.421 x 10-¢ 1.124 26.5 272 463 ...

108 2,75 3.603 0.416 x 10-¢ 1,128 28.7 29.6 416 ... ...

108 3.26 3.731 0,400 x 106 1.1238 34.6 83.9 - 1
108 3.76 3.873 0.883x10° 1.108 40.6 396 199 . el e
109 1.06 3.839 0.378 x 108 1,036 18.9 811 . s e
109 1.25 3.8456 0.378 x 10-¢ 1.036 19.6 804 . et eeenen
109 1.60 3.8565 0.8377 x 108 1.038 20.7 ™3

109 1.7b 3.887 0.376 x 10-¢ 1.040 22.1 5 U
109 2.00 3.880 0.376 x 10-¢ 1.043 23.7 6.3 . e

100 2.26 3.896 0.374 x 10-¢ 1.046 254 48 L s e
109 2.50 3.911 0.372 x 10-¢ 1.048 27.2 T28 . e,

109 2.76 3.930 0.371 x 10-¢ 1.051 294 we L

109 3.25 3.971 0.367 x 10-¢ 1.06% 34,2 658 . ... ...

109 3.75 4.020 0,363 x10° 1.063 39.9 601 L it e
109 4,76 4,120 0.364 x 10-¢ 1.0686 51.6 485 . it et e

[ w0 an 4538 o0318x10¢ 1000 10000 ... .. . . ..

*Rod No. shown in firat column refers to the largest and smallest rod size in eighths of an inech. For example,

Rod No. 78 is a two-way taper of 7/8 and 6/8 rods, Rod No,

85 is a four-way

taper of 8/8, 7/8, 6/8, and §/8 rods,

Rad No. 109 is a two-way taper of 134 and 1% rods. Rod No. 77 is 8 straight string of 7/8 rods, ete.
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TABLE 4.2
TUBING DATA
1 2 3 4 5
Elastie
Qutside Inaide Metal Constant,
Tubing Diameter, Diameter, Area, in. per 1b ft
Size in, in. aq. in. Fofs
1.900 £.900 : 1.610 0.800 0.500 x 10-%
2% 2.376 1.996 1.304 0,807 x 10-¢
2% 2.875 2.441 1.812 0.221 x 10-¢
3% 8.500 2.092 2.590 0,164 x 10-8
4 4,000 3.476 3.077 0.130 x 10-¢
4% 4,600 3.958 3.601 0111 x10-%
TABLE 4.3
SUCEER ROD DATA
1 2 3 4
Rod
Weight Elastic
Metal in air, Constant,
Rod Ares, Ib per ft in.perlb ft
Size Sq in. We pof _
14 0.196 0.72 1.990 x 10-¢
% 0.307 1.13 1.270x 10*
% 0.442 1.63 0.883 x 10-°
£ 0.601 2.22 0.849 x 109
b 0.786 2.90 0497 x 10
1% 0.994 3.67 0.393 x10-¢
TABLE 4.4
PUMP CONSTANTS
1 2 3 4
Plunger Plgr.Diam. Fluid Load
Diameter, Squared Factor* Pump
n. Sq. in. 1b per £t Factor
D D2 (2402 D) (Ai662D?)
1 1.1289 0.384 0,132
13 1.6626 0.531 0.182
1% 2.2600 0.766 0.262
i% 3.0625 1.041 0.357
2 4.0000 1.360 0,466
2% 5.0625 1.721 0.590
2% 6.2600 2126 0.728
2% 7.662b 2.57T1 0.881
3% 14.0626 4781 1.840
4% 22,6626 7.671 2.630

*For fluids with specific gravity of 1.00,
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APPENDIX A
DISCUSSION OF NONDIMENSIONAL PARAMETERS

Al. A mathematical evaluation of sucker-rod
pumping, for practical purposes, revolves around
the development of equations to express the motion
and the state of stress of sucker rods. The develop-
ment of representative formulas is mathematically
complicated because of the difficulty of expressing
boundary eonditions which suitably reflect the open-
ing and closing of the valves of the pump when
these are themselves a function of the motion of the
system and the fluid-flow conditions in the pump.

A2. The criteria generally used for the design
of sucker rod installations are based on greatly
oversimplified concepts of pumping system mechan-
ics. Consequently, the formulas derived from these
viewpoints at best represent average conditions
occurring in pumping systems and may not yield
valid predictions of system performance, eapecially
in deep wells and at high pumping speeds.

A3. The tendency to oversimplify the methods
for predicting system performance i{a not due to a
limited mowledge concerning the operation of sucker
rod equipment. Quite the contrary, the basic oper-
ating characteristics of sucker rod systems have
been reasonably well understood for many years.
Rather, oversimplifications in the methods for pre-
dicting rod system behavior have arisen as a result
of mathematical difficulties and lack of computera
to handle the mass calculations required to desecribe
pumping performance accurately.

Ad, The simplifications in the mathematical model
of sucker rod pumping can be grouped inte two
broad categories:

a. Inadequate representation of the rod string.
b. Inadequate treatment of the downhole pump
action.

A5, Many of the current methods have been
developed on the basis that the mass of the sucker
rod is concentrated at a point. This assumption
makes possible a mathematical simplification wherein
the spring equation (an ordinary differential equa-
tion) is used to simulate the characteristics of the
sucker rod. Although this assumption is mathe-
matically convenient, it destroys the analogy between
the actual sucker rod and the mathematical model
used to reﬁresent the sucker rod. In reality, the mass
of the sucker rod is distributed along its length, and
this faet must be incorporated into any realistic
mathematical model of the rod. Without this pro-
vision, the analysis does not include the effect of
force waves traveling within the sucker rod, which
is an important characteristic of real systems.

A6. Some of the later techm‘gues for predicting
rod performance have used an a equate representa-
tion of the sucker rod. Such a representation re-
quires that the wave eguation (a partial differential
equation) be used to describe the behavier of the
sucker rod. However, use of the wave equation
introduces a new mathematical difficulty, in that
partial differential equations are inherently more
difficult to solve, Much of the difficulty arises in
formulating the houndary conditions that deseribe
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the loading and motion at the extremities of the
rod, The boundary condition which describes the be-
havior of the downhole pump presents particular
difficulties, and investigators in the past have made
many specialized assumptions in its regard,

, A7. The apparent necessity for making special-
ized assumptions about pump action has been brought
about by peculiarities in the gucker rod problem,
The sucker rod problem presents a particular dif-
fieulty, in that the pump boundary condition depends
upon the behavior of the sucker rod string itself,
which is the very thing to be established by solution
of the problem, This apparent impasse has led to the
special assumptions mentioned heretofore, which, in
effect, amount to idealized guesses about ump op-
eration, Consequently, the methods based on the
special assumptions yleld usable results only to the
ex'gfnt to which the idealizations approximate pump
action,

A8, In the work at Midwest Research Institute,
sucker rod pumping systems were simulated by an
electronie analpg computer., Numerous runs were
made representing a wide range of conditions. These
runs were correlated on the basis of two nendi-
mensgional parameters. These parameters are N/NJ,
the dimensionless pumping speed, and Fo/Sk:, the
dimensionless rod stretch, The use of these nondi-
mensional parameters allows a complete suite of
sucker rod  bumping conditions to he correlated
without having to run an infinite number of cases,

A9, The dimensionless pumping speed, N/No', is
a highly important index of the rod strings’ behavior,
This parameter is the ratio of the forcing frequency,
N (the pumping speed), to the undamped natural
frequency of the rod string, N,’. The undamped
natural frequency is shown in vibration theory to
be inversely proportional! to the time required for
a force wave to make four traversals along the suck-
er red. Thus, the undamped natural frequency is

given by: -
r _ K&
N =35

where F. is a constant of proportionality which
depends on the rod design and “a” is the speed of
sound in steel. For untapered rod strings, ¥s equals
1. From theoretical considerations, it can be shown
that the natural frequency of a tapered rod strin

s greater than that of a uniform string of equaﬁ
length, Thus, for tapered strings, ¥ has a value
greater than unity. Values for F. in tapered rod
strings can be found in Table 4.1. The formula for
dimensionless pumping speed N/N/' immediately

follows as:
N _ 4NL
No’ - Fca

Figures A.1 through A.6 contain charts from which
most of the frequency factors, F., in Table 4.1 were
obtained. These charts may be used to determine W,
for any arrangement of rod sizes for some of the
most commonly used tapered strings. Fig. A.8 plots
a number of rod combinations on a single curve as a
funection of pump diamater,
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