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INTRODUCTION 

The use of simulation in petroleum engineering 
is not new; pipeline and refinery simulation and 
simulation of reservoir performance have been 
widely used in the past. However, in recent years 
there have been major improvements in the ability 
to simulate rod pumping situations, such as the 
use of mathematical expressions and equations 
(derived from API RP 1lL) to capture succinctly 
complex interrelationships which heretofore could 
not be easily related. The model is then 
manipulated on the computer to see what might 
happen in reality if the relationships were fixed or 
varied in specific ways. 

Because every system is in some state of 
dynamic adaptation to its environment 
(everything outside the system boundaries that 
has some influence on the system), there will 
always be problems to be solved. This is where the 
use of an abstract system simulation model proves 
advantageous. Simulation is just a numerical 
method used as a means of finding successive 
states of a situation or system by repeatedly 
applying the rules by which the system is 
operated. 

I 

SYSTEMS APPROACH 

Definitions 

Since the use of system simulation is a form of 
systems analysis, which is relatively new, it might 
be useful to discuss the “systems approach” 
briefly. 

Simply put, systems analysis is the analysis of a 
total system. The following terms are used to 
define a total system: 

1. CONSTRAINT - a limitation placed on the 
operation of the system. Some control may be 

exerted on some constraints. 
2. COMPONENT - an object, or entity, des- 

cribed by a fixed collection of parameters 
called attributes. Components exist and have 
numerical values (attributes) that describe 
the state of the system. 

3tATTRIBUTE - a property of a component- 
they describe with numerical values. 

4. SET - a collection of individual components. 
5. RELATIONSHIP - bonds that link compo- 

nents and attributes in the system process. 
6. ENVIRONMENT - the set of all components 

outside the system that can influence the 
system. For practical purposes, environ- 
ments are limited by specific boundaries; 
otherwise they might be considered infinite. 

7. STATE - the complete description of a sys- 
tem’s components, attributes, constraints 
and relationships at a point in time. System 
dynamics are represented by changes of 
state. 

8. TOTAL SYSTEM - an on-going process com- 
posed of a set of components with given re- 
lationships between the components and 
their attributes and a given number of con- 
straints with the objective of producing a 
specific result in a given environment. 

9. SUBSYSTEM - a component process of a 
total system-may be further subdivided into 
more detailed subsystems. 

10. OBJECTIVE-defines the purpose for which 
all system components, attributes, and rela- 
tionships have been organized. 

A total system may best be illustrated by 
considering a rod pumping situation as a system 
as shown in Table 1. Notice that many of the 
attributes can become constraints and vice versa. 
For instance, consider a well with a high fluid level 
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and operated by a 456 pumping unit. If the torque 
is only 345,000 in-lb and the rod stress is near the 
allowed limit of say 33,000 psi, then the 456,000 in.- 
lb capacity of the gear box is an attribute, and the 
maximum allowed stress is the constraint. If the 
measured torque were 455,000 in.-lb and the stress 
were only 28,000 psi, then the 456,000 gear box 
capacity would be a constraint, and the maximum 
allowed stress of 33,000 psi would be an attribute. 

these are beyond the scope of this paper. Rod 
pumping objectives are generally considered to be: 
(1) “x” barrels of fluid per day; (2) “x” cents per 
barrel; (3) “x” dollars per month operating cost; (4) 
“x” months of pump life; and (5) “x” months of rod 
life. The immediate concern using simulation is 
the barrels per day objective. Properly applied, 
simulation will help achieve the other four. 

SIMULATION OF ROD PUMPING SYSTEMS 
There are other parameters of a system to be 

considered which are not shown in Table 1. 
Basic Rod Pumping Model - S*PRED*A or 

Nothing has been mentioned of the system 
C*PRED*A 

objectives: feedback and control, or systems The basic rod pumping model, S*PRED*A 
management. With the exception of objectives, (sucker rod predictions - API) is based on API RP 

TABLE l-SYSTEMS APPROACH TO SUCKER ROD PUMPING 

ENVIRONMENT 

\Jell Depth (PBTD) 
Deviation 
Casing 
Perfs or O-H 
Type of completion 
Location 
Climate 
1.tl.T. 
B.H.P. 
Inflow Performance 

Relationship 

COMPONENTS ____- 

Sucker rod string* 

couplings & 
pins subsystems 
centralizers or 
scrapers subsystems 

Pumping Unit* 
gear box* 
beam* 
geometry* 

Tubing: 

Anchored* 

Un%nchored* 

seating nipple 

Down-Hole Pump 
Plunger* 
Barrel 
Balls & Seats 
Hold down 

Fluid Level* 

G/O Separator 

Stroke* & SPM* 

Chemical Treating 

*Used in simulation models. 

ATTRIBUTES 

Length & Design* 
Tensile Strength* 
Max.Allow.Stress* 
Goodman Diagram* 
Delta Stress Leve 1* 

Torque Capacity* 
Beam Capacity* 

Size & Length* 

Size & Type 

Size & Type 

Size & Length* 
Size & Length 
Size & Type 
Size & Type 

Feet to surface 

Size & Type 

Length* & Speed* 

Dosage 

CONSTRAINTS 

Tubing Size and: 
Tensile Strength* 
t?ax.Allow.Stress* 
Goodman Diagram* 
Delta Stress Level* 
Couplings and pins 
failure history 
rod-coupling-piston effect 
rod-tubing friction effect 

Torque Capacity* 
Beam Capacity* 
Restricts Max SPM 

Casing restricts size 
Restricts plunger size 
Restricts Rod Coupling Size 
Anchor may restrict free 
gas movement, may scale up 
Un-anchored - increases loads, 
torque; decreases plunger stroke 

Restricted by tubing size 
Material selection critical to 
all components 

Pump-off condition 

Casing restricts size, 
Downward velocity of fluid 
and upward velocity of gas 
CRITICAL parameters 

Max SPM* for a given stroke 
and geometry. 
Fluid Properties: Corrosion, 
scale, paraffin, emulsion 
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11L. The curves from this bulletin have been 
mathematically described to the computer as high 
order polynomial equations. This is the raw 
material for the model. The user of the program 
actually completes the model, describing it to the 
computer in the form of input. The input required 
by the computer to complete the model is: (1) BPD 
or SPM (the user enters one, the computer solves 
for the other); (2) depth and fluid level; (3) specific 
gravity; (4) stroke length; (5) torque capacity; (6) 
plunger size; and (7) API sucker rod or Corod 
number. In addition to the normal description, 
there are several options to further refine the 
model: (1) unit geometry-conventional, Mark II, 
air balance; (2) sinker bars; (3) anchored or 
unanchored tubing; (4) speed variation of the 
prime mover; and (5) a design option on the 
rods-enter your own option or the computer will 
use an API design for each plunger and rod string 
combination. This particular model has only three 
constraints: a maximum SPM for the unit 
geometry and stroke length; a rod stretch factor 
(Fe/Sk) of 0.5 and a maximum dimensionless 
pumping speed factor (N/No’) of 0.5. (It is assumed 
that the reader is familiar with the API RP 11L 
and its terms.) An annotated sample run of 
C*PRED*A is presented in Illustration I. The first 
part of the run shows the input as it was entered in 
conversational mode. The small italic print 
discusses the input. 

Test of Correspondence 

No matter how sophisticated a solution may 
appear, since it is based on a model which is itself 
but an abstraction of concrete events from the real 
world, its usefulness will be proportional to the 
“goodness of fit” between the model and the events 
abstracted. Table 2 shows four case histories used 
to test the correspondence (degree of variance) 
between the real (measured values from Delta II 
dynamometer surveys) and the models 
(S*PRED*A and C*PRED*A). All of the options 
available in “building” the models were used at 
one time or another in the four cases. 

The purpose of using the case approach is to 
reveal the general nature of the simulation method 
in a semi-realistic setting. In reading the cases, it is 
important to look beyond the particular problem 
setting to the broader possibilities that this 
method opens. There are new possibilities of 
exploring before the fact which might happen if 
certain actions were taken, if certain systems were 

installed, or if certain events were to occur by 
chance or through direct cause. 

In Table 2, the correspondence between the 
measured values of the pumping systems and the 
models is very good. The general model used 
(-*PRED*A) is a descriptive model which is 
flexible enough to represent almost any 
conceivable rod pumping system. Some facet of 
that versatility is demonstrated in each of the 
examples. The basic model used in -*PRED*A is 
the basis for the other models: *OPTM*A, 
*MBPD*A, *DHSA*A. It is reasonable to assume 
that the correspondence achieved 
with -*PRED*A would be carried through in the 
other models. 

Optimization of Rod Pumping Systems 

Change, and the effects of change, are of 
paramount importance in many problems that 
concern us. In most engineering problems, there 
are many variables to be considered. It is not often 
that we wish to consider the effects of all of them 
varying simultaneously, although this could be 
done with the computer. But, frequently we are 
concerned with the effects of changing more than 
one; sometimes one at a time, sometimes several at 
once. At times the only “right” analysis is one that 
assigns the change in a variable which depends on 
two others, to each of those separately, and to the 
pair jointly. For example, the problem could be to 
calculate the relationship between polished rod 
horsepower, SPM, and plunger size in trying to 
pump a given amount of fluid per day. It is 
precisely this matter of joint variation that makes 
multivariable problems (such as optimizing rod 
pumping) difficult to think about. Often the 
problem is to find among many possibilities the 
alternative which is “best” according to some 
criterion. Such models can be built (and they have 
many forms), but they all share the common 
property that within them is an explicit criterion 
for measuring “goodness” and some means for 
finding which of a number of choices is the “best”. 
Models having this property are called 
optimization models. In the case of the general 
optimization model -*OPTM*A, it was necessary 
to find some index that would provide a means of 
comparing the numerous ways to get, e.g., 300 
BFPD from 5500 ft. Here are the obvious objectives 
in a given pumping situation: (1) We want to pump 
a certain number of barrels of fluid per day; (2) We 
want to get them with a minimum number of 
strokes; and (3) We want a minimum stress and 
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TABLE 2-RELATES THE CORRESPONDENCE (ACCURACY) BETWEEN THE 
MODEL (*PRED*A) AND THE REAL WORLD (MEASURED VALUES FROM THE 

DELTA II DYNAMOMETER TECHNIQUE) 

*CONDITIONS C.R.L. 21 PNL 24-31C TU #l LID11 47-llS- 
*--- 
* 

*Pumping Unit C-228 M-456 M-912 AB-1500 
*Rod String 86 SKROD 62 COROD 86 SKROD 86 SKROD 
*PLGR X STK X SPM 1.75 X 64 X 14.0 2 X 128 X 10.0 1.5 X 216 X 9.5 1.5 X 192 X 7.89 
*Depth 6356 8714 6571 8005 
*F.L./Sp.G. 577l/l.O 7764/.92 6571/1.0 7900/l .o 

*Sinker Bars No No No 200' of 1.5" 
*Speed Variation No NO No 13.5% 
*Tubing Anchored Yes Yes No Yes 
* 
* 
* REAL MODEL DIFF RE& MODEL DIFF _.-- -__ --- --- MODEL DIFF . R&Y& FlooEL !ZFL !&A%. ~____ -w-2 
* 

*Peak PRL (lbs) 19740 19159 -581 27035 27745 +710 25981 25523 -458 28399 27780 -619 

*Min PRL (lbs) 9020 8301 -791 10447 10986 +539 5060 4530 -530 10065 10948 +883 

*PRHP (Hp) 11.3 10.4 -.9 20.3 21.9 +l .6 47.1 46.4 
:;: 

28.3 29.9 t1.6 
*Torque(lOOO in-lb)177 167 10 438 441 +3 1190 1165 906 912 
*Plgr Stk (in) 54 47 -7 95 94 -1 Unk. 211 --- 178 182.0 :", 

*BFPD (bbl) 190 224 +34 435 440 +5 560 525 -35 365 376 +10 

w/gas 

The usefulness of the output from a model will be proportional to the “goodness” of fit (correspondence) between 
the model and the events abstracted. The goal in model building is to construct a reliable representation of the 
real world. A model said to represent a real world phenomenon must yield, in its intermediate and end results, 
output that justifies this claim. Correspondence, or failure of correspondence, is judged through the 
discrimination of differences in output (measured values) and output model (predicted values), evaluation of 
observed differences, and articulation of differences. In the table above, the correspondence (or goodness of fit) 
between the measured values of a rod pumping situation and the model is very good. The model used 
(*PRED*A) is a descriptive model which is flexible enough to represent almost any conceivable rod pumping 
system, Some facet of that versatility is demonstrated in each ofthe four examples shown. The basic equations 
used in *PREl)*A are the basis for the other models (*MHPD”A, *OPTM*A, DHSA*A). It is safe to assume that 
the correspondence achieved with *PRED*A would be carried through in the other models. 

stress range on the rods, minimum torque on the 
gear box and minimum horsepower consumed. 

The following optimization index is a means to 
these ends: 

OPTIMIZATION INDEX = (BPD/SPM) /(Stress x 
L)SL x Torque x (PRHPSPM) ) 

Where: 
BPD = fluid production required 
SPM = strokes per min. to get the BPD 

Stress = maximum stress on rods 
DSL = Delta stress level 

= max stress + stress range 
Torque = in-lb peak torque on gear box 
PRHP = polished rod horsepower 

(It is necessary to minimize hp on 
a per stroke basis because of the 
multivariable relationship between 
PRHP, plunger size and SPM) 

Illustrations II(a) through II(g) represent a set of 
sample runs of S*OPTM*A and C*OPTM*A. The 
thought processes of the authors are shown as 

numbered remarks, as the reader progresses 
through the samples. The user has increased 
flexibility with the S*OPTM*A and C*OPTM*A 
models. In addition to the options used in 
-*PRED*A, the user can control the constraints in 
the model. He can derate the rod string in case he 
has slim-hole couplings or corrosion, by reducing 
the tensile strength, maximum allowed stress, 
Delta stress level and Goodman Diagram 
(represented mathematically in the model). 

Maximization of Rod Pumping Systems 

As more and more production comes from 
waterfloods, and as pumping units and tubing 
become more and more difficult to purchase, it 
becomes increasingly important to maximize 
production without overloading the present 
pumping equipment. One such method for 
maximizing production is found in the models 
S*MBPD*A and C*MBPD*A. These models are 
used to calculate the maximum BFPD attainable 
with a given pumping unit, stroke length, depth 
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and fluid level without exceeding any of the 
constraints the user builds into the model. It will 
test from one to four rod strings with several 
plunger sizes. Here again these models have all the 
modeling options discussed in the -*PRED*A 
and the constraint options of -*OPTM*A. 
Illustrations III(a) through III(d) show the 
thought processes as the runs of S*MBPD*A and 
C*MBPD*A were made. 

The reader should be cautioned against 
extrapolating the results of these sample runs to 
other systems. For example, shortening the stroke 
will not be of any particular benefit if the limiting 
constraint on production is anything but a torque 
constraint. 

CONCLUSIONS 

The range of potential activities that can 
profitably employ simulation is very broad. 
Simulation can be used to predict future possible 
behavior, to understand the effects of change in a 
system, to compare systems, to examine the 
relationships which exist in a system, and to 
investigate the facts about a pumping system 

before even running a dynamometer. 
Simulation can be used to optimize pumping 

conditions by finding the best way to pump a given 
BFPD with minimum rod stresses, stress range, 
torque and horsepower consumption. Another 
example would be to maximize BFPD in a 
waterflood without exceeding the allowed limits 
(constraints) on torque, rod stress, etc. Another 
approach would be to make comparisons between 
certain systems: (1) anchored or unanchored 
tubing; (2) high slip vs nominal slip prime movers; 
(3) Corod vs sucker rods; or (4) combinations 
thereof. 

The cost of experimentation in the real world is 
prohibitive compared to simulation with a 
computer model. Second, actual changes and 
interactions often take much time before their 
effects are recognized. Third, simulation models 
help engineers to better understand the multitude 
of interacting variables and interrelationships 
involved in rod pumping systems. And finally, 
simulation can be used to find the “best” of all 
pumping conditions or maximize production with 
present pumping equipment. 
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S+OPTY+A I6139MDT O.-t/ ,4/14 

UNIT -(I-C.2-M.3-AB)? 1 
INPUT BPD DR Sk? Bee- 
ENTER BPD,DEPTH.FLUID LEVEL? 300.5500.5000 
ENTER PLNG-SMALLEST,LARGEST,MAX TOROUE? 1.25.2.320 
MIN TENSILE STR. MAX ALLOWED STR? J15000.34000 
TUBING ANCHORED7 m 

%OPTM*A 15:53MDT 02/14/14 

TUBING SIZE* (1) = 2 IN., (21 = 2-l/2 IN., (3) = 3 IN.72 
API ROD DESIGN--YES/NO7 m 
INITIAL SKROD NO., FINAL SKROD ND., STK7 16.76.100 i?LUSTRAT?tiU ab) 
DESIGN ID7 OBSCURITY PETROLEUM 
HI-SLIP7 JiQ 
CON5TRAINT CHANGE7 NO 

C-320-100 unlf. 
SUCKER ROD PUMPING GPTIMlZATIGN TABLE SUCKER ROD PUMPING OPTIHIZATIGN TARLF 

DArEt 02/14/74 

LOADS, PRLI”., ETC. BASED ON API-RP-IIL, MDDIFIED FUR GEOMETRY AND/OR 
SPEED VARIATIONS WHEN NECESSARY. 

DEPT,I= 5500 FT FLUID LEVEL= m sp.cI.= I 

jBPD 300 MAX ALLGkE” STRESS = 34000 SYSTFL’ “FuATGH = I. 00 
,4*x ALLGWES ML= 5/500 

16 I .25 I”.3 17541 29117 F(I.0 52R19 317543 

16 I .5O 14.H I I I15 2R4iR 74.” 4954s 29R02 I 

16 I. ii 11.9 I1430 29002 6R. I 45914 ?78234 

,320 

,100 

HI-SLIP7 Y-YES 
%  SPEED VARIATION7 IB 
CONSTRAINT CHANGE7 NO 

(her eotem fd qmed ~orm?m) 

DATE: 02114174 

LOADS, PRO”., ETC. BASE,) ON API-RP-IIL, MODIFIED FUR GEO’AETRY AND/OR 
SPEED VARIATIONS WHEN NECESSARY. 

DEPTM= a Fr FLUID LEVEL= w SP.G.= I 

>UPD 30” MAX AL,.OWF” STRESS = 34000 SYSTE” DFRATflR = I .CC 
MAX ALLObED DSL= 57500 

CONVENTIONAL PUMPINL: UNIT IYITH A LQP INC’I STROKF AND 
320000 INCII POUEIDS TGHOUE CAPACITY. 

PHI,ME MOVER ,,ITH IR.G%  SPEF” VARIATIDN 
a ( O+ fho s,,ew var/af/orj h35 

CGthPUTE” FGii OHSCUHITY PETROLFUN h?en CharpC’ from n(C).) 

SKRGD PL,lti,l SPM MXLOAD MXSTR PCTRHG DSL. TORGUF I N”EX 

SKRO” ,6 W/ I .25 PLGR--MX TDROUE = 734375 

76 1.50 12.2 16260 27056 61.0 d5lPI 305966 2W.9n 

16 1.75 9.7 161151 mo3nt 61.5 46954 t 304302 i 3?l.R6 e 1 

16 2.00 H.2 15864 263911 60.i 424 IO( 764544 c 53fl.56 c I 

CHANGE STK7 YFS Lo,+ shor+znn fhc s’rc& TM arroic/s (t) 
ENTER STK L?aGTH, MAX TUROUF? z.32 ~nd~ca+ chongas from thz lme a&we. ___---__-- 

SKdLlU PLNGR SPM 

76 1.25 11.6 

/6 1.50 14.7 

16 I .I5 12.0 

/h 2.00 10.2 

CHANGE STK? NG 
RUN AtiAIN7 110 

Iuu5TRATlOV n(a) 

VXLOAD MXSTR PCTRNG DSI. TGPGUE INDEX 

16361 27223 75.3 47726 2P1530 200.15 

16545 27596t 75.4 48404 f 276673 4 257.55 

I lOHl 25421 t 70.4 4U422 t 265964 i 311.17e4 

16407 212994 64.6 449241 24139ai 471.44 e 2 

ihe d75”X 1OO”X 9.75PlV. 

16 2.0” 10.1 16670 21/31 63.0 457”9 25,904 



s*HHPD*A 09157MDT 02/,5/74 

UNIT TYPE:(I-C.?-M.3-AB)? 3 
DEPIH.F.L..STK,MAX TOFIOUE.NO. OF STRINGS? R500.~500,192,'J17.? 
INPUT MIN TENSILF STH. MAX ALLOhFn STR? 125000.34000 
DESIGN I.D.? URLIVIAN 011. 
TUBING ANCHURED? YFS LUS..LT/CW No m(a) 

SUCKER ROD PUMPINti SYSTF'AS 

MAXIMUM PHJI)UCTION rAHl F 

LJAlls, ,'",I,). , NC. IIASFD ON API-HP, I,.. ~Jilr)IFIEI, F",? GFLIKFTQY A‘JO/OU 
SPEk,) "ARIA, IUNS WFN NtCcSSAHY. 

nb,lF: "2/15/,4 



C*UBPD*A 10104MDT 02/15/74 

UNIT TYPF:(I-C.2-M.3-AU)? 3 
DEPTH,F.L.,STK,MAX TOAOUE,NO. OF STRINGS? R5OO.R3~200,192.912,2 
DESIGN I.D.? LIRLIVIAN 011. 
TUBING ANCHORED? YES 
CUHOD STRING NUMHERS? 72.02 
L(I-5LIP7 NU 
C‘hNSTnAII‘!T C’IAHGF? NU 
_ _ - _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ 

IL L uST&ii- (f) 

COROD SYSTEM OPTIMIZATION TABLE 

LOADS, PROD, ETC. BASED ON API-RPIIL. VODIFIED FOR GE04ETRY AND/OR 
SPEED VARIATIONS WHEN NECESSARY. 

DATE: 02/27/74 

0 Envwvnmen~ T$ 

DEPT!1= j%OC& FT FLUID LEVEL= w SP.G.= I 
c~~ne*m$J 5ame 

aZ?Ile) 

3BPD = 375 
= 

MAX ALLOYrED STRFSS = B SYSTF!I DERATC)R = I .OO 

MAX DSL ALLUNED = 6_2500 

AIR dALANCE PUllPING IhIT HITY A J44 INCIi STROKE AND 
640000 INCH POUYDS TORQUE CAPACITY. 

COMPUTED FOR DBLIVIAI’J OIL 

CflHU!l PLNGR s P L’ I’XLOAL) ‘4XSTQ PCTO!JC DSI. TORQUE IYnFx 

NO. 72 hIT9 1.06 Ihi. PLIItiR - SPi’= Ifi.“Y 
NU. 62 !‘lITB I .OO III. PLI;‘;H - SP”‘= 15.63 

72 I .?5 13.9 
62 I .25 13.5 

72 I .50 II.2 

fi2 I .50 11.2 

72 1.75 9.1 

62 I.15 9.5 

CtIAi<l;E STK? ldL1 
RUN AiAIh? idO 

249Gh 29;12n 63.3 da/IO filO979 100.44 

24034 30602 65.6 504P7 hIox 94.94 

25R54 
24952 

3096?t 5B.Q 49175 5anQ36 121.92 

31759 6l.Q 51413t 590015 4 112.15 

27hC9 33005 

?h555 3.3“ IO 
, 56.5 

no. I 
;;l’;;t ;;;$;:J y’h F 

@ The 72 w/ &z /: 75” 15 fhCh+. 


