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SCOPE OF API-RP-11L

In any sucker rod pumping system, polished
rod loads and, consequently, counterbalance and
peak torque are complex functions of many well
variables. Some of these are: (1) polished rod
stroke, (2) pumping speed, (3) physical charac-
teristics of rod string, (4) fluid column load,
(5) polished rod acceleration pattern, (6) me-
chanical friction, (7) compressibility, (8) pump
submergence, and (9) dynamics of sucker rod
string.

Neither conventional calculations nor API-
RP-11L consider items (6) or (7) since the mag-
nitude of these values is nearly always unknown.
Further, the conventional method usually does
not take into consideration pump submergence
although this is not always the case.

The API calculation method does consider
the pump submergence (when it is known) and
also one other very important variable that the
conventional method does not consider, namely,
rod dynamics. This consideration is the primary
difference between the new API method and the
conventional method of calculation.

The sucker rod string dynamics take into
consideration: (1) viscous damping, (2) unit
geometry, (3) spring constant of rods and tubing,
(4) ratio of pumping speed to the natural fre-
quency of the rod string, (5) ratio of rod stretch
to the polished rod stroke, (6) variation of angu-
lar velocity of the cranks, (7) motor slippage, if
electrically driven, and (8) system inertia.

In the API method some consideration is
given to all these dynamic factors, except unit
geometry and system inertia. The unit geometry
for API-RP-11L is assumed to be of the conven-
tional type; i.e., the equalizer bearing is located
directly over the gear reducer crank shaft. Thus,
the conventional crank-balanced units and air-
balanced units both would fall into this cate-

gory.
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SIGNIFICANCE OF NONDIMENSIONAL
PARAMETERS

Although this paper does not pretend to go
into the highly technical aspects of API-RP-11L,
it is important to consider briefly two indepen-
dent variables that appear throughout API-RP-
11L. These same two variables appear as the
abscissa in Figs. 1 through 6 of this paper:

1. N/N,' ratio of pumping speed to the
natural frequency of the combination
rod string

2. Fy/Sky, ratio of rod stretch to polished
rod stroke

These two variables, or parameters, are the two
most important variables in well load behavior.

The value of N/, the natural frequency of
the combination rod string, will usually be of
the magnitude of 30 vibrations per minute or
greater. Seldom will the pumping speed exceed
20 strokes per minute; therefore, the value of
N/N, will vary between 0 and 0.6. Since the
pumping speed will never exceed the natural
frequency of vibration of the rod string, the
higher harmonics (2N, 3N, 3N,', 4N, etc.)
will never be involved. The lower order harmon-
ics (1/2 Ny, 1/3 N', 1/4 N/, etc.) will be in the
operating range.

It is convenient to think of N/N' as “pump-
ing speed” even though it is, in reality, dimen-
sionless. Assume, for example, that a tapered
rod string with a particular size pump has a nat-
ural frequency of 40 vibrations per minute. Then,
saying that N/N,' = .25, is merely saying that
the pumping speed is 10 SPM and the rod string
is operating at a 4th order frequency; i.e., N/N,'
= .25 = N/40 or N = 10 SPM.

Similarly, the dimensionless parameter, F',/
Sk,., represents rod stretch. The “actual” rod
stretch induced by the fluid load F is Fy/k,
where k.. is the spring constant of the rod string.
Thus, (F, /k.)/S is the rod stretch expressed as
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a fraction of the polished rod stroke. A sucker
rod system having a value of F,/Sky = 4 is a
system that has 40 per cent of the polished rod
stroke taken up in rod stretch. When operating
at very low speeds, where overtravel is nil, this
means that the net stroke at the plunger is 60
per cent of the polished rod stroke. Once again,
it is convenient to think of F, /Sky as rod stretch
although it, too, is dimensionless. The value of
F, /Sky should not be pictured as a measure of
the size of the pumping unit. For example, two
units shown on Table 1 (Report No. 303 and
435) each have an F,/Sk, value of .269. The unit
for Report No. 303 is for a 74-in. stroke unit
pumping from 4300 ft, with a 2-in. pump, 7/8-
3/4 rods, and requires a 320 API reducer size.

The unit for Report No. 435 is for a 120-in.-
stroke unit pumping from 9425 ft with a 1-1/4
in. pump, 1-7/8 - 3/4-in. rods, and requires a
640 API gear reducer size.

It is seen that one value of the nondimen-
sional parameter F,/Sk, can cover a whole ser-
ies of pumping units, rod strings and plunger
sizes. Thus, these two important nondimensional
parameters, N/N,' and F,/Sk,, allow correla-
tion of a whole group of pumping installations
without having to consider individually an in-
finite number of cases.

NOMENCLATURE

In comparing the formulas for calculating
peak polished rod load, minimum polished rod
load, and peak torque for both the conventional
and the API methods, the following nomencla-
ture will apply:

PPRL = peak polished rod load in pounds

MPRL = minimum polished rod load in
pounds

PT = peak torque in inch pounds

W,., = weight of the rod string in air,
pounds

W.¢ = weight of the rod string in fluid,
pounds

L = pump depth in feet

S = polished rod stroke in inches

N = pumping speed in strokes per
minute :

Ap = full plunger area in square inches

A, = average area of the rod string,
square inches

F, = .433L(Ap) = total weight of fluid

in pounds based on full plunger
area
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spring constant of the rod string
in pounds per inch
modifying factor for conventional
units to correct for the deviation
from simple harmonic motion, us-
ually has a magnitude of about
1.05 for conventional crank bal-
anced units and a value of 1 for
air balanced units.

‘same as G above except that it
applies to the upstroke on special
geometry units only, usually has
a magnitude of about 0.93.
same as G above except that it
applies to the downstroke of spe-
cial geometry units only, usually
has a value of 1.2 ,
peak polished rod load less the
weight of the rod string in fluid,
pounds
weight of rod string in fluid less
the minimum polished rod load,
pounds
crank torque without correction
factors, inch pounds
torque adjustment constant

Gy

G:

O
F

T

T, =
PEAK POLISHED ROD LOAD

The most widely used conventional method
of predicting peak polished rod load is shown in
two forms in equations (1), (2), and (3) below
for conventional units.

For those who prefer to express fluid load
as a function of net plunger area:

PPRL = 433L(Ap—4A,) + Wya + Wi,
(SN2/70,500) (1)

Another approach which gives identical re-
sults defines fluid load as a function of full
plunger area:

PPRL = .433(AP) + Wee + Wra X

(SN2/70,500) oo (2)
or
PPRL = F, + Wye+ Wy, X
(SN2/70,500) oo, (3)
For units with special geometry:
PPRL = F, + Wyg + 6W,, X
(SN2/70,500) ...ovovvoorrereren. (3a)
For air balanced units:
PPRL = Fy + Weg + 7TW,, X
(SN2/70,500) ... ... ... ... (3b)



By inspection it is obvious that while the
conventional method of predicting peak polished
rod load does consider the acceleration of the rod
string, it does not take into account the harmonic
effects of a vibrating rod string.

The API method for predicting peak pol-
ished rod load is as follows:

PPRL = Wy ¢ + (F1/Sk,.) XSk, . (4)
The term F1/Sk,. is a nondimensional parameter
taken from a curve in API-RP-11L which plots
F1/Sk, against N/N for a series of values of
F,/Sk,. These curves take into account the
effect of rod string harmonics as well as the
normal acceleration effects. The API method
does not introduce any modifying factors to take
into account units with special geometry.

MINIMUM POLISHED ROD LOAD

The conventional formula for minimum pol-
ished rod load for conventional geometry units
is:

MPRL = W, g — Wy (SN2/70,500) (5)

For units with special geometry:

MPRL = Wy — 14 Wy X
(SN2/70,500) .. (Da)

For air balanced units:

MPRL = W s = 13 Wy X
(SN2/70,500) ................... (5b)

Here again the deceleration of the rod string is
considered but the dynamic effects are not.

The API method for predicting minimum
polished rod load is:

MPRL = Wy¢— (Fo/Sk,) XSk, (6)
The term F2/SK ,is a nondimensional parameter
taken from a curve in API-RP-11L which plots
F,/'Sk, against N/N, for a series of values of
F,/Sky.

These curves do consider the normal decel-
eration effects plus the effects of rod harmonics.

PEAK TORQUE
The conventional method of -calculating
peak torque for units with conventional geom-
etry is:
PT

(PPRL) — (MPRL) X
S2XG
For units with special geometry:

PT (PPRL) X(Gy) — (MPRL) X
(G2) X S/2 (8)
The API method for calculating peak torque

is:

PT = (2T/S%k ) X Sk X T4
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The factor 2T/S%k, is taken from a curve in
API-RP-11L which plots 2T/S%k, against N/Ng
for various values of F,/Sky. T, is a torque
adjustment factor.

Both the conventional and the API methods
of calculating peak torque assume that the peak
and minimum polished rod loads occur at a
crank position which results in an optimum
mechanical advantage. Thus, the assumption is
that the peak and minimum polished rod loads
for conventional units occur at the 75° and 285°
crank positions. As is commonly known, this is
not always the case. When these loads do coms
at positions on the crank cycle other than these
assumed positions, then errors of considerable
magnitude may result regardless of the method
of calculation used.

The assumption is also made that there is
no fluid pound or gas interference. This is not
the usual case, but it would be difficult to include
these factors in any mathematical formulation.

API-RP-11L does not include a peak torque
prediction for units with special geometry,

Another assumption that the API method
makes is that the mechanical efficiency of the
pumping unit is 100 per cent. Some conventional
methods of calculating peak torque make this
same assumption although at least one major
manufacturer uses a mechanical efficiency of 93
per cent. Values tabulated in this paper for the
conventional method, however, assume 100 per
cent mechanical efficiency so that they will be
on a comparable basis with the API method. It
could be argued at length as to just what the
mechanical efficiency of a pumping unit, from
the polished rod to the slow speed gear, should
be; however, it definitely is not 100 per cent. An
efficiency of 93 per cent seems reasonable when
comparing the mechanism of a pumping unit
with similar types of machinery. It is recom-
mended that the API consider a mechanical
efficiency factor in future revisions of API-RP-
11L.

Still another assumption that both the API
method and the conventional method make in
predicting peak torque is that the pumping unit
is always perfectly counterbalanced. This is a
very naive assumption to say the least! Of the
77 wells listed in Table 1, the average increase
in actual torque on the gear reducer over what
it would have been with perfect counterbalance
was 19.7 per cent. Some units were overloaded
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well over 50 per cent with respect to gear re-
ducer torque due to an out-of-counterbalance
condition. It is regretfully true that many opera-
tors do not fully appreciate the real importance
of correct counterbalance as a most important
influence on the torque imposed on a gear re-
ducer. An out-of-counterbalance condition should
always be considered, if we are to be realistic,
in determining the size of the pumping unit
reducer no matter which method of calculation
is used. Tt is, therefore, recommended that a
multiplying factor of 1.2 always be applied to
the calculated required torque before the final
selection of the pumping unit reducer is made.
This recommendation will not necessarily result
in a larger gear reducer than would have been
selected previously, but it may do so, depending
upon where the calculated torque, as modified,
falls.

COMPARISON OF PREDICTED AND MEAS-
URED LOADS FOR 77 WELLS

In comparing the API method with the con-
ventional method of calculating peak polished
rod load, minimum polished rod load, and peak
torque, it is meaningful to compare both methods
with measured results taken from dynamometer
studies recorded over a period of several years.
In these studies the peak and minimum loads
are taken directly from the dynamometer cards.
The counterbalance effect is calculated from the
reported position and size of the counterweights.
The peak torque on the gear reducer in all cases
had been calculated by API-STD-11E using ac-

curate torque factors for the polished rod posi-
tions taken at every 15 degrees of crank rotation.

An effort was made in selecting the dyna-
mometer studies, whose results are recorded in
Table 1, to cover a wide range of conditions,
considering production, depth, pumping speed,
and pumping unit size. Dynamometer cards with
obvious well abnormalities were not considered.
Peak Polished Rod Loads

Referring to Figs. 1 and 2, it is noted that
strictly from a standpoint of averages, the API
method for predicting peak polished rod load is
very accurate, predicting loads that average only
1.41 per cent greater than measured. The con-
ventional method predicts peak polished rod
loads that average only 3.43 per cent less than
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measured. While the ‘“average” deviation for
both methods is certainly accurate enough, not
too much can be said for the range of predicted
loads. For the API method (excluding the very
extreme deviations), 95 per cent of the wells
fall in a range of from —22 per cent to a +32
per cent. Similarly, the conventional method pre-
dicts loads that are measured to be —30 per cent
to a 425 per cent.

It is disappointing in both methods that the
range of deviation of calculated from measured
is so great. It should not be so surprising, per-
haps, if it is considered that so many of the
variables that affect well loads are either too
complex for mathematical treatment or are var-
iables that depend upon well data that is nearly
always unavailable at the time of computation.
Minimum Polished Rod Loads

In the calculations for minimum polished
rod loads, results show that the API method is
definitely superior to the conventional method
(Figs. 3 and 4). The API method made predic-
tions that averaged only 281 pounds above meas-
ured; whereas, the conventional method pre-
dicted minimum loads that averaged 1299 pounds
above measured. Once again the range of devia-
tion in both methods was wider than would have
been desired.

Peak Torque

Considering the fact that both methods, on
an average basis, predict peak loads that deviate
from measured only a small amount, and consid-
ering the fact that the API method was shown
to be considerably more accurate with respect to
minimum Joad, we could expect the API method
to be more accurate on a torque comparison. This
proves to be the case.

Referring to Figs. 5 and 6, the API method
predicts torque values that average 7.26 per cent
above measured. The conventional method cal-
culates torques that are 18.82 per cent below

measured results. Thus, the API method is more
conservative than the older method of calcula-
tion. The wide range of deviation from measured
in the torque calculations reflects, of course, the
wide range of deviations in both the peak and
minimum polished rod loads discussed previous-

ly.
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DEGREE OF DIFFICULTY OF CALCU-
LATIONS

Since the API method takes into account
many more variables than does the conventional
method, it is more difficult and more time con-
suming to make the necessary calculations. For
one not too familiar with API-RP-11L, or for one
who uses it very infrequently, it will take at
least three times as long to make the necessary
calculations for designing a pumping unit-sucker
rod system than does the old conventional way.
While it is more accurate, at least to some de-
gree, the increased difficulty in the calculations
will limit its universal use unless a computer
program is written which will tabulate all the
well loads, reducer torques, rod stresses, etc,
within some set limits which have been found
to be practical. For example, the tabulation
would list, say, every 500 ft of depth and in
production increments of, say, 100 BPD, all con-
ceivable pumping unit-sucker rod combinations
that would satisfy all the limiting conditions of
the program. Some of these conditions might be
to limit pumping speed to a minimum of 2 or 3
SPM and a maximum of perhaps 20 or 25 SPM.
Other limitations would have to be limiting rod
stress, a minimum figure for minimum load, etc.

Fortunately, the API has sponsored such a
program and is in the process of publishing the
results in two different forms. First, it is pub-
lishing a series of tabulations as described above
in book form (approximately 400 pages). It is
also publishing the same information as a bound
set of curves. It is the thinking of the members
of the API that the tabulation in book form may
prove more useful in the selection of new equip-
ment, whereas the curves may be more helpful
when pumping units are to be moved from one
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location to another. This writer believes most
production people will want to have access to
both publications.

CONCLUSIONS

1. API-RP-11L predicts values for peak pol-
"ished rod load which are slightly more ac-
curate than the more conventional method
of calculations.

API-RP-11L predicts values for minimum

load which are much more accurate than
conventional methods.

API-RP-11L predicts gear reducer torques

more accurately, due primarily to being able

to predict more accurate minimum loads.

API-RP-11L makes some broad assumptions

in predicting peak torque which can cause

considerable error in unit selection:

(a) The assumption is made that the maxi-
mum and minimum loads occur at the
75° and the 285° crank position where
the pumping unit torque factors are op-
timum. Since any calculation for sizing
equipment would rarely be made in ab-
sence of dynamometer card, this as-
sumption seems valid.

A pumping unit efficiency of 100 per
cent is assumed. A more realistic value
in the 90 per cent-95 per cent range
should be introduced.

Perfect counterbalance of the pumping
unit is assumed. Years of experience
have shown that this is wunrealistic.
Torque calculations for the gear reducer
should include a multiplying factor of
1.2 (in addition to the efficiency factor
in (b) above) to compensate for out-of-
counterbalance conditions.

(b)

(c)



