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ABSTRACT: Current API RPllL rod taper percentages are based on 
empirical formulas which were used to simplify the system 
calculations so that they could be made manually. The trend 
toward deeper, high volume pumping has resulted in higher rod 
loads and stresses so more accurate taper percentages are 
needed* The availability of the personal computer now makes it 
possible to design accurate rod tapers for each individual 
well. This paper presents a method for the determination-of rod 
stresses in the intermediate tapers of the rod string and an 
improved crtteria for taper design. 

ROD STRESSES FROM RPllL CALCULATIONS 

In March, 1976, Buford Neely, Shell, in a Petroleum Engineer 

articlel, offered a program and a method by which the rod taper 
percentages, based on equal “modified stresses”, could be 
calculated. 

He defined modified stress as follows: “When a maximum and 
minimum stress have been calculated or measured on a sucker rod 
during a pumping cycle, the modified stress is the stress level 
that would give equivalent loading if the minimum stress during 
the pumping cycle were zero”. The following formula is used to 
calculate this “modif ied stress”. 

Smod = Smax - 0.5625 Smin 

He cites as an example: A rod would be equally loaded if it had 
a maximum rod stress of 25,000 psi and a zero minimum stress or 
if it had a maximum rod stress of 35,000 psi and a minimum rod 
stress of 18,000 psi. 

The program used the following method. After determining what 
the dynamic loads were, they were assigned in proportion to rod 
taper length to each taper. An empirical formula was used to 
determine the maximum value of the dynamic forces at the 
surface. This force was assumed to diminish in proportion to 
depth. This empirically calculated dynamic force was a function 
of pumping speed, fluid load, spring constant, and stroke 
length. To find some typical values to use, rather than 
calculate each case, he suggested using a N/No’ value of 0.35 
and typical depths and stroke lengths which fit the common 
operating practice of that era* Tapers were then calculated 
which had equal “modif ied” stress for these conditions. 
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In 1977, the American Petroleum Institute adopted the rod 
string design method proposed by Neely, and included rod 
percentages calculated by this procedure in the latest edition 

of RPllL2. The tables published in RPllL gained wide 
acceptance. Thousands of rod strings, using these recommended 
taper lengths, have since been installed. 

The use of the API taper lengths saves the time of a detailed 
string design, but the wide availability of personal computers 
today has eliminated the need to resort to such a shortcut 
method. A proper rod string design, with equal fatigue 
endurance ratings, should be based on the actual pumping speed, 
stroke length, pump setting depth and plunger size. 

The basic assumptions used by Neely, and used but not shown in 
the API RPllL, to arrive at the published taper lengths were: 

Largest _~ 
Rod Size 
< 3/4” 

3/4” 
7/8” 

1 II 
1 l/8 
1 l/4 

N/No’ 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 

String 
Length 

4000 
4000 
8000 
8000 

12000 
12000 

Stroke 
Length 

3 
120 
120 
192 
192 

Approx. 
spn 
23.7 
23.7 
11.6 
11.6 
8.8 
8.8 

Rod designs for operating conditions which are different than 
the above may require taper percentages which are significantly 
different than those listed in API RPllL. Refer to Figures. 1 
and 2. These figures show designs for 1 l/4” and 1 l/2” pumps 
with 76 and 86 rod strings at 3,000’, 6000’. and 9000’ with 
pumping speeds of 6, 10 and 14 strokes per minute. The taper 
percentages shown are those which would have been calculated if 
the Neely program had been used to calculate the tapers 
individually. They are compared with the recommended taper 
percentages from the API RP 1lL. 

These charts are shown to make the point that even with Neely’s 
original program, the rod taper balances would have been better 
if a specific~calculation had been made for each well. Observe 
that the deeper. rod strings, which are the most susceptible to 
failure, depart the most from the present API recommended 
tapers. 

No recent work has been done on this subject, but with the 
availability of PC computers it is now possible to calculate 
the best taper for each operating condition. 

The RPllL calculations only give loads at the polished rod and 
do not give loads at any other point in the string. A typical 
API RPllL calculation is shown in Exhibit #l. The loads which 
make up the polished rod loads can be visualized by referring 
to Fig* 33. The peak load consists of the weight of rods in 
fluid + the fluid load + the dynamic load. The minimum load 
consists of the weight of rods in fluid minus the dynamic load. 
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The total upstroke dynamic load can be determined by 
subtracting the weight of rods in fluid (Wrf) plus the fluid 
load (Fo) from the peak polished rod load (PPRL). 

Dynamic load is proportional to the weight of the rod string 
rather than the length of the rod string. The formula F = Ma 
shows that, with the same acceleration, a larger mass will 
result in a larger force. Therefore a 6000’ string of 1” rods 
would have a bigger dynamic load than the same length of 5/8” 
rods. 

Refer to Fig. 4. An examination of the hydralics and dynamics 
shows that the load at the top of the 314” taper consists of: 
the total weight rods in air (W) + the load carried by the net 
plunger area (AREAplunger - AREAbottom rod) + the percentage 

(by weight) of total dynamics - the pump intake pressure times 
the gross plunger area0 

PPRL3/4 = bJiir3/4 + CO.433 X G X L X (Ap - Abr)I + 
CDYNtotal X W3/4 / Wtotall - CO.433 X G X (L - H) X API 

The load at the top of the 718” taper consists of: the load at 
the top 314” rod + the weight of the 718” rods in air + the 
percentage (by weight) of the total dynamics for the 7/8” - the 
buoyancy of the net area between the 718” rod and the 3/4” rod. 

PPRL7/8 = PPRL3/4 + W air7/8 + [DYNtotal X W7/8 / Wtotal] - 
CO.433 X G X L7/8 X (A7/8 - A3/4)3 

In a two way taper the PPRL7/8 is the same as that calculated 

by the RPllL method. With more tapers the above formula would 
just be extended to the next taper. 

Refer again to Fig. 3. The downstroke minimum load consists of 
the weight of rods in fluid - the downstroke dynamics. 

The total downstroke dynamics can be found by subtracting the 
minimum load from the buoyant weight of the rods. 

Refer to Fig. 4A. An examination of the hydralics and-dynamics 
shows that -the downstroke load on the top rod in the 3/4” taper 
is: weight of the 3/4” rods in air - the percentage (by weight) 
of the total downstroke dynamics - pressure at the bottom rod 
(pump) times the area of the bottom rod (total buoyant effect 
on the area of the bottom rod). 

MPRL3/4 = Wair3/4 - [DYNtotal X W3/4 / Wtotall - 
CO.433 X G X L X AREA3/41 

And the minimum polished rod load on the top of the 7/8” taper 
would be: the minimum polished rod at the top 3/4” rod + the 
weight of the 7/8” taper in air - proportional downstroke 
dynamics - the buoyancy of the net area between the 7/8” rod 
and the 314” rod. 
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nPi?L7/8 = nPRL3/4 + Wair7/8 - [DvNtotal X W7/8 / Wtotal] - 
CO.433 X G X L7/8 X (AREA7/8 - AREA3/4>3 

In a two way taper the tiPRL7/8 is the same as that calculated 

by the RPllL method. With more tapers the above formula would 
just be extended to the next taper. 

In the API llBR4, Recommended Practice for Care and Handling of 
Sucker Rods, a Vodif ied Goodman Diagram” is presented which 
defines the allowable stress ranges for sucker rods. It defines 
the allowable range of stress on a sucker rod as: 

Sa = S.F. X (CO.25 X T) + CO.5625 X Smin) 

where: 

SF = Service Factor 
Sa = Allowable Stress, psi 
T = Maximum Tensile Strength, psi 
Smin = Minimum Stress, psi 

Since the Service Factor defines the actual stress as a 
percentage of the allowable stress, it is the most precise way 
to compare the relative loading of each taper in the rod 
string. Designing for Equal Service Factors at the top of each 
taper will give rod tapers based on equal service life. 

Once the PPRL and MPRL have been calculated, the API Modified 
Goodman Diagram formula can be used to determine the Allowable 
Stress. The Service Factor is the ratio of the Actual Stress to 
the Allowable Stress, so equal Service Factors will have equal 
fatigue endurance. 

Figure 5 and Figure 6 show taper designs using this Equal 
Service Factor method for the same operating conditions as were 
used in the comparison of API percentages vs the Neely design 
method. These are: 1 l/4” and 1 l/2” pumps with 76 and 86 rod 
strings at 3,000’) 6000’, and 9000’ with pumping speeds of 6, 
10 and 14 strokes per minute. 

These figures illustrate that specific calculations for each 
operating condition is most desirable. They al so show that the 
API percentages, for the operating conditions examined, give 
the top rods in the string a larger percent than good design 
practice would dictate. This results in a poorer Service Factor 
and makes the top rods the most likely to fail. In addition, a 
greater percent of large rods in the string adversely affects 
the peak polished rod load and increases the energy 
requirements. In deep wells, failures in the top rod may cause 
damage to the lower sections of the rod string. 
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Conclusions: 

The Equal Service Factor method is a better way to calculate 
rod tapers. Personal computers have eliminated the need for 
the use of simplifying assumptions in taper design and permit a 
more precise calculation of the optimum tapers for each 
operating condition. 
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COMPARISON - API vs NEELY METHOD TAPER 
1.25 Plunger - 76 Grade D Rods COMPARISON - API vs NEELY METHOD TAPERS 

1.25” Pump - 86 Grade D Rods 

27 27 

32 

26 26 

31 

24 24 

I I I I , I I ?23 
10 14 6 10 14 

SPM SPM 

COMPARISON - API vs NEELY METHOD TAPER COMPARISON - API vs NEELY METHOD TAPERS 
1.5 Plunger - 76 Grade D Rods 1.5” Pump - 86 Grade D Rods 

P 3gl 

PERCENT RODS IN 1’ TAPER PERCENT RODS IN 718. TAPER 

32 32 32 32 

% 710’ for 6ODO 
30 30 30 30 

28 28 28 28 

26 26 26 26 

24 ’ 
6 

I I I I I ‘24 
10 14 6 10 14 

SPM SPM 

Figure 1 Figure 2 



SIX BASIC BEAM PUMPING LOADS 

PPRL 

TV 

sv 

. MPRL 

R 

l!zzl 
w = WrX L 

Wrf =~-~~ ; Wrf=W (l.O-0.128xG) ; 

Wrf = SV 

Ial 
Fo = 0.340xGxD2xH; TV =~-~~ + q ; 

TV = Wrf + Fo 

El 
h = 2 xSkr;PPRL = 

PPRL = Wrf + F1 

q -- F2 = F2 5 ⌧ Skr; MPRL 

MPRtI = Wrf - F2 

CBE = 1.06 (Wrf+ l/2 F,) 
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YPL co!mITIows: UPSTROKE 
n=6ooo s = 120” AfIEA,,,, . 1.767 
I. = 6ooo’ 0 = 1.5’ AREA,,, . O.boI 
n * I2 SP” 011 MEA,,, . 0.112 

MOS=?b-KI TAFEK 
SIZE KT. FEET %L- “,l 

7/v n.. 2021 41101 5913” 

rm = 18270” 

WU = 59661 

F. . 4SPO” 

TOTAL WSTROKE OYnAnlcS 
WM. = Y.-t + Fo l OIN,,,,rta, 

OY,&o,a, . PPRL -VP, - Fo = 18270 - 9590 - 4590 = 409OU 

oybe.d = Yalrrod ’ hlrtotal x oy~.t=t~l 

OY%.7/b = 4510 I ,X00 X 4090 = ,677” 

OYbw4 = 6490 I l,000 I 4090 = 2413” 

PREST”RE.” D”*D = 0.431 x 0 x L 

Pen DY.O = 0.433 X 1 X 6000 = 2598 0.1 

PunP INTIIKE PRESSVRE = 0.433 x 0 x t!” - H, 

PIP . 0.435 x I x ~6000-6000, . 0 D,, 

PEIKSTREf9~,, . 12345 I 0.~2 . 22.929 D., 

-- 
PREff. AT Bono” 7,. . 0.4s1 x f x 2021 . 171 ..I 

PFRL7/8 = PP%/, l “atr7/9 l OY��P,/S - 

IPRESS,, X <A,,, - A~,,>, 

. 12345 t ,510 . ,677 - 878 x C.601 - .I421 = 18192 round* 

PEAKswSS,,g = 10192 I 0.601 . JOIO2 D., 

UPSTROKE LOADS AND STRESSES 
Figure 4 

DOWSTROKE LOADS AH0 SRESSES 

RODS. 76 - &PI TAPER 
SIZE PC,. FEET bi, “rt 

,/a- 13.8 2028 ,510” 3933” 

WI’ 66.2 ,972 AA”9oL s*mr 
TOT&.9 110001 95901 

DON'NSTROKE 

O”“dnto,., = Y,, - “PRL = 9590 - 5966 = 3624 

OYhrod = %lrrod 1 Y.lrt=I.l x OYNCtot.1 

O’%/b . ,510, Ll,OOO X 3624 . ,486 meand. 

0%/4 . 6490 I ll.000 X 3624 . 2138 .r=nd= 

PRESSURE AT BOYTO” 3,“ ROD 
P,-tto. ro,j . 0.453 x 0 x L 

PLr . 0.433 I I x 6000 = 2599 0.1 

NPRLv, = btr:/, - Pbr X OR%/, - OY%/, 

. 6490 - (2598 X 0.442, - 2158. ,204 ownd. 

“I”S,RESS3,, . “PRL3,, , KjEd,,, . 3204 IO.442 = 7240 ~81 

PRESSURE A7 BO770” 7,s’ ROD - 
Pb,,* . 0.433 x 0 x L,,* . 0.431 x ! x *02* = 1178 0.I 

~PR~IIS = HPRLS/, l b&r?/8 - OYN7/8 - 

tPb-,,s X ,AREI,,a - ,WEQ,,)) 

. 320, . 4510 - 1486 - 878 X t.601 - ..I21 = 60388 lb. 

“,,WRESS,,g . “PRL,,g , W07,g = 6088 I 0.60, . 10129 a=1 

SERVICE FICIOR FOR 3/a” ROD 
SF>,, . PEIK:STRESS3,,,,T,4..5625 X “IHfTRElfg,,) 

. 27.929 I (29.750 . 0.5625 X ,428) = 0.85 X LOADED 

SERVlCE FACTOR FOR 7/V ROO 
SF,,* = PEII(S,RESS,,~IIY,4*.5625 X HIHSTRESS,,9) 

. 50602 I (28750 + 0.5625 X 10129, . 0.89 X LOAOEO 

Figure 4A 
DOWNSTROKE LOADS AND STRESSES 
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COMPARISON - API vs EQUAL SF ROD TAPER COMPARISON - API vs EQUAL S.F. TAPERS 
1.25 Plunger - 76 Grade D Rods 1.25” Pump - 86 Grade D Rods 

32 

25’ 
6 

! 

10 

SPM 

I 

14 

COMPARISON - API vs EQUAL SF ROD TAPER 
1.5 Plunger - 76 Grade D Rods 

P 

; 37 

C 

k 35 

T 
7 33 

A 31 

:: E 29 

27’ 
6 

I 

10 

SPM ” 

PERCENT RODS IN 1’ TAPER PERCENT RODS IN 7’10’ TAPER 

26 
1 % 7/W for 0000’ +-4 

\ 26 

‘1; 7/v for 6000’ 

24 24 

22 22 

20\>< % 1” for 6000’ 1 
20 

< ‘1; 1’ for 3000’ 1 

16’ 
6 

I I I I I 

10 
48 

14 6 10 14 

SPM SPM 

COMPARISON - API vs EQUAL S.F. TAPERS 
1.5” Pump - 86 Grade D Rods 

32 
PERCENT RODS IN 1’ TAPER PERCENT RODS IN 718’ TAPER 

32 
8 7/a= for 9000’ >y 

30 \ 
30 

% ?/ES for 6000 

El 
<A-Pi,% 716’ RODS) 26 

n B 
, \ 

, “\ 
26 

24 
24 

22 
22 

20 
6 

I 
< % 1’ for 3000’ 1 

, I I # 
10 

14 6 
‘20 

10 14 
SPM SPM 

Figure 5 Figure 6 



DESIGN CdLCULATIONS 

for 

CONVENTIONAL SUCKER ROD PUMPING SYSTEMS 

RI/M In API RP 111, fnr thr rrplnnntinn of thin form nnd 

the nrcratary t~hlra nnd figure+ rcquirrd /or lhir colculntion. 

Company 1 Well Name Date 

Field COUty State 

Required Pump Displacement, PD bbls./day Maximum Allowable Rod Stress psi 

Fluid Level, H = 6000 ft. Pumping Speed, N = =SPM Plunger Diameter, D = -uiin. 

Pump Depth, L = 6000 ct. Length of Stroke. S = 12ain. Spr. Grav. of Fluid. G = 1.0 

Tubing Sire=& it anchored?wo Sucker gods JhI : m% ?/RI’ : 66. ?ul;” 

Record Factore from Tables 1 8 2: 

I. w,= 1.833 (Table 4.1. Column 3) 3. Fe= 1.082 (Table 4.1, Column 5) 

2. Er =o - RnI+ 1 O- f;Table 4.1. Column 4) 4. Et= - (Table 4.2. Column 5) 

Calculate Non*Dimeneional Variables: 

5. F.=.340xGxD2xH=. 340x 1.0 x1,52x6ooo= 4590 Ibs. 

6. l/kr=ErxL=* 804 lo-,6 6000 = 4824 lo"in/lb. 9. N/Ne = NL+245,000 = -x-i 10 6000 .245,000- 0. 21t5 

7. Sk, = S+ltkr = -7 120 .4824 lo-+~b, 10. N/N.’ = N/N&Fe =0&-+1.082=0.226 

8. F./Sk, = a+24876 = 0.185, 11. l/k, = Et x L = X = -in/lb. 

Solve for S, and PI): 

12. S./S = -(Figure 4.1) 

13. Sp= [(S,/S)xS]-[Foxllk,] = ,0.92 x1201-[--x ] = 1ii,. 

14. 1 lo l 4 1 ’ PD = O.l166xSpxNxD* = 0.1166x -x-x 1,52 = 289bweIs per day 

If calculated pump displacement is unsatisfactory make appropriate adjustments in assumed data and repeat steps 1 through 14. 

Determine Non-Dimeneional Parameters: 

16. w = W,xL= 1.833 x 6000 -10998 lbs. 17. W,t;Skr = =+24876 = 0.386 

16. Wrr = W[l- (.123G)] = 10,9981-(~23 x -)] = -Ibe. 1 

Record Non-Dimensional Factors from Figures 4.2 through -1.6: 

18. Fl/Skr = m(Figure7.2) 20. PT/S*kr = 0,28CFigure 4.4) 

19. Fz/Sk, = -(Figure 4.3) 21. FzlSkr = 0. 22 (Figure 4.51 22. T. = =lFigure 1.61 

Solve for Operating Characteristics: 

23. PPRL = W,ri[(Fl/Sk,) x Sk,] = 9590 + [o.~x~J = &.lb,. 

24. MPRL = W,,- [(FdSkr) x Sk,] = 9590 - [o. 24,876 = -596fi-lbs. 

25. PT = (PT/S’kr) x Sk, x s/2 x T. =o& x 24876 x 60 = Lc28,Ib inches ‘r 10 

26. PRHP = (FJ/Skr) x Sk, x s x N x 2.53 x lo.6 =o l 22 Y 24: 876, 10 x 2.53 x lo-6 = 1 6.8 1 20 Y 

27. CBE = l.O6(W,r + 1/2F.) = 1.06x ( +4590/2 ) = 12,598 Ibs. 9590 

EXHIBIT 1 
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