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Introduction

Use field measured dynamometer data to show examples of different
types of forces NOT accounted for by the wave equation.

Forces are:

1. Mechanical Friction

2. Piston Force on polished rod due to tubing back pressure
3. True Vertical Rod Weight.

Mechanical friction due to

1. Over-tight Stuffing Box

2. Down hole sticking due to Severe Dog Leg in wellbore profile
3. Friction from Paraffin along a section of the rod string.

Not Planning to Discuss Mechanical Friction Resulting from Drag
between moving rods/couplings and tubing due to deviation

Condensed Version of
Vertical Wave Equation
Victoria Pons, Ph.D. 2




Downhole Mechanical Friction

Downhole Mechanical Friction impacts the rod
loading measured at the surface.

Mechanical Friction acting on the rods is not
modeled by the wave equation, resulting in the
excess frictional loads and horsepower being
displayed in any plot of the rod loads versus position
below the surface.

If the plunger velocity unexpectedly becomes zero
during the up or down stroke, sticking down hole
may be the reason.

Coefficient of Rod Stretch, Kr, and the measured
surface dynamometer card can be used to identify
the depth to severe mechanical friction that is
causing the downhole sticking.




Normal Rod Stretch

» Coefficient of Rod Stretch, Kr,
is defined as the required load
iIn pounds applied to a
constant area, A, rod of length
L to stretch the entire rod
string length equal to 1 inch.

* Kr (Lbs/Inch) is the slope of
the surface dynamometer
card load versus position,
when the entire rod string
stretches to pickup or release
the fluid load, Fo, applied to
the rods.

KPosition

Pump Card

* Polished rod moves up, X,
inches at the surface to exert Anchored
the spring force, F = Kr x X. Tubing




During Pumping Rod Strings
Elastically Stretch and Unstretch

When a Force, F, is applied to a Sucker Rod

String, then the Rod String elastically stretch,

AL, based on the length, L, area, A, and
Modulus of Elasticity, E, of the rods

Non-Elastic

Stress - F/A

= (F/A) / (AL/L)

Strain — AL/L

AL = FL/(AE)




Wave Equation Models Entire Rod
String from Surface to Pump

For a constant diameter rod string the
Spring constant Kr is defined as
Kr = AE/L

For a tapered sucker rod string Kr =
1/ (L1/A1/E1+ L2/A2/E2 + L3/A3/E3 +...)

If Mechanical Downhole sticking at a point
occurs (like at a dog leg), then the rod string " A2 E2
L2
_

Al E1
L1

from the downhole sticking point to the
surface stretches. A stiffer shorter section of
the sucker rod string is stretching, the rod
string Kr increases.

_
3 A3 E3
If sticking occurs at the red X a shorter L3 I I L3
length would need to be used to determine Kr
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What does this Pump Card Show?

Kr Stroke Length = 144.00 in |

Dog Leg Severity (DLS) 0to 3
degrees/100 ft. — BIG PROBLEM

.u—_.ll"-"—h"h.
quivalent Gas Free Fillage =176.36 in

|
Fo Max =4.62 K

Y Upen ~T w
|
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TV Close MPT = 176.36 in
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Are changes to drilling plans needed?

« Easier to drill vertical
wells:

— Keep dog legs down
— Prevent escapes
— Hit target

 Now most wells are or will
be horizontals and many
drilled from pads to
reduce costs and
environmental impact

 But should there be
changes even if vertical
wells drilled
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15.625- Fo Max

Fo From Fluid Lexel

12.500
9.3754
Zero damping

6.250

3.125

Wave Eqg. Accounts for
Fluid Damping Acting on
Sucker Rods

Zero damping surface and
pump card have same HP

]
0 211.8

Concave in and the damping
coefficient are too high

15.62517

12.500
9.3754
6.250

3.125

Too much dq\mplng

0 Echometer Orﬂ‘We

-3.125

Fo Max

5.625

2.500 %

9.375

OK damping

6.250

3.1254

AN

' ]
0 207.3

When the pump load lines
B-CandD-A are nearly
flat then the proper amount
of damping has been added

|Mechanical Friction: Damping_ 10API 9



Damping - WPRT or PRT

Verify pump card loads on the up stroke and down stroke are flat and

match fairly close to Fo from the Fluid Level and Zero Load Lines. If
not, then surface loads may be in error. If the pump card bows outward
on the up and down stroke then the damping factors may be too low.

TEwr Tmrr wrTE cwr o T W I

Pump Card Analysis Pump Card Analysis
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Damping Coefficients for Viscous Crude

37.50 37.50

Wrf+ Fo M

31.25- 31.25-

0.05 Default Damping
NOT Enough

Damping = 0.22

25.00 25.00

18.75- 18.75 |
FoMa&Xx
12.50" 12-50F-FDmeFJuidLevel
6.25 6.25- ‘
0 o\

204.8

| \ | 330 BOPD 37 BWPD
- Pump Depth = 8892 ft

10 Deg API Gravit | ‘
0.25, 2400 0.25, J | Y 240




“Effective” Treatment Improves Rod
Loadlng & Increases Downhole Stroke

ST T Mechanical Friction Sources:
Paraffin

Scale

Over Tight Stuffing Box
Misalignment

Dog-Leg Severity
Deviated Well

Pump Friction

Crimped Tubing

Other

+Fo Max = 16,05 I{Ih

Before After

Paraffin Decreased
Minimum Load

CoOoONOO RN =

008 . Mechanical Friction Results:

Paraffin Reduced —» * Decreased Loads on Down Stroke
* Increased Loads on Upstroke
 Reduced Downhole Stroke

* Raised Fluid Level

» Increased HP + Reduced Efficiency

Pump Displacement

Stroke: 27 02:42:04 PM
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Unaccounted
Wellbore
Friction

Fo(fl) = 3505
Fo(pc) = 3502
Fo(vc) = 5518

- W %o Lig=27
o (B PIP =268
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Unaccounted
Wellbore Friction

Gin o

Production: 01/07/03
3 BOPD
4 BWPD

LL:08/28/03 01:18:49PM
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~ Pressure Emldup —
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Unaccounted Well Bore Friction:

Friction Affects VValve Load Test

Test Duration  |(Q=02:20| Total Strokes 0 Ay SPM 0.00 ﬁ

W

TV Load too High

16
| T JV‘V-:::I -
14-
) ]
% e
= ]
3 |
124
104
Time UU-:UU I I I UU:IEU I I I UU:I4EI I I 01:00 I | I U1:|2EI I SV Load too LOW I I UE:IEU
— Traveling Valve Analysis — Standing Valve Analysis
Calc. Buoyant Rod Wat. + Fo Max: 1 5_55 Kib Calc. Buoyant Rod Weight: 11 _72 Kib

Measure d Load: 1 5_41 Kib Measure d Load: 1 0_91 Kib
Leakage: 0_39 BEL/D Intake Pressure: 1 8_0 psi (g)

Leakage Interval: 2_80

Calzculated Fluid Load, Fo: 4_50 Kib Auto Loc. ) Show Acceleration Data 15




Excess Well Bore Friction;
Friction Affects Dyno Cards

Feak Load hin Load Power W Replay | | TT Events

Polished Rod | 16.70 k| 9.82 kw/| 3.8 wp
Fump | 4.14 x| =1.10 kw| 3.4 wup

[<| Stroke 1 of 25 |>

Strolﬁ Length =71.43 in Adj Pump Displacerment @ 39 BeLD
Calculated Fluid Load Max| 3,83 kb
Surface Efficiency m——— o
Furmping Speed 5633 spm

Motar to Pump Efficiency ———
Pump Intake Pressurel 18  psi(g)

pampUp| 0.100
PDP = y ]
3122 psi(g) ~ |y : Darnp Down| (0,100

Fo Upstroke too High Aol Filace @ (e oR

- adi EFT @ 38.4 in
o From Fluid Level {Fo FL) = 347 Kibj o2 ax = 383 K

Vilose — Enter Tuhing .
Pressure 40-0 |]5| [g]

S L 000

Fo Downstroke too Low
I 5&1 I . T _
. : . . : : ':PT_51'.21 in | MFT— 52.E4llll :
EIJ EIEI 4IEI I
Stroke: 1 01:45:44 PM clock l Annotations

v
QS

667 psi(g)

PIP FL =
338 psi{g)

N

e

By
®

i

L

Unanchared kKt| 442 Ibfin kri 172 16 l Pump Card Analysis




1y
2)

3)

4)

3)

6)

7)

Unaccounted Friction Indicators

Fluid Level is higher than normal

Surface card shows a vertical change in load at the top and
bottom of the stroke (Extra friction opposite to the direction of
movement is broken by changing the direction of motion of the
rod string)

Pump card should set between the ZERO load line & Fo Max,
pump loads outside this range indicate of unaccounted friction.
SV valve check is low and TV check is too high (Friction is
resisting the lifting the rods on the upstroke and friction is
holding rod load on the downstroke)

TV load immediately drops as brake released (When the
direction of motion changes or the rods go from stopped to
moving the friction force that was being applied opposite to the
prior motion of the rods is broken).

Unaccounted friction impacts shape of pump card: increases
load range when extra friction is not removed by wave equation
calculating the pump card.

Low system efficiency
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From A to B Rods Stretch 64” to Pickup SKr
Kr: Rod String Spring Constant f(Rod Length & Area & Type)

lllustrate Spring Constant - Kr:
A Stuck Pump causes the Change in

Polished Rod Load to be proportional to
Change in Polished Rod Position
PR(load) = Kr x PR(position) + 9000

1 i i — ,* Replay} (E Events}
Polished Rod Load ( Ib ) — Polished Rod Position ( in D e T T
00001 _ (<| stoke1of9 [>]
|
13000: | [
11
. 1] o
_ = 116000 =
3] |z
3 11 2
& £ 4000 | T
PDP = 32| 11 ]
2624 psi (9) % & | | E
& h12000 | |
Stu C k PU m p W/ % | Polished Rod Load
. 110000 | 9188 =«
1 d.00, 9188)
Anchored Tubing || |ue 1 488,808 B | N
PIP FL = L ,E."?i???‘? .TE'T'?f, 9-,0,0]5,9,‘: IIIIIIIIIIIII Polished Rod Position
0- EPT=1.210n opsilo) G, 0 067133 2 267333 4 467533 0.41
|I|||||||I||||||||||||I||||I||||I| {UU ’k—i 's ) — EIapsedTlme rN
0 10 20 30 40 50 60 in| ALl L1l |_Etpsed Time (o) | 0.00 - [

I Echometer Online_Mechanical Friction: StuckPump_Anchored u




Mechanical Friction From Paraffin:
82% of Surface Stroke lost to Rod Stretch

Feak Load Win Load Fower [H F{eplaf [ﬂ Events |

Polished Rad | 25.56 kv | 13.92 k| 2.5
Pump | 10.37 kin| =0.72 xn 2.1

[-:I Stroke 5 of 10 l:-

Stroke Length =10 I Adj Pump Displacement@® | 9

|
| RO d Stretc h Calculated Fluid LoadMax, 9,19 kb
| KI’:111 | b/| N Surface Efficiency ——— O

Pumping Speed @ 30Hz | 5.863 spm
Motor to Pump Efficiency — L4

Fump Intake Pressure 133 psi (o)
DampUp| 0.160
Damp Down 0,160

Adj Fillage @ 19.88 =
adj EFTE| 4.2 in
e reed]_100.0 Jpsito

PDP =
3822 psiig)

N REREENRRRRN .
A CRRRNNNNERNNNNNNF:

P - liTaT=1a
;‘li‘;i' () =P | g MPT = 21.29 in
= . - T T T T T T I T T I T T T T T T T .
1 A i Annotations
894 psi (a) 5 40 60 20 [

Stroke: 3 00:00:50 Unanchored kKt 485  Ibfin Kri 111  ibiin [ Pump Card Analysis 1




Excess Wellbore Mechanical Friction

[ Stroke Lengdr= Kr2.86in |
Rods Stretch, Kr, to Overcome |

Rod Loading from Fluid Load )

| and Mechanical Frict a2
| ”'/ |
e A /

Pump loads outside expected range indicate
friction ypaccounted for by wave equation. | T

74

25—

10T —=svopen,

| I I
Fo From Fluid Level (Fo FL) = 8.25 Klb

I
FLepap card
loads normally

between the
ZERO load & FCP
Max load line

i, T R

After Hot Water Treatment
| Pump Displacement
Increased by 100 BPD

Open
EPT = 65.03 in MPT = 75.43 in

I 1 1 1 I | | 1 I 1 1 1 I 1 1 1 I | | | I

0 20 40 60 a0 100 20




Mechanical Friction — Tight Stuffing Box

Stroke Length =129.30 in ' Stroke Length =129.30 in '
20T +Fo Max =19.09 Kib | 5o JIT +FoMax =19.99 Kb ™
_ |
Wri=1576 K __| Wrf = 15.76 K
DS B -
|| | Z _ | | |
I 115% Higher HP | | |
| mal |l Too Tight || |
: I I I Stuffing Box Friction 200 Ibs I I I
| 9% Glasebd 23 Kibl  FoMaighSonel
_ | | |
- = 6.0 | | - . |
0- PT=107.36in | D——W—ﬂmPT=1DE.QQ in |
L L B I B L N "'II!PT='1:”"3? i'“|' T T |' o I{:I|D:EEI-‘ L "'HFT|='1qg"42| ih |' L |'
0 20 40 60 80 100 120 in 0 20 40 60 80 100 120 in
Stroke: 3 12:16:40 PM clock Stroke: 3 12:45:39 PM clock

I Echometer Online_Mechanical Friction: Stuffing Box




PDP =
3321 psi(qg)

4023 psi ()

PIPFL =
246 psi (g)

What Depth Uphole Does Mechanical Friction

Cause Plunger to Stop at 100" on Upstroke

1 A S T T S L S S S S i

Peak Load Min Load Power {* Replay} .rn Events]
i Polished Rod g e
i 28.62 kv | 11.72 k|| 23.6 wp (<[ Stoke 180121 |7
] Pump | 7.23 k| =1.81 k| 16.7 np ' '
E Kib
\ Stroke Lengfh=146.02 in | Adj Pump Displacement @ | 220 BBLD
i
E I Calculated Fluid Load Max| 5.87 «kib
E 25 Surface Efficiency|  mmm= 9
5 it s FoMax —2Z 34K __ 1 Pumping Speed| 7,895 spm
I
E 20- Motor to Pump Efficiency ——— O
! Pump Intake Pressure| 44  psi(g)
Wrf=16.47 Kib
P T i L | pampUp|  0.140
. | | Damp Down| (0.140
i | | Adj Filage @ 80.45 ¢
10_- | | Ad EFT @ 106.4 in
EnterTubing :
| 25.0 |psilg)
] |gvopen | | S F(J Max 59.81068 | Pressure
5 o]
*; |
| *-VCIose
i EPT =117.64in | |
T X Tl Ll s T L gl L Ty LT
0 20 40 60 80 100 120 140 in
Stroke: 18 04:34:11 PM clock | Annotations |
UnanchoredKt| 818 1biin Krl 214 1viin ( Pump Card Analysis ?

Echometer Online_Mechanical Friction: Stick_Release Upstroke




Polished Rod Moves up 20” to Apply

4280 Lbs Spring Force

— Polished Rod Position | in ) —— Plunger Position { in )

41.39)

140 _ 140”

] 20"{ Kr = 214 Lb/in
12[]—: 120" —} F=Kr*X
— ] 0.00, 102.98)
= 1004 F=214x 20 .
s ] = 4280 Lbs E
E g[]__ f
o ] g
2l |b.6 Seg s
20- | -
: | Plunger Position MUST
o] | be Flat OR Not Sticking!
_ - _ Ellﬂpsle.td T!mel=3§.3:33 Sec . — ——— —
0 1.667 3.333 5 6.667
& Combine L &R fxes { Elapsed Time (sec)



When Kr of Rods from Surface to Depth

Equals Slope of Surface Load vs Position

FPeak Load hin Load Fower l! F?.epla'_.,r: lﬂ Euents:
Polished Rod | 28.62 k|| 11.72 kin| 23.2 wp (< Stroke 18021 |>]
Purp | .23 k| =1.78 k|| 16.6 wp J
Kib
Stroke Lengitll=14ET.DE in i Adj Pump Displacement @ 219 BBLD
] | | Calculated Fluid Load Max| 5,87 kb
25—_ KI’ — $39 Surface Efficiency -—— Y
_ | Fumping Speed @ 30Hz ?360 spm
2[]__ Motor to Furnp Efficiency m——— O
| FPump Intake Pressure 41 psi (g)
15_: | v pampUp,  0.140
IR LOPdh | Damp Downl (J.140
‘0. BTOSF’?SW L Adj Fillage @ 79.95 ¢
1 u
o L‘ e nai T @ 106.0 in
pen ! Enter Tubi .
s — T ——— — e G Veressurel  25.0 [psilg)
_ Plunger Moves Quickly :
0- EPT = 118.19in - |
T C'IDE'E L L L ] MF'T:Td |'EE’FI“'Ir T 'l
0 20 40 60 80 100 120 140 in l Annotations
Stroke: 18 00:02:16 Unanchored kil 8418  1bin kil 214  ibin l Pump Card *‘5*”3|‘.'rr5:'241




When Kr of Rods from Surface to Depth

Equals Slope of Surface Load vs Position

Peak Load hin Load Power l! F?.epla'_.,r1 lﬂ Events |

Folished Rod | 28,62 k| 11.72 k| 23.2 up < | Stroke 18 of 21 ‘:-:
Purp | .23 k| =1.78 k|| 16.6 wp J

Kb

StmheLeng{th 14 02in Adj Purnp Displacement @ 219 BBLD

Calculated Fluid Load Max| 5.87 kb

25
] Kr = ?P39V‘|I Surface Efficiency ——
] = Purnping Speed @ 30Hz | 7 _BB0 =om
207 Kr - Lbs/In
500 1000 1500 2000 2500

] 0
15
| \/_/ﬁ 1000 pe——
] D
U

10

g
: Plunger Moves Quickly —— & g5, Kr=330.0Lb/in
1 Eg 6000 for Rods Sticking
0 ] EPT = 118.19 |“=| at 5109 Ft.
_n C.IDE.E, S I I MPT = 1. © 7000 ——]
0 20 40 60 a0 1[][] 8000
Stroke: 18 00:02:16 Unanchored Ki 818 I
- 9000 25




[ )
O C O U Jadlu d O JKEC U ®
0 E 0OPS Due 10 Da olls 0
C e Kib
Stickin g. 18- Stroke Lengih = 126.07in
_ | |
Pump Stops, . S
Rods Stretch, then _ N
Plunger Moves [N R
Horizontal Departure (ft) B - | | | |
o0 we oo te0 2000 0 ||
' ] [ ;
500- : 104 7.97,93 H I . I
] o ‘
_ | ] U ot Equivalent GasﬁeeFillageﬂﬂE.w in || |
1000-] e
] | ] 1] ] |
. ] 1
3 1500 | 8- [\ | |
g ] - |
8 o T Komak-amkb
3 | 4] [072 366)
E 2000 |
I
I
4 | 2_
2500 e
L
| ] Q'U{"Inqp e N :
| 0 PT=107.03 in
30001 ump | L | \""""""_ I —_ - . M.PTT"?’.'HE in_|
0 20 40 60 a0 100

Echometer Online_Mechanical Friction:

StickStickStick




Plunger Stops During Up and Down Stroke

Due to Downhole Sticking

Feak Load Min Load P et [H Replay [E Events |

Polished Rod | 17.86 k| 4.98 kn| 12.1 up
Purmp | 9.34 k| =0.37 ko 11.1 wp

[ﬂ Stroke 1 of 116 I"

Kb
18 Stroke [Ength £ 126.01in T Adj Purp Displacement @ 248 eeLD

] | - |

o I

I | | Pumping Speed @ 30Hz| 5,17 2 spm
| |
| |

Calculated Fluid Load Max| 4,42 Kb

Surface Efficiency JE—— o,

14_- || Motar to Pump Efficiency ———

] || Pump Intake Pressure| 323 psi(g)
" I pamaUp 0.074
I } Damp Down| 0.074

| —_— ndi Filage @) 90.21 %

I ————

] |
1 |- ‘ | adi T @ 102.8 in
iy 1 o e Equivalentra\as Free Fillage = 106.19 in I | | E”TEfTUhi”G_m ;
1711 psi (g) . ' || | Pressure psi (g)
L4 | |
p 72 (-
\ | |
15 psi (g) *‘JClOSE vOpen
PIPFL= T T T T T T T T T T T T T T T T T T T T Mp-lr=11'$|92'i" T T T B
il :g_} 0 20 40 60 80 100 120 in [ Annotations
Stroke: 1 00:00:58 Unanchored Kt| 42060 1bin kil 366 Ibin [ Pump Card Analysis

27




Plunger Position Flat When Stops During Up
and Down Stroke Due to Downhole Sticking

PDP = . - [* Replay\ [E Events |
1711 psifg) | i i B [< | Stroke 1 of 116 |>"

Pump Load

CK 0.24
(0,97, 0.24)

Pl Positi 0.97i e
Plunger Position = 0.97 in L= T e * %

T T
20 40 60

Fump Load ( Kb )

! Plunger Position

F'Iung.erF'nsitinn {in} 1 097 in| | )

~—— Plunger Position { in ] — Plunger Velocity { in/s )

[==]
=
M

Plunger Position

0.97

PIPFL= L ] B [ Plunger Velocity

opsito) ) T s ® ® i B B Rudhy B B Rgh B Bl -11.807 e

HI“ [ — o000 -8

Y
=
1

Flunger Fosition ([ in )

2779 psi (g)

[=r]
=
|
[ spul ) Ayoojaps, Jabun|g

-0.000, -11 807




Static vs E |
Kinetic g ,’i
Friction /

10 sodae et

0.0 = _¥ Time (s) = 10.0

« Coulomb's Law of Friction: Kinetic friction is independent of the
sliding velocity. (Is deviated wellbore model ignoring static friction
and only looking at Coulomb/Kinetic friction?)

 Static friction is friction between two or more solid objects that are
not moving relative to each other. For example, static friction can
prevent an object from sliding. The coefficient of static friction,
typically denoted as us, is usually higher than the coefficient of
kinetic friction

« Read https://en.wikipedia.org/wiki/Friction




What Depth Is Excessive DH Mechanical

Friction lo Applied to Rods
I

40+
Top Taper  Taper 2

Il il i ey - gl e L e I

: |

WizZ2otke ™, e | L

|

' |

: |

10_- ————— —_— ____F_UF.’H_Kﬂ].ﬂK_l!D_

_ Mechanical |

I Friction Expected :

o L I Fluid Load

' ‘ _, I N _ EPT=10471in L . | L
e

L T L L L
40 60 20 100 120 140 160 in
Taper 4 Tapers [P clock Unanchored kt| 447  Iblin kil 142 ibiin

Taper 3

Hod Type EL ~ EL ~ EL ~ 5B ~ 5B -
Length [3162.00 | [4125.00 | [3025.00 | [32.50 300.00 Unaccounted Friction Ratio
Diameter 1.000 - 0.875 - 0750 ~ 1.000 ~ 1.500 -~ UFR =1.48

Weight [9145.1 9124.4 4910.9 94.0 1958.9
Echometer Online_Mechanical Friction: StickFriction_wRodPart 30




Excessive DH Mechanical Friction BUT

NO Production to the Surface

____________ SILQHM&LEMIIIi’IEi&.D[L'LII%_____

Measured Kr = 30000 rf+ Fo Max = 32829 Ib |
(27430-16670) /| - « Rods Kr = 142
(7.28-0) |
= 1478 Lb/In  |z0ed

] |
: |
1 |
DH Mechanical w000} - | FoMax=10815b

Friction Applied

222141

where Rods Kr ; Excessive DH 4 Fo= 0OLb
= 1478 Lb/in Kr | ¢ ~——Mechanical Frictionf |

Measured
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Point? Where DH Mechanical Friction

Applied: Rods Kr = Kr Measured
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Point? Where DH Mechanical Friction
Applied: Ros Kr = Kr Measured

_Stroke Length = 168.00 ul_l

_MeaSUI"ed Kr = rf + Fo Max = 32829 Ib
- «w Rods Kr =143

1478 Lb/In

w2214

Friction Not Applie
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— —— T — T ——
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Weight (9145.1 9124.4 4910.9 94.0




Point? Where DH Mechanical Friction
Applied: Rods Kr = Kr Measured

30lfbo
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Friction Not Applied
at End of Taper 2

0 ——
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Rods Kr = 233 Lb/in

Veight (9145.1 9124.4




Point? Where DH Mechanical Friction
Applied: Rods Kr = Kr Measured

Measured Kr =
1478 Lb/In

3162*631
[1478=
1350 ft
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15000]
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5000 |
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Taper 4
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Diameter 1.000 -

Weight [9145.1

Rod Length = 3162 Ft
Rods Kr = 631 Lb/in




Point Where DH Mechanical Friction
Applied: Rods Kr = Kr Measured

308bo

l\/IeaSUFed KI" = ] (K'r\————’\ Stroke Length = 168.00 in
1478 Lb/In \w\

2500(1: [ m
g | Rods Kr = 1479

Severe Dog _
Leg at 1350 ft ﬁum‘:wﬁm.napmnﬁzm
IS location '

where DN |"™
Mechanical ]
Friction is Wrf=34371b

_ Friction is Applied
5000 @ 1350 ft inTaper 1

Applied

0

Top Taper  Taper 2 Taper 3 Taper 4 Taper &

Rod Type EL + NONE =+ NONE NONE NONE Partial Taer 1
Length [1350.00 Rod Length = 1350 Ft

Diarmeter 1.000 Rods Kr = 1479 Lb/in

YWeight [3904.5
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1.96 Dogleg Severity @ 1371 MD (ft)
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1.96 Dogleg Severity @ 1371 MD (ft)

Horizontal Departure (ft)
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When the pump card slopes -

“backwards” (red lines) then that slope
is the indication of the a mechanical
friction force acting on the sucker rods,
but not at the pump. The “backwards”
slope is result of the wave equation
calculating what the up hole mechanical
friction force should look like if it were
applied at the pump.

If the sucker rod used in the wave
equation to calculate the pump card are
removed from the bottom of the rod
string, then the “backwards” slope of
the pump card will become a vertical
load at the length of rods where the
mechanical friction force is applied.

As the rod string length is shortened ,
the Kr line will become steeper and
match the slope of the surface
dynamometer card when the length of
rods equals the depth to the point
where the sticking force is applied.

30—

Stroke: 59 00:30:04 StroKr Length = 168.00 in |

?ﬂ—|

104
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J ™ ™1 L AL L L L I AL L L !

0 20 40 60 80 100 120 140 160



Deviation survey shows Doglegs greater than 3 degrees at 2600-2750 ft

Tool Survey Incl AZ] CL ™D DLS BldRate | WikRate | BRN
No. Type Depth (") (") (ft) (ft) (*11007) =11007 | 100y | oo
18 [MWD 1700 0.63 12511 100 1698.78 0.62 0.69 4.8 0.33
19 [MWD 1600 6.46 126.69 100 1798.22 0.92 0.83 3.0 0.36
20 MWD 1900 7.9 13067 100 1897 .48 1.06 1.04 1.8 0.39
21 |MWD 2000 6.62 134,61 100 1996.49 1.25 112 3.9 0.43
22 |MWD 2100 9.72 136.69 100 209521 1.29 110 4.3 0.46
23 MWD 2200 1113 142 .25 100 2193.56 1.53 1.41 3.4 0.50
24 |MWD 2300 1243 14518 100 229145 143 1.30 29 0.54
25 |MWD 2400 14 .37 14915 100 2386.73 215 1.94 40 0.60
26 |MWD 2420 14.75 14905 20 2405.09 1.90 1.90 0.5 0.61
27 |MWD 29712 14 95 14918 152 2955.01 013 0.13 0.1 0.58
28 |MWD 2605 13.72 14953 33 2086.96 3.74 373 11 0.53
29 |MWD 2699 11.61 1497 94 267569 220 2.24 0.2 0.43
30 MWD 2131 11.61 149 .44 32 2710.03 0.16 0.00 0.8 0.43
31 MWD 2762 11.75 149 68 31 2740.39 062 0.55 1.4 0.43
32 MWD 2856 6.79 146.69 94 2632 .67 3.23 318 3.2 0.31
33 MWD 2951 2.99 14368 95 2927 07 298 -2.95 3.4 0.20
34 MWD 3045 4.31 13714 94 302069 1.69 1.79 7.0 0.14
35 MWD 3139 4 66 146.72 94 3114 40 0.68 0.37 10.2 0.15
36 MWD 3234 3.69 15419 95 320915 117 -1.02 79 0.11
37 MWD 3326 1.85 150.49 94 3303.04 1.97 -1.96 3.9 0.06
38 MWD 3422 0.53 236.72 94 3397.02 201 -1.40 91.7 0.02
39 MWD 3017 114 278.64 95 3492 .01 087 0.64 44 1 0.03
40 |MWD 3611 1.58 27396 94 3085.96 0.48 0.47 5.0 0.04




Kr line has become steeper and - <iroko Toonh 65005
matches the slope of the surface 19750 ft of 1”
dynamometer card when the 2750 ft | Kr=726 Ibs/in
length of rods equals the depth to the
point where the sticking force is
applied.

Sticking mechanical force appears to ]

be approximately equal to 7000 Ibs. TR LA,
The 17rod string stretches 7000/744= 9 -
inches to over come the 7000 Ibs force
applied at 2750 ft. [auivalent Gas Free Fillage = 93

Depth to the location where the ' o From Fluid Level (Fo FL) =B.
mechanical sticking force is applied is '
2600-2750 ft. This mechanical sticking
force causes the surface loads to be
approximately 7000 Ibs higher.

Pump stroke is shorter. The pump card - Pump Stroke
to the right at 2750 ft has a max stroke i el 18” Shorter 1
of 150 inches and the surface stroke is ' \-/ C

168.

Sy =S .
_EPT=9346in | MPT-150.33in | |
0 20 40 il 20 100 120 140 160 in

Stroke: 59 02:56:58 PM clock 41




True Vertical Depth (Tt)
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v

7074.4 3204.0 2284.6

Weight [10368.5
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Observations — Mechanical Friction

* Rods stretch to pickup Fluid Load

* Rods also stretch to overcome downhole mechanical
friction

* When rod, Kr, spring force exceeds the down hole
mechanical friction force, then rods and plunger can move

« “Effective” Treatment of paraffin friction “should” show
change in rod Loading, pump stroke, and/or horsepower

» Dogleg severity and stuffing box friction are mechanical
friction forces that are applied at a point in the well

« Wave Equation will calculate EXTREMELY unusual pump
card shapes, when mechanical friction forces not applied at
the pump occur somewhere else along the rod string

* Dogleg severity limits should be enforced when the well is
drilled

« Severe Doglegs in the upper section of the well should
be avoided, because of resulting extreme mechanical
friction forces being applied to the rod string

43
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Dog Leg Severity (DLS) had been used as
recommendations to drill oil and gas wells

 Dog Leg Severity (DLS) Recommended Limits:
= Provide "trouble free" operating conditions

Historically based on vertical, shallow (<5000 ft.) deep
wells

With the current drilling and operating practices of
deviated and/or horizontal wells, these
recommendations may no longer be applicable

Deviation measurement interval (degrees/100 ft.) may no
longer be representative of downhole problems using
existing rod string design software

Paper provides new recommendations for drilling wells for
better, longer term, less problematic operation of operating
Sucker Rod Lifted (SRL) vertical, deviated and horizontal
wells

“DOG LEG SERVERITY (DLS) AND SIDE LOAD (SL) RECOMMENDATIONS TO DRILLING”, Hein & Rowlan, SWPSC 2019

a4



Dogleg severity friction is mechanical friction
forces that are applied at a point in the well

* For vertical wells previous Rule of Thumb if Dog Leg
Severity (DLS):

— Deviation 0 to 3 degrees/100 ft. — no problem '@#$%" &

— Deviation 3to 5 degrees/100 ft. — increased wear &
friction

— Deviation >5 degrees/100 ft. — will have problems
(doesn’t mean can’t pump, just extra precautions may
be required or may have increased operating costs,
faillures, decreased run time/life, etc.)

 Now, with improved deviation measuring equipment

— Degrees per 100 ft. are not be sufficient to provide
accurate impact of a dogleg

— Best to run tubing gyro surveys at 1 foot intervals then

process to the rod string design program interval limit

45
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Recommended Dogleg Severity
Limits to Control Drilling a Wellbore

Dogleg Wellbore Location
Severity (Deg Above Kickoff
0 to 1,500 feet
1,500 feet to 25% of distance to Kickoff
25 to 50% of distance to Kickoff
50 to 75% of distance to Kickoff
75% to 50 feet above top of pump

<1.00 50 feet above top pump to Kickoff

Use predictive rod design software to limit the degree
of Dogleg Severity to calculated side loading acting on
a 25 foot rod to be less than 200 Ibs.




Use TVD Rod Weight in Fluid Because

621 Lbs of Wrf Resting on Tubing Side

Kih Horizontal Departure (ft)
mlﬂ [ Stroke Length = 94.90in | 0 500 1000 1500 2000 2500
Wrf+FoMax=1855Kb /™~ i e B e ey P
| |
15 | Wrf = 13460 Lbs
- | Wrf = 12839 Lbs (TVD)
Wrf=1284Kb | _ A |_ 2000
|
|
10- | | 3 Standard API 1.5”
| | g Diameter Sucker Rod
e N Pump Set 800 Ft into
Ll ____:|r —folfax-s720m_ $ Horizontal Section
5 - g
Normal | >
appearance :
_ and loadings | _—
: ST ; W 7439.0 MD ft
(% oramel :kﬂmp 6942.9 TVD ft
0 20 40 60 80 im 11
Stroke: 41 11:32:09 AM clock :




Pump Card NOT Positioned Correctly Without

Correction for TVD Wrf and Piston Force

Kib Kib
[ Stroke Length = 94.90 in | 20 [ Stroke Length = 94.90 in |

rf+ Fo Max = 19.55 Kib

20
‘Lﬂﬂ + Fo Max = 18.55 Klb

154 15

JWrf=12.84 Klb

10
10
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V' Close

' |

sl | ____T ______ _ |
_ | - | |
- | - | |
: | ' | |
_ | ‘ |
| |

| |

0 / Open | 0.00,0.00) Open
- W . Close

EPT=54.02in | EPT=54.02in |

Stroke: 41 11:32:09 AM clock Stroke: 41 11:32:03 AM clock




High Dog-Leg or Kick Off Bad for the
Environment? Pad Drilling ~ Bad?

Load(K-Lbs] vs Position (in) Load{K-Lbs) vs Position (in) P
20.00- 1563- Jnaccounted Friction Ratio
IWif + Fo Max = APL / Fo FL
17.50 4 1 -~ UFR <=1
- 12.50-
15.00 +
12.50 9 38
10.00 +
Expected = Fo 6.25-
7'5°‘F Fluid Level (Fo FL) |
1F0O d X
5.00_:::::::::::::::::::::: _____ m-Eluid Level goMax 8 . FoFrom-Fiuid-Level

343 T J=--=

2.50- UFR =1

EI' 1
5
’ | 61.5 ' G\F?
- Actual Pump Load - AIbL

2.305 ' ' 91.9 -3.13

0 74.0

Kr |193 Ib/in Kt |432 Ibfin  Dyna Card Options... Ke W Ib/in @t [1226  Ibsin Dyna Card Opti 52




Applications

Polycore™ High Density Polyethylene Liner

Polycore™ is a High Density Polyethylene (HDPE) liner with added proprietary lubricant, manufactured
with the most current material formulations & extrusion techniques. As a result, the extremely smooth &
highly abrasion resistant liner achieves excellent flow characteristics and elimination of rod on tubing wear.
Mechanical & handling damage are eliminated as compared to IPC coatings. Polycore is chemically inert
to most cormosive agents. Polycore is mechanically bonded to the ID of tubing and is tolerant to surface
imperfections of even used tubing, unlike adhesive based or thermoset liners & coatings.

Maximum Temperature 65°C (0il) 75°C (Water)

Enertube™ Polyolefin Liner

Enertube™ is manufactured from a specially formulated blend of Polyolefins, and has similar
mechanical properties to our field proven Polycore™ liner with a moderate increase in tensile strength
and temperature resistance. This second generation liner is specifically designed to limit (not prevent)
permeability of acid gas such CO, and H,S. Enertube™ is a seamless mechanically bonded liner
providing a smooth tubing surface.

Maximum Temperature 100°C

Ultratube™ PolyPhenylene Sulphide Liner

Ultratube™ is a patent pending liner manufactured from a proprietary blend of PolyPhenylene
Sulphide thermoplastic resins; specially formulated for use in aggressive downhole oil and gas
production environments. This third generation liner has a significant increase in temperature stability,
tensile strength, abrasion, and chemical resistance. The innovative polymers in this liner offer the
broadest range of resistance to solvents, steam, strong bases, fuel and acids. Ultratube™ is
specifically designed to limit (not prevent) permeability of acid gas such CO, and H.S.

Maximum Temperature 175°C

Extremetube ™ Thermoplastic Liner for Extreme Conditions

Extremetube™ is a high performance liner for the most extreme operating conditions. This unique
liner is made from VICTREX® PEEK™ Polymer and is the highest tensile strength and highest
temperature liner available. Extremetube™ is an excellent alternative to corrosion resistant alloy
(CRA) tubulars and offers protection against corrosion and wear problems under the most severe
environmental conditions.

Maximum Temperature 260°C




TVD Rod Weight Observations

1.

TVD Rod Weight Adjustment Positions the pump on
zero load line reasonably well in horizontal wells

Mechanical Rod on Tubing Friction in horizontal

wells low because rod load is typically low below
kickoff

. Setting the pump below the kickoff point increases

downhole failures

Pump set in the curved section results Is 3x more
fallures, set pump in horizontal section results in
2X more failures; than setting pump above kickoff
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Conclusion

« Pump card is the “Trash Can” for Mechanical Loads NOT
applied at the Pump.

 Forces discussed.:
1. Mechanical Friction
2. Tubing Back-pressure Piston Force on polished rod
3. True Vertical Rod Weight.

 Mechanical friction due to
1. Over-tight Stuffing Box

2. Down hole sticking due to Severe Dog Leg in wellbore
orofile

3. Friction from Paraffin along a section of the rod
strong.

« These external forces impact measured surface loads,
down hole stroke length, horsepower and plunger
velocity, plus calculated rod loading at the pump or other
locations in the rod string.
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Horizontal Well
Downhole Dynamometer Project Update

» Directly measured load and
position data is required to
validate and improve the
accuracy of the existing
software for deviated wells

* A new generation of down-hole
sensors are required to gather
true measured forces and
stresses

« This data will be used to
improve design software for
rod systems

« Participants in the project will
have first access to data,
results, and developed tools

January 17, 2018 HWDDDA Project Update 63



Horizontal Well Downhole
Dynamometer Project

Tools

» Placed along the rod string for
collecting and storing data on-board

» Location of tools to be determined by
deviation survey

Sensors:

« 3 axis accelerometer — position &
relative gravity vector

* Multiple load cells — linear loading,
plus bending and compression

* Pressure, temperature, vibration, etc.

« Synchronized clocks — for correlating
data across multiple tools

January 17, 2018 HWDDDA Project Update 64




