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Abstract — A modern methodology has been proposed for the system design of dynamic behavior in
order to provide the accurate pertinent analysis of CoalBed Methane (CBM) pumping installations.
Dynamic hanging loads on polished rod can fully reflect the kinematic and dynamic characteristics
of CBM pumping installations due to their combined action of the inertial hanging loads with the
loads generated by vibration and hydrodynamic friction phenomena. The practical dynamometer
cards were determined by computing dynamic hanging loads with the increments of stroke length.
The interpretations of results show that the maximum errors of within 2% between the calculated
and measured values are obtained with the comparison of calculated hanging loads by American
Petroleum Institute (API), Schafer, Gibbs and proposed method. The ratios of inertial and vibration
to polished-rod load are relatively high in producing CBM wells and calculated to be 10% and 8%,
respectively. And the inertial and vibration hanging load ratios decrease rapidly for two-phase CBM
wells. Moreover, the effect of friction loadings on polished rod is more obvious than that of inertial
and vibration hanging loads for single-phase gas CBM wells. The total deformations of rod string
and tubing are within 15% of polished-rod stroke length in producing CBM wells. And the dynamic
loadings enhance the imbalance of hanging loads and improve the power consumption of CBM
pumping installations. The total hanging loads on polished rod are variable in a large scale for the
pumping prophase and single-phase water CBM wells and the variation range of dynamic hanging
loads is much lower for the two-phase and single-phase gas CBM wells.

INTRODUCTION

Nowadays, the most common method of artificial lift used
for CoalBed Methane (CBM) production is the sucker rod
pumping installation. Sucker rod lift is used in more than
95% of artificial lift wells by China National Petroleum
Corporation (CNPC). The dynamic behavior of the polished
rod is developed to illustrate the operating potential of CBM
pumping installations and provide the reasonable basis for
designing and selecting the pumping installations [1, 2].
Predicting and analyzing the dynamic behavior on polished
rod during CBM production is very complex by considering

the wide variety of design variables available and the prob-
lem in coupling the performance of pumping installation and
producing CBM well. For the present practice, many authors
have developed approximate computational formulas for the
computation of dynamic loadings on polished rod based on
the analytic approach of conventional oil/gas fields [3-6].
And four methods available have generally been used for
the operators to predict dynamic loadings on polished rod
for the specific pumping installation. American Petroleum
Institute (API) offered a complete solution of the rod motion
problem [7, 8]. But this method had limiting assumptions
such as simplified polished rod motion and full pump.
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And the predicted values of polished rod loadings were
higher than the measured ones. Schafer’s method [9] was
applied to the oil wells and the results showed that it could
provide a basis for oil/gas field development. However, this
method, if applied to the CBM wells, neglected the liquid
column pressures, the behavior of rod string and the friction
force. The Gibbs’s method [10, 11] solved the partial differ-
ential equations with a numerical simulator, and considered
the motion of the well liquid, the rods and the surface unit
with a slipping prime mover. But this method usually solved
the problems with the limit of short stroke and low pumping
speed. Firu and Xing’s method [12, 13] made a number
simplifying assumptions including the simple harmonic
motion, and neglecting well liquid inertia and damping.
And this method gave a poor accuracy of maximum polished
rod loading.

In those methods, the vibration behavior of rod string and
the interaction forces among rod string, tubing, pump and
well liquid in the wellbore. And these relationships generally
modified and applied a variety of simplified assumptions and
theoretical analytic approach, or just used empirical formula
of conventional oil and gas fields to calculate the extreme
limits of the operational parameters. Therefore, these simpli-
fied modeling procedures, if applied to the producing CBM
wells, could not help one to identify the specific phenomena
that occur during the production and do not give the desired
results to predict dynamic behavior of the polished rod.
The reason is mainly that there exists the differences
between conventional gas formations and CBM well condi-
tions [14, 15], including shallow well depth, low water
production, high dynamic fluid level, short stroke and pump-
ing speed dropping down rapidly. Another aspect to consider
is that the dynamic behavior of polished rod for CBM pump-
ing installations has not been further developed and the
available procedures do not provide the desired accuracy
of the system designing and its pertinent analysis. The com-
mon problems, such as large capitalized cost, non-matching
equipment, catastrophic failure and sanding up, emerge in
producing CBM wells and thus decrease efficiency of the
pumping system.

In order to improve the efficiency of pumping system and
illustrate the operating potential of CBM pumping installa-
tions, the sucker rod pumping mechanism was furnished
with some type of counterbalance system. The kinematic
and dynamic analysis of CBM pumping installations and
polished rod loadings were developed based on the specific
CBM well conditions along the rod string stretching over a
wider range. And the dynamic hanging loads on polished
rod at each point during the pumping stroke cycle were com-
puted by combining the following categories of loadings: the
static and inertial loads and the loads generated by vibration
and hydrodynamic friction phenomena. Then the accurate
dynamometer cards were determined by computing the

dynamic hanging loads on polished rod for the different
phases of CBM producing process.

1 MODEL DEVELOPMENT OF POLISHED ROD LOADINGS

The function of CBM pumping installation is to convert the
rotary motion of the prime mover and gearbox to the vertical
reciprocation motion of polished rod. To implement the
process of design calculation, the models must be developed
to describe four primary components of the polished rod
loadings for producing CBM wells. They are the static
hanging load, inertial hanging load, vibration loading and
friction loading. And the following paragraphs present these
modeling procedures of the four components.

During one complete pumping stroke cycle, the opera-
tional parameters of CBM pumping installation can be
calculated as a function of time, variable which can reach
peak and minimum values. The pumping stroke cycle can
be divided into four phases including the deformation period
of rod string and unanchored tubing, the upstroke period, the
deformation period of rod string and tubing and the down-
stroke period. And the polished rod position, SA, velocity,
vA, and its acceleration, aA, at the various crack angles u
can be found based on the exact kinematic analysis of pump-
ing installations [16, 17].

1.1 Design Calculation of Static Hanging Loads

The static hanging loads on polished rod are caused by the
weights given by the sucker rod string (FR) and column of
well liquids (FL) in CBM wellbore, and the pressures on
plunger imposed by column of well liquids (FH) [18, 19].

The rod string suffers the buoyancy force of well liquid in
CBMwellbore during the downstroke period, and the weight
of rod string F 0

R can be calculated as the product of the rod
weight of unit length in well liquid, q0R, and the total rod
length, L. The polished rod suffers the hanging loads which
are caused by the weights of column of well liquids in the
wellbore FL during the upstroke period. Besides, the pol-
ished rod suffers the hanging loads caused by the pressure
drop at the level of CBM pumping installation (rod string
and pump). The fixed valve of downhole pump is unfolded
and the pressures on plunger are imposed by the column of
gas and water during the upstroke period. However, the fixed
valve is closed down and there are no hydraulic forces on the
plunger during the downstroke period. Then the gross fluid
loads FH acting on the plunger can be found by the formulae
given below:

FH ¼ AH qmghC þ pGð Þ ð1Þ

Therefore, the static hanging loads can be calculated in
terms of the loads mentioned above. And the variation of
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static hanging loads during the upstroke, FJS, and the down-
stroke, FJX, as a function of the length L and pressure pG can
be computed as described below:

FJS ¼ qRgLþ AH � Að ÞqwgL� AH qmghC þ pGð Þ
FJX ¼ F 0

Z ¼ q0RgL

�
ð2Þ

where A, AH are the cross-sectional areas of rod and plunger,
respectively, hC is the submergence depth in wellbore, pG is
the pressure on dynamic fluid level, qZ is the rod weight of
unit length, and q, qm, qw are the densities of rod, fluid in
annular and well liquid, respectively.

1.2 Design Calculation of Inertial Hanging Loads

The inertial hanging loads on polished rod are the loads
which the polished rod suffers during the pumping stroke
cycle [20, 21]. The inertial hanging loads are mainly
caused by the moving weights given by the sucker rod
string and column of well liquids in CBM wellbore. And
the inertial forces can be calculated as the product of the
moving weights and the polished-rod acceleration. Column
of well liquids makes the motion following with polished
rod during the upstroke period, while it does not move
with polished rod during the downstroke period. Conse-
quently, the inertial hanging loads on the upstroke, FQS,
and the downstroke, FQX, as a function of the length
L and acceleration aA can be determined by the formulae
given below:

FQS ¼ qA 1þ qw
q

� AH � Að Þ2
A AG � Að Þ

" #
aAL

FQX ¼ qAaAL

8><
>: ð3Þ

The inertial hanging loads of column of well liquids in
CBM wellbore, FQL, can be calculated as follows:

FQL ¼ AH � A

AG � A
g�1aAFR ð4Þ

During the pumping stroke cycle, the polished-rod accel-
eration is continuously variable as a function of crank angle.
And thus the magnitude and direction of inertial hanging
loads are also variable which can reach peak and minimum
values. The peak inertial hanging loads FQmax during the
upstroke and downstroke period can be calculated as the
sum of the mentioned loads.

FQSmax ¼ 5:48� 10�3 1þ Cð ÞK
g
FRn

2S

FQXmax ¼ 5:48� 10�3 FR

g
n2S

8>><
>>:

ð5Þ

where n is the pumping speed, and S is the polished-rod
stroke length.

The factor C indicates the inertial hanging load ratio of
column of well liquids in CBM wellbore to sucker rod string
and can be described, as follows:

C ¼ FL

FR
e ¼ qw

q
AH � Að Þ2
A AG � Að Þ ð6Þ

In order to describe the maximum polished-rod
acceleration ratio of actual value a0max to ideal one amax, a
factor K is presented. This factor is just a function of
structural parameters for CBM pumping installations and
defined as follows:

a0max ¼ K � amax ¼ 1þ r=lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r=bð Þ2

q � p2

1800b
n2Smax ð7Þ

where b is the distance between saddle bearing and equalizer
bearing, l is the length of pitman, r is the length of crank,
Smax is the maximum stroke length, and e is the area ratio
of plunger to tubing.

And the factor e is given to illustrate the reduced
acceleration of well liquids caused by the enlarging cross
section of tubing.

1.3 Design Calculation of Vibration Loadings

The vibration behavior of sucker rod string is complex.
The vibration loadings are the results of changes in acceler-
ation during the pumping stroke cycle. And the rod string,
belonging to elastomer, can be regarded as a long spring.
The wave equation is ideal for the purpose because the prob-
lem at hand involves the propagation of waves in a continu-
ous medium [22, 23]. And it is a linear hyperbolic
differential equation that describes the longitudinal vibra-
tions of a long slender rod string. Then the vibration of
sucker rod string can be approximated based on the wave
equation viscous damping.

@2l x; tð Þ
@t2

¼ C2
E

@2l x; tð Þ
@x2

ð8Þ

The initial and boundary conditions are defined as
follows:

ljt¼0 ¼ 0;
@l
@t

����
t¼0

¼ �V
y

L

ljx¼0 ¼ 0;
@l
@x

����
x¼L

¼ 0

8>>><
>>>:

ð9Þ
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where CE is the propagation velocity of elastic longitudinal
wave, t is the deformation time of rod string, V is the relative
velocity for the lower end of rod string, and x is the length of
rod string.

Based on the separation of variables, the solution of the
wave equation with the limits of the initial and boundary
conditions can be determined as follows:

l x; tð Þ ¼ �8V

x0p2
X1
n¼0

�1ð Þn
2nþ 1ð Þ3 sin 2nþ 1ð Þx0t

� sin
2nþ 1

2
� px

L

� �
ð10Þ

Then the motion of sucker rod string can be evaluated and
the vibration loads, FV, can be calculated by the following
equation.

FV ¼ �EA
@l
@x

����
y¼0

¼ 0:81
EAV

CE

X1
n¼0

�1ð Þn
2nþ 1ð Þ2 sin 2nþ 1ð Þx0t ð11Þ

where E is the elastic modulus of rod material, and x0 is the
circular frequency.

The vibration of sucker rod string results in a positive
net loading on polished rod during the upstroke period
and a negative loading during the downstroke period.
And the vibration loads gradually decrease during the
pumping stroke cycle because of the resistance in CBM
wellbore. And thus the peak vibration load FVmax caused
by unconstrained longitudinal vibration occurs where
x0t = 0.5p during the deformation period of rod string
and tubing and can be calculated by the formulae given
below:

FVmax ¼ 0:105
nLA

CE
FJS � FJXð Þ 1

A
þ 1

AW

� ��

� q CK þ K þ 1ð Þ
365

n2SL

�
ð12Þ

where AG, AW are the cross-sectional area and wall area of
tubing, respectively.

1.4 Design Calculation of Friction Loadings

The friction loadings on polished rod are composed of the
interaction forces among sucker rod string, tubing, pump

and well liquid in CBM wellbore. The interaction forces
between sucker rod string and tubing, F1, are within
1.5% of the rod weights based on the statistic data for the
producing CBM wells. And the semi-dry friction forces
between the plunger and pump barrel, F2, can be approxi-
mately determined by the formulae [24, 25]. And the friction
forces, F3, are caused by the rod string and well liquid during
the downstroke period [26]. The maximum value can be
determined in terms of polished-rod stroke length S and
the viscosity of well liquid lw.

F3 ¼ 0:33lw
K2

1 � 1

K2
1 þ 1

	 

lnK1 � K2

1 � 1
	 
 LnS ð13Þ

lw ¼ 8:06� 10�7 df
t
� AH

Af
nS ð14Þ

The interaction forces between the tubing and well
liquid, F4, are caused by their relative movements during
the upstroke period. And the friction forces are less than
77% of the forces F3, while mostly water comprises the
main component of well liquid and the viscosity of water
is much lower than that of oil in the wellbore. The forces
caused by pressure drops across the pump valves, F5, are
the main reasons for generating flexural deformation of
rod string.

The Reynolds number [27, 28], Re, for the flow of well
liquid in the wellbore and the draught loss, s, caused by
the flow through pump valve can be given by:

s ¼ 1:40� 10�4 1

l2w
� A2

H

A2
f

nSð Þ2 ð15Þ

Re ¼ 5:24� 10�2 df
t
AH

Af
nS ð16Þ

Upon integration, the friction forces F5 can be determined
by the following equations.

F5 ¼ 1:37� 10�3 qw
l2w

� A3
H

A2
f

nSð Þ2 ð17Þ

Well liquid in CBM wellbore is moving with sucker
rod string during the upstroke period and against the
rod string during the downstroke period. Moreover, the
mechanical friction loadings oppose the movement of
sucker rod string, and thus the values of these forces
are positive on the upstroke and negative on the down-
stroke. Therefore, the peak friction loadings during the
upstroke period, FMS, increase the polished rod loadings
and can be determined as the sum of the loads, F1, F2,
and F4, while these loadings during the downstroke
period, FMX, decrease the polished rod loadings and are
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calculated as the sum of the loads, F1, F2, F3, and F5, as
follows:

FMS ¼ 1:5%FR þ 0:94DH

d
� 140

þ 0:253lw K2
1 � 1

	 

K2

1 þ 1
	 


lnK1 � K2
1 � 1

	 
 LnS
FMX ¼ 1:5%FR þ 0:94DH

d
� 140

þ 0:329lwL K2
1 � 1

	 

nS

K2
1 þ 1

	 

lnK1 � K2

1 � 1
	 
þ 1:37

�10�3 qw
l2w

A3
H

A2
f

nSð Þ2

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð18Þ

where Af is the area of valve ball, df is the diameter of valve
ball, DH is the plunger diameter, K1 is the diameter ratio of
tubing to rod, d is the single-sided interstice, and t is the
kinematic viscosity.

2 VARIATION OF DYNAMIC HANGING LOADS

2.1 Design Calculation of Total Hanging Loads

A sum of the above mentioned loadings give the total
hanging loads on polished rod for CBM pumping installa-
tions. An examination of the total hanging loads on polished
rod during one complete pumping stroke cycle shows that the
polished rod is exposed to a cyclic loading due to the effects
of well liquid flow and the conditions along the tubing
stretching over a wider range. The tension levels increase
with the lifted rod string and column of well liquids, inertial
hanging loads, vibration loadings and friction loadings
during the upstroke period. And the downstroke hanging
loads consist of the buoyant weight of rod strings minus iner-
tial hanging loads, vibration loadings and friction loadings.

Therefore, the total hanging loads on polished rod are
variable and can reach peak values Fmax and minimum ones
Fmin. And the extreme values can be found by the formulae
given below:

Fmax ¼ FJS þ FQSmax þ FVmax þ FMS

Fmin ¼ FJX � FQXmax � FVmax � FMX

�
ð19Þ

2.2 Design Calculation of Plunger Stroke

During the pumping stroke cycle, the top dead center and
bottom dead center are the transition points between the
upstroke and downstroke. And the loads, which the rod
string and tubing suffer, change between the loads FJS and
FJX. Consequently, the deformations of sucker rod string
and the unanchored tubing are caused at the beginning of

the upstroke and downstroke. In order to evaluate the
deformation, the static deformation is introduced and can
be calculated as the sum of the deformation of rod string,
kC, and the deformation of tubing, kG, as follows:

k ¼ kC þ kG ¼ L

E
� Aþ AW

AAW
FJS � FJXð Þ ð20Þ

The sucker rod string is exposed to a cycle loading dur-
ing the pumping stroke cycle. And the tension level
decreases in the end of the upstroke and increases in the
end of the downstroke due to the peak inertial hanging loads.
The dynamic deformation of sucker rod string, k1 + k2,
would cause additional stroke length and can be determined
as follows:

k1 þ k2 ¼ 2:80� 10�4 CK þ K þ 1

EA
FRn

2SL ð21Þ

During the pumping stroke cycle, the downhole plunger
stroke length decreases with the static deformation k, while
the plunger stroke length increases with the dynamic defor-
mation k1 + k2. Therefore, the plunger stroke length, SY, can
be evaluated in terms of pumping speed, n, plunger area, AH,
and polished-rod stroke length, S, as follows:

SY ¼ S � 9:81
AH

A
þ AH

AW

� �
qw
E

L2 þ 2:74

�10�3 CK þ K þ 1ð Þq
E

n2SL2 ð22Þ

2.3 Determination of Dynamometer Cards

The dynamometer card [29, 30] is presented by taking into
account the variation of the static and inertial hanging loads,
the loadings generated by the vibration and hydrodynamic
friction phenomena, and the deformations of rod string and
tubing. And thus it is the representation of the total hanging
loads as a function of crank angle during one complete
stroke cycle and used for determining CBM pumping unit
loadings and the downhole pump operations.

The dynamometer cards measured by dynamometers
can give approximately measurement while the CBM
wells are shallow and the pumping speeds of installations
are low in the coalfields. However, with the increase of the
depth for producing CBM wells, it is indispensable to obtain
the dynamometer cards based on the proposed modeling
method. The accurate dynamometer cards can be given by
taking into account the dynamic hanging loads on polished
rod for CBM pumping installations and could be able to
satisfy the requirements for the different phases of CBM
producing process.
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3 APPLICATION AND INTERPRETATION

3.1 Field Application

The predictive formulas given above are used in conjunction
with results of the numerical solution of the model equations
to generate design parameters. And the application character-
istics of this design calculation are demonstrated by the
examples of eight producing CBM wells in Sanjiao coalfield
of Ordos Basin and Zhengzhuang coalfield of Qinshui
Basin. These selected CBM wells make continuous produc-
tion after their completion and fracturing, and accumulate
plenty of operational data. The pumping mode about
CYJ3-1.5-6.5HYis widely used for the pumping installations
in those producing CBM wells. And the geometry for the
representative pumping mode in Zhengzhuang and Sanjiao
coalfields is characterized by the parameters respectively:
the crank length, 625 mm and 650 mm; the pitman length,
2625 mm and 2600 mm; the distance between the saddle
bearing and equalizer bearing, 1325 mm and 1400 mm;
the distance between saddle bearing and polished rod,
1450 mm and 1500 mm; the distance between beam counter-
balance and saddle bearing, 2030 mm and 2100 mm; the
distance between crank shaft and saddle bearing, 3150 mm
and 3200 mm; the beam counterweights, 15.0 kN and
16.0 kN; the crank counterweights, 0.

Based on the characteristics of gas and water flow in
CBM reservoirs, the complete producing process can be
divided into four phases including pumping prophase,
single-phase water flow, two-phase (gas and water) flow
and single-phase gas flow [31, 32]. As is known, the opera-
tional parameters that might influence dynamic hanging
loads on polished rod in producing CBM wells are furnished
for the proposed design method. The above operational
parameters and independent variables are selected for the
CBM pumping installations studied in Zhengzhuang and
Sanjiao coalfields and presented in Table 1. These indepen-
dent variables are given in order to illustrate the calculation
of the design objective function for the dynamic behavior of
the polished rod.

3.2 Results and Interpretations

Figure 1 describes the variation of polished-rod position,
velocity and its acceleration vs. crank angle with the geom-
etry of the selected CBM pumping installations in Sanjiao
coalfield. The curve of SA/Smax represents the polished-rod
position as a function of crank angle with the cosine form.
The curve of vA/(xSmax) is a plot of the polished-rod velocity
function as it varies with the form of a sinusoidal curve.
The geometry of the pumping installation is such that the
value of rotational acceleration for the crank in a clockwise
direction is larger than that in a counter clockwise direction

with the same increments of crank angle. While the wellhead
is in the right of the pumping installation, the cranks should
rotate in a counter clockwise direction in order to decrease
the maximum polished-rod acceleration during the upstroke
period.

The dynamic hanging loads on polished rod are
determined by applying the relationships developed based
on the measured parameters and independent variables.
And the extreme values of above mentioned loadings are
obtained with the help of solution of the model procedures
and the results are given in Table 2. Notice that the results
during the different phases of CBM producing process show
that the static hanging loads play a major role on polished
rod for the pumping installations. The ratio of static to
polished-rod load increases with the reduced pumping
speeds. And the average load ratios increase from 82.0%
up to 93.0% in the selected eight producing CBM wells in
Zhengzhuang and Sanjiao coalfields.

Figure 2 is a plot of the dynamic hanging load function as
it varies with the pumping speed for the different phases of
CBM producing process. And the parameter that is a func-
tion of dynamic hanging load ratio has been introduced.
The dynamic hanging loads on polished rod can fully reflect
kinematic and dynamic characteristics of CBM pumping
installations due to their combined action of the inertial
hanging loads, vibration loadings and friction loadings.
Figure 2 shows that compared with conventional oil and
gas fields, the ratios of inertial and vibration to polished-
rod load are relatively high in producing CBM wells.
And thus the effect of inertial hanging loads and vibration
loadings cannot be neglected while predicting and analyzing
dynamic behavior of the polished rod. And the average ratios
of inertial hanging loads decrease rapidly from 9.0% during
the pumping prophase to 5.0% for single-phase water CBM
wells, and then to 3.0% for two-phase (gas and water) CBM
wells in Zhengzhuang and Sanjiao coalfields. Moreover, the
average ratios of vibration loadings decrease rapidly from
6.0% during the pumping prophase to 3.0% for two-phase
CBM wells. Furthermore, the load ratio of friction to
polished rod is also relatively high and cannot be neglected
for producing CBM wells. And for the single-phase gas
CBM wells, the effect of friction loadings on polished rod
is more obvious than that of inertial hanging loads and vibra-
tion loadings due to the poor friction characteristics of well
liquid in CBM wellbore. The average ratios of friction load-
ings vary from 3.5% up to 4.0%, and at the end to 5.0% in
the selected eight producing CBM wells.

Figure 3 features the deformations as a function of
pumping speed for the different phases of CBM producing
process. And the parameter that is a function of the deforma-
tion ratio has been introduced. Compared with conventional
oil and gas fields, the total hanging loads on polished rod are
relatively small, which makes the total deformations of rod
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string and tubing are much smaller in producing CBM wells.
Figure 3 contains the statistical ratio of the total deformation
to polished-rod stroke length indicating an overall ratio of
11.5% and individual ratio as high as 13.5% for the selected
eight producing CBM wells. Moreover, the static deforma-
tion plays a major role while the dynamic deformation is
relatively small in the total deformation of rod string and tub-
ing. The overall ratios of static deformation to stroke length
increase from 9.5% up to 14.0%, while the average ratios of
dynamic deformation to stroke length decrease from 2.0%
during the pumping prophase to 0.4% for two-phase (gas
and water) CBM wells, and then to 0.08% for single-phase
gas CBM wells in Zhengzhuang and Sanjiao coalfields.

And the dynamic deformation is so small that its effect on
the total deformation can be neglected for the two-phase
and single-phase gas CBM wells.

Evaluation of the accuracy of applying this approach
developed is made possible with the use of measured well
data from the coalfields. The percent error between the
measured and calculated total loadings on polished rod in
the API, Schafer, Gibbs and proposed method are shown
in Table 3. The maximum percent errors for the four methods
are calculated to be �33%, �35%, �17%, and �1.3%,
respectively. And the average percent errors are determined
to be 13%, 14%, 10%, and 0.7%, respectively. And thus the
proposed method would reduce the average percent error by
12%, 13%, and 9%, respectively. Therefore, the present
design method for CBM wells mainly applied the previous
design methods in oil and gas fields, and the available
procedures cannot provide the desired accuracy of the load-
ing design and its pertinent analysis of dynamic behavior in
CBM producing wells. And the results of the present
methods give the polished rod larger hanging loads than
the proposed method which would dictate for CBM pump-
ing conditions examined. Then it will make the downhole
pumps the most likely to fail and enhance the energy require-
ments of the whole pumping systems. At the same time, the
statistical case truly indicates how much the variation of the
fluid loads acting on the plunger, rod string loadings gener-
ated by vibration and hydrodynamic friction phenomena can
reduce the error in the computation of dynamic hanging
loads on the polished rod.

The dynamometer cards presented in Figure 4 are the
plots of dynamic hanging loads on the polished rod for

TABLE 1

Operational parameters and independent variables for the different phases of CBM producing process in Zhengzhuang and Sanjiao coalfields.

Parameter
Values

Zhengzhuang coalfield Sanjiao coalfield

Rod diameter d (mm) 19.0 19.0 19.0 19.0 19.0 19.0 19.0 19.0

Tubing diameter D (mm) 52.4 52.4 52.4 52.4 73.02 73.02 73.02 73.02

Cross-sectional area of tubing AG (cm2) 19.87 19.87 19.87 19.87 41.87 41.87 41.87 41.87

Wall thickness of tubing DW (mm) 3.96 3.96 3.96 3.96 7.82 7.82 7.82 7.82

Plunger diameter DH (mm) 44 44 44 44 56 56 56 56

Dynamic fluid level H (m) 610 671 695 701 457 545 631 649

Density of well liquid in annular qm (kg � m�3) 956 833 486 778 970 856 512 765

Density of well liquid qw (kg � m�3) 1016 1015 1013 1012 1016 1014 1014 1013

Viscosity of well liquid lw (mPa � s) 0.79 0.79 0.79 0.79 0.82 0.82 0.82 0.82

Pumping speed n (r � min�1) 10.0 7.0 4.5 2.0 9.0 6.5 3.8 2.4

Figure 1

The variation of polished-rod position, velocity and accelera-
tion for CBM pumping installations.
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TABLE 2

The results of dynamic hanging loads on polished rod for the different phases of CBM producing process in Zhengzhuang and Sanjiao coalfields.

Zhengzhuang coalfield Sanjiao coalfield

Stroke Static
load

FJ (kN)

Inertial
load

FQ (kN)

Vibration
load

FV (kN)

Friction
load

FM (kN)

Total
load

F (kN)

Static
load

FJ (kN)

Inertial
load

FQ (kN)

Vibration
load

FV (kN)

Friction
load

FM (kN)

Total
load

F (kN)

Upstroke

24.05 2.75 1.43 0.91 29.14 22.42 2.17 1.76 1.11 27.46

24.29 1.35 0.96 0.90 27.50 24.24 1.14 1.20 1.10 27.69

22.53 0.56 0.54 0.90 24.53 26.67 0.39 0.82 1.09 28.98

23.33 0.11 0.24 0.89 24.57 27.31 0.16 0.59 1.09 29.16

Downstroke

14.52 1.39 1.43 1.34 10.36 13.50 1.03 1.76 1.45 9.26

14.52 0.69 0.96 1.11 11.76 13.50 0.54 1.20 1.28 10.48

14.52 0.28 0.54 0.99 12.71 13.50 0.19 0.82 1.17 11.32

14.52 0.06 0.24 0.91 13.31 13.50 0.08 0.59 1.13 11.71

a) b)

Figure 2

The variation of dynamic hanging loads on polished rod in the producing CBM wells studied: a) Zhengzhuang coalfield, b) Sanjiao coalfield.

a) b)

Figure 3

The variation of deformations for rod string and tubing in the producing CBM wells studied: a) Zhengzhuang coalfield, b) Sanjiao coalfield.

Page 8 of 12 Oil & Gas Science and Technology – Rev. IFP Energies nouvelles (2017) 72, 16



each stroke length during the four pumping stroke cycles.
The extreme loadings on polished rod calculated by
Schafer’s method, as shown in Figure 4a, were predicted
to be 29.95 kN and 12.58 kN, respectively. The computation
of hanging loads on the polished rod involved the lifted rod
string and column of well liquid and linear inertial loads,
but it neglected the nonlinear inertial loads and the loadings

generated by vibration and hydrodynamic friction phenom-
ena. And the use of the modified stress resulted in the non-
minimum taper designs of rod string for CBM pumping
installations. The extreme loadings on polished rod deter-
mined by Gibbs’s method, as shown in Figure 4b, were
evaluated to be 31.75 kN and 9.24 kN, respectively.
The computation of hanging loads on the polished rod

TABLE 3

The errors in the different approaches to calculating dynamic hanging loads on polished rod in Sanjiao coalfield.

Measured
API method Schafer’s method Gibbs’s method The proposed method

Stroke total load
F0 (kN)

Calculated
total load
F (kN)

Error
E (%)

Calculated
total load
F (kN)

Error
E (%)

Calculated
total load
F (kN)

Error
E (%)

Calculated
total load
F (kN)

Error
E (%)

Upstroke

27.12 31.07 �14.56 29.95 �10.41 31.75 �17.06 27.46 �1.25

27.43 30.04 �9.52 29.45 �7.35 30.96 �12.86 27.69 �0.95

28.88 29.29 �1.42 29.09 �0.72 30.10 �4.24 28.98 �0.35

29.11 29.06 0.18 28.97 0.47 29.66 �1.89 29.16 �0.17

Downstroke

9.37 12.47 �33.08 12.58 �34.30 9.24 1.41 9.26 1.17

10.58 12.96 �22.50 13.02 �23.09 9.48 10.36 10.48 0.99

11.37 13.31 �17.06 13.34 �17.30 9.75 14.25 11.32 0.45

11.74 13.42 �14.31 13.43 �14.44 9.89 15.77 11.71 0.30

a)

c)

b)

Figure 4

The dynamic hanging loads on polished rod for the four pumping stroke cycles in the producing CBM wells studied: a) calculated by Schafer’s
method, b) calculated by Gibbs’s method, c) calculated by the proposed method.
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involved the distribution of inertial hanging loads along the
rod string and rod vibration proportional to the rod masses
linear dynamic forces, but it neglected the disproportional
loadings of vibration and friction. And the same degree of
safety cannot demonstrate the cyclic nature of rod string
loadings for CBM pumping installations. The peak and min-
imum loadings on polished rod predicted by the proposed
method, as shown in Figure 4c, were calculated to be
27.46 kN and 9.26 kN, respectively. And this figure features
the dynamic hanging loads on polished rod as a function of
cycle time for the four pumping stroke cycles. These
dynamic hanging loads can be classified into the static hang-
ing loads, inertial hanging loads, vibration loadings and fric-
tion loadings. The dynamic hanging loads calculated can
illustrate the elastic force waves which travel in the rod
string for CBM pumping installations. The waves are of dif-
ferent magnitude and phase and affect the actual rod forces
in any section. However, the previous design on dynamic
behavior disregards these hanging loads arising from such
effects due to the complexity of describing these force
waves. It is believed that this approach could give more real-
istic dynamic hanging loads than previous approximations
for producing CBM wells.

Figure 5 describes the variation of dynamometer cards for
the pumping prophase and single-phase water CBM wells
during the producing process in the selected eight producing
CBMwells. The tension levels on polished rod increase with
the lifted rod string and column of well liquids, inertial
hanging loads, vibration loadings and friction loadings during

the upstroke period. And the downstroke hanging loads
decline because the loadings of inertial, vibration and friction
are always opposed to the buoyant weight of rod strings.
The inertial hanging loads, vibration loadings and friction
loadings enhance the imbalance of the hanging loads on
polished rod and improve the power consumption of CBM
pumping installations.When the difference between the peak
and minimum hanging loads is large, the fatigue phenomena
of the material of rod string and tubing become much more
significant. The total hanging loads on polished rod are
variable in a large scale due to the high flow rate of well liquid
and dynamic fluid level dropping down rapidly for the
pumping prophase and single-phase water CBM wells.
The overall extreme values of the total hanging loads decrease
from 29.2 kN during the prophase, shown in Figure 5a and
Figure 5b, to 28.3 kN for the single-phase water CBM wells,
given in Figures 5c and 5d, in Zhengzhuang and Sanjiao
coalfields.

Figure 6 is given to illustrate the variation of dynamome-
ter cards for the two-phase (gas and water) and single-phase
gas CBM wells during the producing process in Zhengz-
huang and Sanjiao coalfields. The variation range of
dynamic hanging loads declines rapidly during the produc-
ing process. Compared with the pumping prophase and
single-phase water CBM wells, the variation range is
much lower for the two-phase and single-phase gas CBM
wells while the dynamic fluid level drops down smoothly.
The overall extreme values of the total hanging loads, as
shown in Figure 6, decrease from 26.1 kN for the two-phase

c)

a)

d)

b)

Figure 5

The surface dynamometer cards for the pumping prophase and single-phase water CBM wells: a) the pumping prophase in Zhengzhuang coal-
field, b) the pumping prophase in Sanjiao coalfield, c) single-phase water flow in Zhengzhuang coalfield, d) single-phase water flow in Sanjiao
coalfield.
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CBM wells to 26.0 kN for the single-phase gas CBM
wells in Zhengzhuang and Sanjiao coalfields. For the two-
phase and single-phase gas CBM wells, the dynamic
hanging loads become much smaller due to the low pump-
ing speed and well liquid flow rate. Moreover, the total
deformation of rod string and tubing decreases for the
two-phase and single-phase gas CBM wells. And the aver-
age deformation calculated is only 129 mm in the selected
eight producing CBM wells of Zhengzhuang and Sanjiao
coalfields.

It is most likely that the appropriate design of dynamic
behavior for the polished rod is the one which operates
the available installation at the vicinity of its limitations.
Consequently, the system design of dynamic hanging loads
is a mixed-integer nonlinear programming problem that
requires substantial calculation. Based on the values of
operational parameters and independent variables measured,
the methodology proposed leads to the results of solving
the common problems emerge in producing CBM wells
and illustrating the operating potential of CBM pumping
installations.

CONCLUSION

1. The dynamic hanging loads on polished rod can fully
reflect kinematic and dynamic characteristics of CBM
pumping installations due to their combined action of
the inertial hanging loads, vibration loadings and friction
loadings.

2. Compared with conventional oil and gas fields, the total
deformations of the rod string and tubing are much
smaller in producing CBM wells. And the static deforma-
tion plays a major role while the dynamic deformation is
relatively small in the total deformation.

3. The inertial hanging loads, vibration loadings and friction
loadings enhance the imbalance of hanging loads on the
polished rod and improve the power consumption of
CBM pumping installations.

4. Compared with the pumping prophase and single-phase
water CBM wells, the variation range is much lower
for the two-phase and single-phase gas CBM wells while
the dynamic fluid level drops down smoothly.
The result of this work is the mathematical model devel-

oped and programming method proposed using for predict-
ing and analyzing the dynamic hanging loads on polished
rod in producing CBM wells. And this makes it be possible
to provide the desired accuracy of the system designing and
its pertinent analysis of dynamic behavior. Moreover, the
mathematical programming method developed results to
the reduction of the mode for CBM pumping installation
and improving the efficiency of pumping system.
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c)

a)

d)

b)

Figure 6

The surface dynamometer cards for the two-phase (gas and water) and single-phase gas CBMwells: a) two-phase flow in Zhengzhuang coalfield,
b) two-phase flow in Sanjiao coalfield, c) single-phase gas flow in Zhengzhuang coalfield, d) single-phase gas flow in Sanjiao coalfield.
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