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Abstract: Based on the local resistance computation model for a choke valve and using the flow
characteristics of choke valves, we studied the relationships between the back pressure of a parallel
choke assembly and the opening extent of choke valves and developed a model to characterize the
pressure regime of the manifold assembly. A comparison of pressure characteristic curves shows that a
parallel choke manifold assembly has obvious advantages over the conventional serial type including
high linearity of pressure-regulating characteristics curves, the elimination of the overshoot interval,
wider effective regulating interval and the higher system security. Laboratory hydraulic experiments have
validated the capability of a back pressure control model for the parallel choke assembly to accurately
control pressure. This study is of great theoretical and practical significance to further improve the

performance of chokes used in managed pressure well drilling.
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1 Introduction

Managed pressure drilling (MPD) is one of the most
advanced drilling techniques currently available for the oil
industry and automatic chokes are an important component
of the MPD technology. Chokes can be used to provide and
control wellhead back pressure and further offer an indirect
control of the bottomhole pressure (Miller et al, 2006; Finley
et al, 2006; Santos et al, 2004; 2005; 2007a; 2007b; 2008;
Godhavn, 2009; Chustz et al, 2007; 2008; Fredericks et al,
2008; Calderoni et al, 2009). A traditional manifold assembly
typically has only one choke valve and the magnitude of the
wellhead back pressure is determined by how far the choke
valve is opened. There exists an overshoot interval, an invalid
interval and a valid interval when the choke valve is opened
due to the high non-linearity between pressure drop and
the extent of the opening of the choke valve (Zhang, 2007).
When the choke valve is working in the overshoot interval,
pressure is highly sensitive to changes in the extent of the
opening of the valve making pressure control very difficult.
When the choke valve is working in the invalid interval, the
pressure changes only slightly with changes in the extent
of the opening of the valve and pressure control is slow.
Specially engineered choke valves can widen the optimum
pressure interval but are unable to eliminate the overshoot
interval. Besides, such choke valves are expensive and will
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thus raise the cost of operation. As the underground drilling
environment is increasingly complex and harsh and the safe
drilling pressure window becomes narrower, well drilling has
increasingly strict requirements for wellhead back pressure
control and the treatment of high pressure differentials is
no longer the primary object of surface throttling. Rather
the priority is given to increasing the accuracy of control of
wellhead back pressure (down to within 0.3 MPa) (Chen et
al, 1998; Zhou et al, 2011). On the other hand, limited by
operating conditions, current studies of choke valves are
primarily focused on flow characteristics when pressure
differentials are constant (Lyons 1991). By studying the local
resistance of choke valves and making use of the functional
relationship between relative flow and valve opening, we
established a choke valve pressure characteristics model
(reflecting the relationship between pressure differential and
valve opening) and, based on the model, developed a model
to characterize the pressure regime of a choke assembly
with two piping lines connected to each other in parallel.
This model can be used to aid in the design and selection of
specialized choke valves used in managed pressure drilling.
Modeling shows that a parallel choke assembly has many
advantages over serial ones including high control accuracy,
safer operation and fast regulation.

2 Pressure regulation characteristics of
conventional chokes

Before studying the characteristics of the pressure regime
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of a parallel choke assembly, we need to look at those of
a choke valve. To date, the flow characteristics of fluids in
a choke valve have been well studied when the pressure
differential is constant. Based on the relationship between
relative flow rate and valve opening, the flow characteristics
of fluids in the choke valve are categorized into linear
characteristics, equal percentage characteristics, parabolic
characteristics and quick opening characteristics. However,
no definite modeling has been proposed so far to characterize
the relationship between the pressure differential and extent
of opening of choke valves at a constant flow rate. As mud
pumps are typically set at constant displacements in a drilling
operation, it is very important to manage pressure drilling
to model the relationship between the pressure differential
and extent of opening of choke valves when the flow rate is
constant.

A conventional choke has a choke valve (shown in
Fig. 1(a) as piping equipped with one choke valve). We
set two points — “a” and “b” — on the piping upstream and
downstream of the choke valve for analysis.
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(a) Pipeline with a single choke

_Ab

(b) Pipeline with two chokes in paralle

Fig. 1 A comparison between a conventional choke (a)
and parallel chokes (b)

The results of analysis of the fluid flow characteristics
in the choke valve can be used to define the pressure
characteristics. As the pressure difference between the
two ends of the valve must be constant when the flow
characteristic function is used and the pressure characteristic
function can only be used when the flow rate is constant, an
intermediate variable independent of flow and pressure must
be introduced. Three states were set for theoretical analysis.
From state 1 to state 2, the pressure differential is constant,
while from state 1 to state 3, the flow rate is constant.

State 1: When the choke valve is fully opened (100%), the
fluid passing through the valve is in an equilibrium state (Yuan,
1986).

pS
ARy =7 ;f O (1)

where AP, is the pressure differential between the piping

upstream and downstream of the valve when the valve is
fully opened, Pa; Q,, is the rate of flow passing through
the fully opened choke valve, m’/s; &, is the valve
resistance coefficient when the choke valve is fully opened,
dimensionless; 4 is the inner cross-sectional area of the
piping downstream of the choke valve, m’; p is the density of
the fluid, kg/m’.

State 2: If the pressure differential in state 1 is maintained
(AP,=AP,y), changing the opening extent of the choke valve
will make the system reach a new equilibrium state.
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where AP, is the pressure differential between the piping
upstream and downstream of the valve at the state 2, Pa;
0, is the rate of flow passing through the choke valve in
state 2, m’/s; &, is the valve resistance coefficient in state 2,
dimensionless.

The combination of Egs. (1) and (2) gives:
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As the resistance coefficient of the choke valve, & is
related to the shape and extent of opening of the valve disk
as well as the nature of the fluid and is unrelated to pressure
differential and flow rate, at a given extent of opening of the
valve, the &,,/&, 1s a fixed value.

The relative flow of the choke valve can be expressed by
the formula of flow characteristic as follows:

9
K
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where () is the flow characteristic function of the choke
valve and K is the opening extent of the choke valve. Eq.
(4) is valid on condition that the pressure differentials at the
two ends of the choke valve are equal. The expression of f{-)
are different under various flow characteristics of the choke
valve.
According to Eqs. (3) and (4), we obtained:
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The functional relationship between the resistance
coefficient and extent of opening of the choke valve is
established in Eq. (5), which is independent of the pressure
differential and flow rate.

State 3: If the extent of opening of the choke valve in state
2 is maintained, &=¢,. If the flow rate of the fluid passing
through the choke valve is adjusted to make Q=0 the
system will reach a new equilibrium state.

f(K)= )

_PS
A =220} (6)
where AP, is the pressure differential between the piping
upstream and downstream of the valve in state 3, Pa; O, is the
rate of flow passing through the choke valve in state 3, m’/s;
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& is the valve resistance coefficient in state 3, dimensionless.
The combination of Egs. (1), (3-5) and (6) gives:

AR & 1
APIOO 4:100 fz(K)
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Eq. (7) is only the pressure characteristic model of the
choke valve, in which the relationship between the pressure
differential and extent of opening of the choke valve is
determined. The application condition of this model is that the
fluid in the piping is incompressible, the flow rate is constant
and the flow is in a turbulent state. The fluid flow in managed
pressure drilling meets all the conditions.

If the opening of the choke valve widens gradually from
0 to 100%, we can obtain a series of pressure curves of the
choke valve, as shown in Fig. 2.
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Fig. 2 Pressure characteristic curves of the choke valve

As shown in Fig. 2, we can see that the relationship
between the pressure differential and the opening extent of
the choke valve is nonlinear. The degree of the non-linearity
is related to the flow characteristics while the fluid is passing
through the choke valve. We use a choke valve with equal
percentage characteristics and good linearity for analysis and
divide the opening of the choke valve into three intervals
based on the pressure curves of the valve — the overshoot
interval, the valid interval and the invalid interval. When
the choke valve is working in the overshoot interval, the
pressure differential of the choke valve is highly sensitive
to changes in the extent of opening of the valve and slight
changes in the valve opening can result in a dramatic change
in pressure making pressure control very difficult. When the
choke valve is working in the invalid interval, a change in
valve opening has little effect on pressure, thus resulting in
a delay in pressure control. In the valid interval, there is a
relatively good linearity between the extent of opening of
the choke valve and the pressure differential so the pressure
can be regulated by adjusting the extent of opening of the
valve. Due to structural limitations, all choke valves have
these three intervals. Only the shares of the intervals vary
from one type of choke valve to another, determined by the
shape of valve disk. The choke valves used in conventional
chokes use specially engineered disks to increase the valid

interval but are unable to eliminate the overshoot range. As
the back pressure of the choke valve can affect bottom hole
pressure and riser pressure when the extent of opening of the
choke valve is too small, there will be a risk of fracturing the
formation or forcing operators to turn on the safety valve of
mud pumps, thereby impacting operations.

3 Hydraulic characteristics of the parallel
choke

A parallel choke consists of two or more parallel branch
lines each of which has a choke valve. Take a choke assembly
with two branch lines for example (Fig. 1(b)). The parallel
choke consists of a primary regulating line and a secondary
regulating line. The diameters of the piping used as the branch
lines are the same. In Fig. 1(b), the choke valve installed on
the primary regulating line is F, and that on the secondary
regulating line is F,.

Parallel piping has two characteristics (Yuan, 1986; Yang
and Zhang, 2001):

1) The resistance to flow of each branch line of the piping
are equal: /1, = hj,

2) The total flow rate of parallel piping is the sum of the
flow rates of all branch lines:

0=0+10,

If the local resistance other than that at the choke valve in
the parallel choke are neglected, the local resistance losses of
the branch lines are:

hyy = 512% ®)
_ sz _ (Q_Q1)2 9
hfz_‘:z ngz =&, 2gA2 )

where £, and &, are the local resistances to flow at choke
valves F,and F,; & and &, are the resistance coefficients of
choke valves F, and F,; O, and Q, are the flow rates passing
through choke valves F, and F, and Q are the sum of the flow
rate of the fluid passing through choke valves F, and F,.
Since h,= hy,, we have:
51 /517100
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If the two choke valves are identical, then &, 4=&,.140, and
Eq. (10) can be rewritten as:

o __ 0
1+ m 1+&
52/(:2—100 f(Kl)

where, &, and &, o are the valve resistance coefficients
when the choke valves F, and F, are fully opened; K, and K,
are the opening extents of the choke valves F, and F,.

Eq. (11) is a model depicting the flow distribution in the
piping of a choke with two branch lines connected in parallel
when the flow rate is constant. The following equation can

(10)

0= (11)
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be obtained when using Eq. (11) to calculate dimensionless
pressure:

e“
s 3% s o,
= = ( ) (12)
AB—IOO B@QZ %517100 QHoo
2 A2 1-100

where Q,(, is the rate of flow passing through the main
choke valve F, when the opening of F, is 100% and that of F,
is 0, i.e., O,100=0. Then, Eq. (12) can be further expressed as
follows:

AR &0 { 1 }
APy e O |S(K)+f(K)

1-100

(13)

If the local resistances other than that at the choke valve
in the parallel choke are neglected, the pressure differential
of the main choke valve F, is equal to that of the secondary
choke valve F, and also to that of the choke unit as a whole.
Eq. (13) is a pressure characteristic model for a parallel choke
when the total flow rate is constant. From this model, we can
see that the pressure differential between the two ends of the
choke valve of the parallel choke is related to the extents of
opening of both choke valves. When the opening extent of
F, is 0, Eq. (13) is the same as Eq. (7), and when the opening
extent of F, is 0, Eq. (13) changes to:

i)
Af;—lOO f(KZ)
From Eq. (14), we can see that even if the choke valve F,

is completely shut off, the pressure differential between its
two ends can still be controlled by regulating the opening of
the choke valve F, and this is also what we see in the choke
system in reality.

Take equal percentage throttles for an example. When
the opening of the choke installed in the secondary branch
is 0, 30%, 50% and 70% separately, the main choke opening
gradually increases from 0 to 100% and we can obtain the
pressure characteristic curves of the parallel choke according
to Eq. (13). (Fig. 3)
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Fig. 3 Pressure characteristic curves of the parallel choke

Fig. 3 shows the pressure characteristic curves of the
parallel choke when the opening of the choke in the branch
line is fixed. By comparing the four curves in Fig. 3, we know
that the linearity of the pressure characteristic curves of the
parallel choke is optimized with an increase in the auxiliary
choke opening.

As the opening of choke valve F, increases, the
controllable pressure range of the choke decreases, so the
role of the auxiliary choke is to adjust the range of the choke
control on back pressure.

According the curves shown in Fig. 3, this paper proposes
a simple control scheme for parallel chokes. Manually setting
a maximum control back pressure, when the drilling fluid
density and displacement are constant, the maximum control
back pressure corresponds strictly to the opening of the
auxiliary choke. Simultaneously, the main choke is controlled
by an traditional control algorithm. If the back pressure
control range is fixed, the auxiliary choke opening is constant.
Thus the inlet pressure of the choke will still be within the
safe range when the main choke opening is 0. The main
choke can work in the opening of 0-100% so the overshoot
range is eliminated by the parallel choke completely and then
the effective range enlarged and the security of the choke
improved.

Above is the simple control scheme for parallel chokes,
i.e., when the auxiliary choke keeps a constant opening,
the back pressure can be controlled within a given range by
varying the opening of the main choke (0-100%). In addition,
there is a more advanced control scheme.

The main and auxiliary chokes are the same. When the
openings of both chokes gradually increase from 0 to 100%,
the pressure characteristic curves of the parallel choke will
turn into a curved surface (Fig. 4)
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Fig. 4 Curved surface of pressure characteristic of the parallel choke
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Because the main choke F, and the auxiliary choke F, are
of the same type and have the same pressure characteristics,
the curved surface, which indicates the pressure characteristic
of the parallel choke, is bilaterally symmetrical. For the safety
in drilling operations, the back pressure must be controlled
within a certain range, so there is a maximum pressure
surface in Fig. 4.

The advantage of parallel chokes is that the pressure can
be regulated along any curve on the curved surface. The
surface function can be expressed as as 0f (K|, K,). In order
to ensure the stability of the control system, we set a condition
on the control scheme in which the pressure regulation curves
should follow the rules of isotropy and unipolarity, which
means that when the pressure is adjusted from one point to
another, the variation trend of the opening of each choke
will remain unchanged and the trends of the opening of both
chokes are the same. It can be expressed as follows:

5f(K1’K2) af(Kl’Kz) >0

15
oK, oK, (13)

In Fig. 4, as F, is an auxiliary choke, the smaller its
opening is, the higher the controlled pressure of the parallel
choke will be, but the control accuracy will decrease. The
limit case is that at K, =0, the characteristic pressure curve is
the same as that of one choke.

The more advanced control scheme is as follows: F, and
F, work simultaneously, so that the back pressure changes
along the direction of the isobar gradient and the regulation
will be speeded up.

In Fig. 4, P, and P, are the isobars when the pressures
are respectively P, and P,; point A is on the isobar P, while
B and C are on the isobar P,. The coordinates of these three
points are A(K,,, K,,), B(K 5, Kyp) and C(Kc, Kyc). These
coordinate values indicate the opening of chokes F, and F, in
the parallel choke. The pressure curve in the simple control
scheme is shown as y,, where the specific path of y, is as
follows: Keeping the opening of F, constant and adjusting
that of F, from K, ,to K. The pressure curve in the advanced
control scheme is shown as y,, where curve y, starts from
point 4, reaches point B along the direction of the isobar
gradient at 4 and the specific path is as follows: Adjust the
extent of opening of F, from K, to K, and simultaneously
adjust extent of opening of F, from K,, to K,;. Meanwhile,
y, will move along the gradient direction of isobar P,, so
|K,,—K,5/<|K,,—K,|. Because the actuators of F, and F, can
move simultaneously and F, and F, can reach P, from P, fast
following path y,, the parallel choke has a higher pressure
regulation speed in the advanced control scheme.

Currently, a choke is composed of a work branch and a
standby branch in parallel, so there is no need to modify the
hardware, and the parallel choke technology can be realized
only by amending the control software according to the
parallel choke control scheme. Although parallel chokes place
higher requirements on the control algorithm compared to
traditional chokes, due to the rapid development of computer
technology and control theories, it is no longer a problem to
control the multiple-input and single-output (MISO) system

and the control speed of computer is much faster than that of
the throttles. Essentially, parallel chokes reduce the quality
requirement on chokes by improving the control system
performance.

4 Hydraulic tests of parallel chokes

To verify the theoretical analysis results and test the
pressure regulation capability of parallel chokes, hydraulic
experiments have been conducted on parallel chokes. A
schematic diagram of the experimental system is shown in
Fig. 5

Fig. 5 The parallel choke for measuring pressure characteristics

To ensure the rate of fluid flow passing through the choke
is constant, a piston pump with a nominal displacement of 15
L/s was used in the experimental system. The parallel choke
actually used in the experiment had four branches and each
branch contained a choke. In the experiments, we closed two
of the branches and kept the other two working. The two
chokes were numbered as F, and F,, and their structures were
the same as the data used in the theoretical analysis. The
experiments were performed in both manual control mode
and automatic control mod.

In the manual control mode, the opening of the chokes
F, and F, were controlled manually and the experimental
procedure is as follows:

Step 1: Set the opening of the choke F, to 0 and then
regulate the opening of F,. The opening of F, is gradually
decreased from 100%, with a change of 1% each time.
Record the opening of F, and the corresponding back pressure
value. For security, the highest pressure value is set to 1.5
MPa. When the back pressure value reaches 1.4 MPa, stop
regulating the opening of F,, which will be 78% at this point.

Step 2: Set the opening of the choke F,to 78% and then
regulate the opening of F,. The opening of F, is gradually
decreased from 100%, changed by 1% each time. Record
the opening of F, and the corresponding back pressure value.
When the opening value decreases to 0, the back pressure
value reaches 1.4 MPa.

Step 3: Increase the opening of F,to 86% and regulate the
opening of F,. The opening of F, is gradually decreased from
100%, changed by 1% each time. Record the opening of F,
and the corresponding back pressure value.

Step 4: Increase the opening of F, to 90% and regulate the
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opening of F,. The opening of F, is gradually decreased from
100%, changed by 1% each time. Record the opening of F,
and the corresponding back pressure value.

The results obtained are shown in Fig. 6

F, opening

Pressure, MPa
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Fig. 6 A comparison of pressure characteristic curves of the parallel choke

Fig. 6 shows that when the opening of the auxiliary choke
F, was 0, the back pressure increased quickly (the local
resistance before the choke F, was very large when a single
choke was used so the initial pressure was relatively high in
single-choke experiments). However, when the opening of the
auxiliary choke was not 0, the back pressure increased slowly
and steadily as the opening of the main choke F, descended.
The pressure regulation curves of the main choke F, changed
as the opening of the auxiliary choke F, varied.

A comparison between Figs. 6 and 3 shows that the
experimental results and theoretical analysis of parallel
chokes basically have the same variation which proves
the feasibility of the theoretical analysis. Due to the use of
dimensionless pressure in Fig. 3 which can only be a basis
for qualitative analysis, we cannot carry out an error analysis
between the curves in the two figures.

In the automatic control mode, the pressure value (PV)
was set to 0-100% and the corresponding pressure was 0-1
MPa. The tests included a simple automatic control mode test
and an advanced automatic control mode test. In the simple
automatic control mode, the opening of the main choke F,
was controlled by control procedures, while the choke F,
and the back pressure value were controlled manually. In
the advanced automatic control mode, the openings of the
chokes F, and F, both were controlled by control procedures
while the back pressure value was controlled manually. The
experimental procedure in the simple automatic control mode
are as follows:

Step 1: When the auxiliary choke opening is 0, modify
the set value (SV) from the initialization to 45%, and observe
the system control effect. Once the system is stable (absolute
error is less than 0.02 MPa), modify the set value from 45%
to 30% and observe the system control effect.

Step 2: Adjust the auxiliary choke opening to 20%, 40%
and 60% separately and repeat Step 1.

The test results are shown in Fig. 7.

The experimental results obtained when the manifold was
in the simple control mode, show that with the parallel choke

100
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— Measured pressure value
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Time, s
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Fig. 7 The simple automatic control mode test of the parallel choke

system precise control of pressure was achieved. When the
F, opening changed, the corresponding F, opening would be
different even at the same pressure value. So the F, opening
can work in the optimal interval of the choke by controlling
F, opening .

In the advanced automatic control mode, the set valve was
modified and the system control effect under different control
modes was observed. The results are shown in Fig. 8.
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Fig. 8 The advanced automatic control mode test of the parallel choke
A: Advanced automatic control mode; B: Simple automatic control mode

By comparing the test curves of part A and part B in
Fig. 8, obviously, we can conclude that the pressure control
speed of the system in the advanced automatic control mode
was faster than that in the simple automatic control mode.
Besides, according to the system configuration, when the
error exceeded a certain value, F, performs automatic control,
when the error is small, the F, opening remained the same,
while F, finely regulated the pressure. Therefore, the parallel
choke regulation is faster and more accurate in the advanced
automatic control mode.

In summary, experimental results show that the overshoot
range can be eliminated completely by using the parallel
choke, and the main choke can work in the range 0-100%; by
regulating the opening of F,, the main choke can work in the
optimal range; by the cofactor of F,, system control speed can
be improved.

Since the chokes used in the experimental system were
the most common ones on the market, the response speed and
control accuracy cannot be mentioned in the same breath as
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advanced chokes used in the field but still it can be proved
that parallel chokes have higher advantages on back pressure
control. Obviously, we may obtain better control effect by
using more advanced chokes.

5 Conclusions

1) Based on the flow characteristic function of a choke
valve when the pressure differential is constant, we developed
a model characterizing the pressure regime of choke valves
when the flow rate is constant and a model characterizing the
pressure regime of a choke with two branch lines connected
in parallel. The models were validated through experiments.
The pressure characteristic model of the parallel choke can
be used to aid in selecting choke valves in managed pressure
drilling.

2) A model was established for characterizing the pressure
of the parallel chokes based on a theoretical derivation and
was validated by experimental results. When working under
the same conditions and with the same choke valves, the
parallel choke can eliminate the overshoot interval of choke
valves and extend the valid interval. It has improved linearity
and higher regulation precision compared to the traditional
choke.

3) The paper proposes two control schemes for chokes
connected in parallel and points out that the control of the
parallel choke can be achieved by only modifying the control
software for the existing chokes.

4) In the parallel choke system, the choke valve on the
secondary branch line is used to regulate the controllable back
pressure range, and to enable the main choke valve to always
work in the optimum opening interval for different back
pressure regimes to optimize control precision and thereby
lower the requirements for choke valve manufacturing
technology itself.
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