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ABSTRACT With the rapid development of drilling automation, how to automate real-time online measure
drilling fluid rheology accurately has become one of the problems that the industry urgently wants to solve.
At present, the common method is the rheological measurement method of straight pipe drilling fluid, but
often the pumping equipment will produce pulsating flow during reciprocating pumping, resulting in a large
error in the data of pressure difference and flowmeasurement, and the corresponding rheological parameters
obtained are not accurate. In order to solve the problem of low accuracy of rheological parameters, this
paper proposes an online measurement method for the rheology of straight tubular oil-based drilling fluids
under pulsating flow, and firstly establishes an online measurement model of the rheology of straight tubular
oil-based drilling fluids. Then, fluent is used to simulate and analyze the fluid movement of drilling fluid with
different rheology in the measuring tube, and then analyze the error of differential pressure measurement and
flow measurement of the measuring tube under the fluctuating flow. The actual measurement environment
was simulated as the initialization parameters of the fluent simulation, and the calibration model of the
oil-based drilling fluid measured by the device under the influence of pulsation was established. Finally, the
experimental bench was built, and the experimental results showed that the calculated rheological parameters
were 2.69% for apparent viscosity (AV), 2.362% for plastic viscosity (PV) and 3.056% for yield point (YP),
which effectively improved the online measurement accuracy of straight tube oil-based drilling fluid.

INDEX TERMS Drilling fluid rheology, straight tube measurement, pulsating flow, fluent simulation
analysis, fluid measurement models.

I. INTRODUCTION
Oil-based drilling fluid has many advantages, such as high
temperature resistance, salt and calcium ingress resistance,
good wellbore stability, good lubricity and less damage to
oil and gas reservoirs. Oil-based drilling fluid has become an
important means of drilling difficult high-temperature deep
wells, high-inclination directional wells, horizontal wells and
various complex formations, and can also be widely used as
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decard fluid, perforation and completion fluid, workover fluid
and coring fluid. Therefore, real-time online measurement
of the rheology of oil-based drilling fluids is necessary [1].
In terms of the process of drilling automation, the current
measurement method mainly relies on manual measurement,
in which the measurement process needs to collect samples,
transport, process and analyze the measurement data before
the measurement results can be obtained [2], [3]. The disad-
vantage of this measurement method is that it is not possible
to analyze the problems and effects of the drilling process in
real time [4]. In the strict on-site environment of the drilling
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site, strict standards are put forward for the monitoring of
the rheological performance of drilling fluids, that is, the
drilling fluid must complete the tasks of suspension, pressure
control, bare rock stability, buoyancy, lubrication and cooling,
etc., and the inability to quickly and accurately monitor the
rheology of drilling fluid has restricted the pace of optimizing
the drilling progress [5].

There have been some researches on automatic rheological
measurement of drilling fluid. Saasen A. et al. added a speed
regulating mechanism to the rotational viscometer to realize
the automatic measurement of drilling fluid rheology, but
it takes a long time to achieve a stable state of the fluid
during the measurement process. The real-time nature of this
measurement process is poor [6]. Halliburton has developed
a fully automated BaraLogix DRU mud rheometer based on
the tubular measurement method, an accessory that draws
drilling fluids from a pool and circulates them over a small
area, without considering the effect of fluid pulsation on
measurement accuracy.

At present, the common automatic measurement method
is the straight tube rheology measurement, but when this
method is used, it needs pumping equipment to extract the
measurement sample into the pipeline [7], [8]. The pumping
equipment selected in the tube measurement is generally a
plunger pump and a diaphragm pump [9]. Diaphragm pump
and plunger pump are both reciprocating positive displace-
ment pumps, and the fluctuation caused by the reciprocating
movement of the two pumps can change the flow field in the
tube and form a fluid pulsating flow [4], [10]. However, the
linear tube measurement method takes the flow rate inside
the pipe segment and the pressure difference between the two
ends as the central measurement parameters, and the fluid
pulsation seriously interferes with the measurement accuracy
of the linear tube, making the measurement error accuracy
generally greater than 10%, which affects the measurement
accuracy of the linear tube under the influence of fluid pulsa-
tion [11], [12].
In view of the processing of fluid pulsating flow, some

scholars have done some research in this aspect. Lee et al. car-
ried out finite element simulation analysis of the diaphragm
head seal structure of the diaphragm pump throughmodeling,
and the results obtained by the simulation software were the
results under the static condition, so they were very different
from the actual dynamic conditions [13]. Mi et al. carried
out simulation experiments to verify the pulsation of the
peristaltic diaphragm pump through dynamic modeling, but
did not actually build an experimental platform for experi-
mental verification under the same conditions, so whether
it is accurate remains to be verified [9]. Fei et al. analyzed
the piston chamber pumped by the diaphragm pump and
optimized the design and strengthened the structure, but the
effect achieved was unsatisfactory, and it could only work on
pulsation at a specific pulsation frequency [14].
In view of the above problems of low accuracy of auto-

matic rheological measurement of drilling fluid and the
influence of fluid pulsating flow, this paper proposes an

online measurement method for the rheological measurement
of oil-based drilling fluid in a straight pipe under pulsating
flow. First, an online measurement model for the rheological
measurement of oil-based drilling fluid in a straight pipe is
established. Then, fluent was used to simulate the move-
ment of drilling fluid with different rheological properties
in the measuring tube, and the error of pressure difference
measurement and flow measurement in the pulsating flow
tube was analyzed. The actual measurement environment was
simulated as the simulation initialization parameter of fluent,
and the calibration model of the measurement of oil-based
drilling fluid under the influence of pulsation was established.

II. RESEARCH ON ON-LINE MEASURING METHOD OF
RHEOLOGY OF STRAIGHT TUBE
A. ESTABLISHMENT OF ON-LINE MEASURING MODEL
FOR RHEOLOGICAL PROPERTIES OF OIL-BASE DRILLING
FLUID WITH STRAIGHT PIPE
The rheological measurement of drilling fluid in straight pipe
is to measure the pressure difference data and the correspond-
ing flow rate under different flow rates in a measuring straight
pipe of known size, calculate the corresponding wall shear
rate and stress, and draw the rheological curve, and finally
obtain the specific rheological parameter values according to
the rheological curve [15], [16].

As shown in Figure 1, drilling fluid samples are pumped
from the mud pool into the measuring straight pipe by pump-
ing equipment, and then flow back to the mud tank after
measuring. Mass flowmeter measures flow; The two probes
of the differential pressure sensor are installed at both ends of
the measuring straight pipe to measure the differential pres-
sure of the pipe segment; Then by setting the working voltage
of the pumping equipment according to the gradient change,
different flow rate and pressure difference measurement val-
ues are obtained. Then, the rheological curve of drilling fluid
is calculated and plotted according to these measurement
data, and the rheological parameters of oil-based drilling fluid
can be measured online.

FIGURE 1. Schematic diagram of the principle of straight tube
measurement.

In the process of straight tube rheology measurement, the
differential pressure and flow rate are the data used to solve
the rheological parameters of the drilling fluid [17], [18].
To obtain the rheological parameters of drilling fluid, it is
necessary to draw the rheological curves of the wall shear
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rate and the wall shear stress, and the calculation flow chart
is shown in Figure 2.

FIGURE 2. Flow chart of rheological parameter calculation.

(1)When the fluid in the straight pipe moves in steady state
According to the principle of force balance in the straight

pipe, one is the forceF1 acting on the pipewall at both ends of
the straight pipe 1P, and the other is the viscous resistance
F2 when the fluid flows on the wall. Let r be any distance
point between the inner center point of the pipe and the pipe
wall, and R be the inner radius of the pipe. Thus, in laminar
flow, we can obtain the formula of shear stress on the wall,

πr2 · 1P− 2πrLτ = 0 (1)

τ =
1P
2L

(2)

where, τ – shear stress on straight pipe wall (Pa).
At r=R, τ is the largest, the fluid resistance is the largest,

and the flow rate is 0. At the center of the tube, at r=0, τ is
the smallest, the resistance is the least, and the flow rate is the
largest. Finally,

τ

τB
=

r
R

(3)

The above two formulas are applicable to any time-
independent fluid in steady state flow.

(2) The flow characteristics of Newton fluid pipe flow can
be obtained by sorting out Hagen’s equation

Q =
1P · πR4

8µL
(4)

And Q = πD2
/
4, it get,

τB = µ
8v
D

(5)

According to Newton’s equation, since τR = µ
(
−
dv
dr

)
,

therefore −
dv
dr =

8v
D .

(3) Pipe flow characteristics of non-Newtonian fluids

In order to obtain the rheological curve of a non-Newtonian
fluid and determine its rheological properties, it is necessary
to know the shear stress τB and shear rate

(
−
dv
dr

)
when the

pipe flow is flowing. Suppose y=v, then dy =dv; z = πr2,
dz = 2πrdr ,the integral arrangement gives like this,∫ b

a
ydz = yz|ba −

∫ b

a
zdy (6)

When r=R and flow rate v=0, the arrangement is as fol-
lows,

Q =

∫ R

0
πr2

(
−
dv
dr

)
dr (7)

According to Q = vπR2 =
vπD2

4 ,R =
D
2 .The collation

and simplification is as follows,

8v
D

=
32
D3

∫ D/2

0
r2

(
−
dv
dr

)
dr (8)

Shear rate and shear stress can be expressed by
(
−
dv
dr

)
=

f (τ ),According to the formula (3-3), can be obtained dr =
D
2τB

dτ ,

8v
D

=
4

(τB)
3 τ

∫ τB

0
τ 2f (τ )d (9)

Q =
πR3

(τB)
3

∫ τ

0
Bτ 2f (τ ) dτ (10)

The non-Newtonian fluid 8v
D has a certain functional rela-

tionship with the shear stress of the pipe wall, so 8v
D = φ(τB)

is assumed,

4f (τB) = 3φ (τB) +
τB

dτB
· dτB ·

φ′ (τB)

φ (τB)
· φ (τB) (11)

On account of dτB
τB

= d ln τB,
φ′(τB)
φ(τB)

= dτB,The general-

ized fluidity index d ln τB
d ln(8v/D)

= Ncan be obtained,

4
(

−
dv
dr

)
= 3

(
8v
D

)
+
d ln (8v/D)

d ln τB
·
8v
D

(12)

Therefore, by substituting d ln(8v/D)
d ln τB

=
1
N , the wall shear

rate can be obtained as,(
−
dv
dr

)
= γ =

8v
D

(
3N + 1
4N

)
(13)

The above equation (13) is a shear rate calculation model
for time-independent non-Newtonian fluids (including New-
tonian fluids) at the tube wall.

B. DESIGN OF LINEAR RHEOLOGICAL MEASUREMENT
SCHEME
The rheological parameters such as plastic viscosity, apparent
viscosity and dynamic shear force can be measured and cal-
culated in real time by using the differential pressure sensor
installed at both ends of the measuring tube and combining
the parameters of drilling fluid density, temperature and mass
flow measured by the mass flowmeter.
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FIGURE 3. Control flow chart.

The control flow chart is shown in Figure 3.
A certain volume of drilling fluid is extracted from the mud

tank into the measurement pipeline by controlling the driving
voltage value of the electric diaphragm pump (adjustable
speed and kept constant), and pulsating flow with different
frequency and pulsating amplitude is generated into the mea-
surement system by controlling the diaphragm pump. Then
the measurement data value of each measurement component
is transmitted to the host computer through the communica-
tion protocol. Finally, the upper computer software calculates
and outputs themeasured value, and finally returns to themud
tank.

III. LINEAR TUBE FLUID KINEMATICS ANALYSIS
FLUENT in Ansys was used to simulate and analyze the
fluid movement of drilling fluid with different rheology in the
measuring tube, so as to observe the impact of pulsating flow
and measuring pressure difference with different rheology
under normal conditions. The simulation flowchart is shown
in Figure 4,

A. SIMULATION OF MEASURING TUBES WITHOUT
PULSATION
The measuring tube model is made of 316L stainless steel
with a measuring tube length of 1300mm and a tube diameter
of 25mm. The pipeline model is shown below,

According to the size of the pipeline, the fluid flow area is
divided into grids, as shown in the figure below,

The boundary conditions should be given to determine the
accuracy and convergence of the calculation model when
the pipeline drilling fluid flow field is analyzed. There are
mainly import boundary conditions and export boundary
conditions. Inlet flow rate was calculated by flow rate and
pipe diameter. Rheological form of drilling fluid adopted

FIGURE 4. Fluent simulation flow chart.

FIGURE 5. Pipeline model diagram.

FIGURE 6. 2D model drawing of measuring tube.

laminar flow. Outlet boundary conditions mainly included
outlet diameter and pressure outlet, and the parameter was set
to 0Mpa. Then, other initial parameters were set. Elasticity
model E=208GPa, Poisson’s ratio, considering gravity, Y-
axis −9.8m/s2, flow rate 0.8m/s, fluid density 1100kg/m3,
and SSTk-omega turbulence model were adopted. After set-
ting, 1000 steps of iteration is set as the upper limit for
calculation, and the simulated static pressure cloud image is
obtained as shown in the figure,

According to the static pressure cloud diagram, the static
pressure distribution of the measuring pipe is basically the
same, and the static pressure gradually decreases from the
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FIGURE 7. Grid diagram of measuring tube.

FIGURE 8. Simulated static pressure cloud image.

inlet to the outlet. Since no pressure is applied at the outlet
of the simulated pipe, it tends to the atmospheric pressure.
It can be seen from the tabular data and the graph that there is a
large difference in the measured values of pressure difference
under different viscosity, and the measured values of pressure
difference increase with the increase of viscosity, which is
conducive to improving the accuracy of pipeline viscosity
measurement.

Simulation differential pressure data are shown in the table,

TABLE 1. Simulation differential pressure data sheet.

Figure 9 shows the simulation pressure diagram,
As can be seen from the simulated pressure curve in the

figure above, the static pressure distribution in the pipeline
gradually decreases with the increase of the distance from the
inlet, and the greater the viscosity of the simulated fluid, the
greater the pressure in the pipeline.

Similarly, the influence of different density and flow
rate on measuring pressure difference is studied. Consid-
ering the different densities, the gravity was set as Y-axis
−9.8m/s2, the flow rate was 0.8m/s, and the kinematic vis-
cosity was 0.05kg/(m·s). The SSTk-omega turbulence model
was adopted.

Simulation differential pressure data are shown in the table,
Figure 10 shows the simulated static pressure cloud image:
Figure 11 shows the simulation pressure diagram,

FIGURE 9. Simulated pressure curves.

TABLE 2. Simulation differential pressure data sheet.

FIGURE 10. Simulated static pressure cloud image.

FIGURE 11. Simulated pressure curves.

The distribution of static pressure cloud map still shows a
trend from large to small with the increase of the distance of
the inlet, and the change of density has little influence on the
measured value of pressure difference, but it is still needed
under the requirements of high-precision measurement.

Similarly, considering the gravity as Y-axis−9.8m/s2, den-
sity as 1100kg/m3 and kinematic viscosity as 0.05kg/(m·s)
for different flow rates, SSTk-omega turbulence model was
adopted.
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The inlet velocity cloud diagram is shown in Figure 12.
As can be seen from the diagram, due to the presence of
Bernoulli effect, the inlet velocity gradually increases from
the pipe wall to the center point of the pipe, and the maximum
velocity is greater than the corresponding inlet velocity. The
boundary layer velocity at the pipe wall approaches zero, and
the velocity stratification is obvious and tends to be stable
after the inlet transition stage. Due to the limited size of the
image, only the inlet part of the measuring tube was captured.

FIGURE 12. Simulated inlet velocity cloud image.

Simulation differential pressure data are shown in the table,

TABLE 3. Simulation differential pressure data sheet.

The simulation pressure curve is shown as follows,

FIGURE 13. Simulated pressure curves.

It can be seen from the chart that under different velocity
gradients, the pressure distribution in the pipe is basically the

same, but the pressure difference is quite different, indicating
that the inlet velocity has a great influence on the pressure
measurement in the measuring pipe, and the pressure differ-
ence increases significantly with the increase of the flow rate.

B. SIMULATION OF MEASURING TUBES WITHOUT
PULSATION
According to the analysis of the working principle of the
diaphragm pump, the outlet flow rate of the diaphragm pump
is sine wave pulsation, and the expression of the initial inlet
speed is set as

inlet_v = v ∗ 1[m/s] ∗ abs(sin(2 ∗ PI ∗ f ∗ t/1[s])) (14)

The other conditions are the same as the simulation initial-
ization parameters in the ideal state in the above section. The
following diagram shows the change of inlet fluid velocity
with time within 2s after setting at 0.8m/s pulsation,

FIGURE 14. Fluent simulated inlet flow rate diagram in 2s.

Figure 16 shows the simulated static pressure cloud image
when the simulation runs to the maximum pulsation speed.
As can be seen from the figure, with the increase of the inlet
inlet fluid flow rate, the outlet pressure gradually increases,
and the inlet to outlet pressure gradually decreases. And the
higher the initial flow rate at the inlet, the higher the flow rate
at the same position in the pipeline.

Inlet velocity cloud diagram Figure 16,
It can be seen from the figure that the flow rate and pressure

cloud pattern in the case of ideal constant current are consis-
tent in the case of pulsation. The flow rate is lowest near the
wall and the flow rate is highest in the center of the pipe.

As shown in Figure 18, when the pulsation frequency is
4.8Hz and the inlet flow rate is set to 0.4, 0.8, and 1.2m/s
amplitude, the inlet pressure changes with time. According to
the above pressure and time variation chart, it can be seen that
the inlet pressure in the case of pulsating flow also changes
periodically with the pulsation fluctuation.

As can be seen from the above simulation analysis results,
in the case of non-pulsation and pulsation-based inlet veloc-
ity, in a certain one. At the point in time, the differential
pressure distribution of the pipeline is also almost uniform.
But there is a pressure turning point between 0∼0.2m, which
is pulsationIf it is just in the interval of velocity change, the
pressure of this section corresponds to the static pressure at
the previous rate, so there may be a turning point of pressure,
but the pressure before and after the turning point tends to
changeThe potential is also a straight line.
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FIGURE 15. The static pressure cloud image is simulated under the
pulsation of 0.4, 0.8 and 1.2m/s at 4.8Hz.

IV. RESEARCH ON MEASUREMENT SIMULATION AND
CORRECTION MODEL OF STRAIGHT TUBE UNDER
PULSATING FLOW
A. ERROR ANALYSIS OF STRAIGHT TUBE MEASUREMENT
UNDER PULSATING CURRENT
Flow is measured by Coriolis mass flowmeter, whose forced
vibration frequency ranges from 80Hz to 110Hz, while the
diaphragm pump driving frequency set in this study is a max-
imum of 4.8Hz, that is, the maximum pulsation frequency of
the fluid in the pipeline is 4.8Hz, which is only 0.1 times of
the difference from 40Hz, so the impact of this deviation is
ignored.

Differential pressure is measured using a capacitive dif-
ferential pressure sensor, the measurement value is linearly
related to the difference of the measured pressure at both
ends, which is transmitted from the probe installed at different

FIGURE 16. Tube velocity cloud image at 4.8Hz, 0.4, 0.8, 1.2m/s pulsation.

positions of the measuring tube through the silicone oil filling
fluid to the central diaphragm. Therefore, when the fluid
pulsation phenomenon occurs in the measuring tube, the dif-
ference in pressure measured by the center diaphragm of the
sensor will also change. The production material of the cen-
tral measurement diaphragm is generally engineering plastic.
Here, it is taken as an example. Suppose to take a circular
diaphragm, the material density is 1.45g/cm3, the Young’s
modulus is 12GPa, the stiffness coefficient is 1.4N/mm, and
the diaphragm mass is 10g. Then the first natural frequency
of the diaphragm can be calculated,

f1 =
1
2π

√
K
m

(15)

where, f1 is the first-order natural frequency of the
diaphragm; K diaphragm stiffness coefficient, m diaphragm
mass.

Through formula (15), it can be calculated that the
first-order fixed frequency of the diaphragm is 56.8Hz, and
it is known that the maximum operating frequency of one
cylinder set by the diaphragm pump is 2.4Hz, and when the
double-cylinder single-acting diaphragm pump works, the
two pumps take turns, then themaximumoperating frequency
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FIGURE 17. At 4.8Hz, 0.4, 0.8, 1.2m/s pulsation, the average pressure
time line diagram of the inlet.

of the double cylinder is 4.8Hz. It is also very different from
the calculated first-order natural frequency of the diaphragm,
so the measurement error of the differential pressure sensor
due to resonance is not considered.

The simulation results of the upper section pulsation flow
down the measuring tube are compared and analyzed. Under
ideal condition, the pressure difference values measured by
the two probes are constant. However, in the case of pulsating
flow caused by diaphragm pump, the inlet flow rate changes
periodically with time, and the pressure difference value
of the measuring pipe section also fluctuates, as shown in
Figure 19. It can be seen that in the ideal state of constant flow,
the pressure difference data in the tube is a horizontal line
without any fluctuation, while in the case of pulsating flow,

FIGURE 18. Diagram of variation of pressure difference in pipeline at
different flow rates.

FIGURE 19. Numerical variation of pressure difference under fluid
pulsation.

the pressure difference data in the tube constantly fluctuates
with the fluctuation.
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According to the simulation results in the previous section,
the relative maximum deviation and relative average devia-
tion between the pressure difference data of the diaphragm
pump and the ideal value under different driving frequencies
can be obtained, as shown in Figure 20.

FIGURE 20. Relative deviation of pressure difference value under
different driving frequency of diaphragm pump.

The maximum and average deviations of differential pres-
sure data under different driving frequencies of diaphragm
pumps are shown in Table 4,

TABLE 4. Differential pressure deviation of diaphragm pump under
different driving frequency.

It can be seen that the greater the driving frequency, the
smaller the average deviation and the maximum deviation.
What can be obtained from the data is that under actual mea-
surement, the two probes are affected differently by complex
ambient noise at different spatial positions, so the pressure
difference deviation value will also be affected by other
noises in the environment where the probe is located.

B. SIMULATION ANALYSIS OF ACTUAL MEASURING TUBE
Through the theoretical analysis of the characteristics of pul-
sating flow generated by diaphragm pump and the 2D model
simulation analysis of measuring tube in Section III.B, it is

concluded that the factors affecting the online measurement
of linear rheology under pulsating current mainly lie in the
impact on the pressure difference measurement. Therefore,
the influence is small and the average flow rate over a period
of time is used in the calculation of rheological parameters,
so the influence of pulsating flow on the measured data of
mass flow can be ignored. The following is the 3Dmodel dia-
gram of the measuring tube connecting section of the actual
measuring device after grid division, as shown in Figure 21.

FIGURE 21. 3D model of the actual measuring tube mesh.

Since the pipe segment that actually plays a measuring role
in the pipeline is the segment between the two probes of the
differential pressure sensor, that is, the segment marked green
in the above figure, the model of this segment is also used
for simulation in our actual analysis. The installation distance
between the two probes is 1.3m, and the inner diameter of the
pipeline is 25mm.

Under the straight pipe measurement principle, the calcu-
lation of wall shear rate and shear stress can only be applied
to the calculation model when the flow state of drilling fluid
is laminar flow. Therefore, the flow pattern of drilling fluid
in the measuring tube is judged, and the judging basis is
Reynolds number. Its calculation formula is as follows,

Re =
ρDhv

µ
(16)

where, Dh is the inner diameter of the pipe, v fluid flow rate,
µ fluid viscosity, ρ Fluid density in pipe.

The rheological parameters of initially configured
oil-based drilling fluid samples were used for simulation and
initial parameters were configured. Firstly, fluent was used
for simulation analysis of pipeline flow rate. The minimum
empirical value of viscosity set in this simulation analysis
was 20mPa·s, and the maximum empirical value of density
was 2500kg/m3.

In the figure above, the inlet of the measuring pipe section
is at the lower bend. In actual measurement, when the setting
voltage is 8V, the inlet speed is set as the maximum uniform
flow rate of 0.861m/s, and the maximum flow rate under
pulsation is 1.35m/s, which can be used to represent other
conditions at lower speeds. Then the maximum flow rate is
obtained as the simulation inlet flow rate, and then the change
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of the flow rate in the whole pipe section of the measuring
device is analyzed

FIGURE 22. Flow rate line in pipe from inlet to outlet.

As can be seen from Figure 22, the fluid began to
basically stabilize after the inlet pipe section reached the
4.5m pipe length. Moreover, it is the first thing to deter-
mine the flow pattern in the tube. It can be seen from
equation (16) that density, viscosity, flow rate and pipe
diameter are required to calculate Reynolds number. The
designed experimental device has an inner diameter of 25mm
and the maximum flow rate is constant. Therefore, it is
only necessary to carry out simulation analysis in different
actual density and viscosity ranges to obtain the fluid flow
state in the measurement tube section of the experimental
device.

As can be seen from Figure 23, when the viscosity
is 20mPa.s, only the Reynolds number in the measuring
pipe section with a density of 2500kg/m3 is greater than
2100 in the measuring pipe section with a density of 1∼4.5m.
However, the measuring pipe section with a pressure dif-
ference sensor probe installed is 4.5∼6m, so the fluid flow
in the measuring pipe section is laminar flow under the
above fluid parameters. Therefore, the flow pattern is con-
sistent with the calculation model of the shear rate of
pipe wall, and the measurement calculation error caused
by turbulence can not be considered in this experimental
device.

The following is the original pressure diagram of the mea-
suring tube section at the time of 2s with different pulsation
velocity and amplitude.

Because this device uses a capacitive pressure difference
sensor, the pressure data point extracted during simulation
is static pressure, that is, the pressure acting on the wall
is the most consistent with the actual measured pressure
difference value. The following pressure value is the pressure
value relative to atmospheric pressure (101325Pa). Table 5
shows the differential pressure data under different gradient
voltages,

FIGURE 23. Reynolds number for different tube strengths at different
densities.

C. THE MEASUREMENT CALIBRATION MODEL OF
STRAIGHT TUBE UNDER PULSATING CURRENT IS
ESTABLISHED
The pressure difference results of Fluent simulation were
used to replace the standard experimental pressure difference
data and establish the relationship with the parameters under
different setting conditions, and the online measurement cor-
rection model was established for measuring the rheological
properties of oil-based drilling fluids in a straight pipe under
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FIGURE 24. Cloud image of pipeline pressure at different flow rates.

TABLE 5. Pulsating current flow measurement tube simulation pressure
difference value.

pulsating flow. The measurement distance between the two
probes of the sensor for measuring the pressure difference in
the actual device is 1.3m, so the pressure loss of the fluid
flowing in the pipeline is calculated according to a certain
proportion. In the simulation, based on the flow gradient in
Table 4-2, combined with the initial pulsating flow velocity
at the inlet under the relationship between the driving voltage
and the pumping frequency of the diaphragm pump, a large
number of simulations were carried out under different vis-

cosity and density conditions to obtain the pressure difference
at the measurement tube. During the simulation, the fluid
temperature was set at 25◦C

FIGURE 25. Profile of diaphragm pump driving voltage, viscosity and
mean pressure difference under pulsating flow.

Figure 25 shows the three-dimensional surface diagram of
the mean pressure difference of the measuring pipe segment
obtained by the relative voltage and viscosity of different
diaphragm pumps under pulsating current. The pressure dif-
ference value in the figure is the absolute average of the
pressure difference in the measuring pipe section during one
operating cycle of the diaphragm pump under the condition of
pulsating flow. It can be seen that with the increase of driving
voltage and viscosity, the average pressure difference of the
measuring tube section also increases. The driving voltage is
the X-axis value, the viscosity is the Y-axis value, and the
pressure difference is the Z-axis. By surface fitting the data,
the formula is as follows,

P1 = 1 + 612.786x2 + 21.491x + 0.353y2 − 25.581y

(17)

Figure 26 shows a three-dimensional surface at constant
current.

It can be seen from the surface diagram of the abso-
lute mean pressure difference of the measuring tube section
obtained at the pulsating current and the constant current
pressure difference of the measuring tube section that the
change trend of the two is basically the same. The following
is a data fitting formula with constant flow.

P2 = 1 + 600x2 + 28.545x + 0.357y2 − 25.745y (18)

By using the pressure difference of the measuring tube
section with constant current as the standard value and the
average pressure difference of the pulsating current in one
running cycle as the value under each pulsating gradient
to fit close, the correction model of the measured pressure
difference in the pulsating straight tube measurement can be
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FIGURE 26. Constant current diaphragm pump driving voltage, viscosity
and average pressure difference curve.

obtained as the difference between (17) and (18),

1Pb = 12.786x2 − 7.054x + 0.004y2 − 0.164y (19)

Finally, the measurement rheological correction model of
the actual device is obtained from the fitting formula. In addi-
tion, only the data of the pumping cycle of a diaphragm
pump is used in this paper for calculation and fitting during
fitting. Therefore, the period of data collection of our actual
experimental device is as long as it is an integer multiple of
the pumping cycle of each driving voltage set, and then the
average value of the measured pressure difference during this
period is taken. The error caused by data acquisition can be
greatly reduced.

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL PLATFORM CONSTRUCTION
Through the investigation and selection of the hardware
required for the experimental frame, the hardware equipment
of the device is installed and fixed in the processing and man-
ufacturing. The external frame of the experiment, and then the
circuit connection and debugging are carried out to complete
the construction of the hardware experimental frame and
determine the subsequent required simulation. Inlet boundary
condition parameters. The experimental platform involves
an electric double-cylinder single-acting diaphragm pump
DBY3S-25AP316FFF, pneumatic tee. Ball valve Q641F25R,
the heater is used to heat the pumped inlet oil-based drilling
fluid, the temperature of the drilling fluid can be heated and
controlled before flowing through the measurement system,
the maximum temperature that can be heated is 80◦C, the
Coriolis mass flow meter model is DMF-1-U25, differential
pressure sensing. The model is SN3851LT explosion-proof
monocrystalline silicon micro-differential pressure transmit-
ter, the measurement range is 0∼10MPa, and the accuracy
is 0.25%F.S. The measuring tube is made of 25mm stainless

steel round tube. The connection is flanged, and the outlet
end of the electric diaphragm pump is stainless between
the mass flow meter. Steel round pipe connection. The
three-dimensional model of the overall installation of the
experimental bench and the actual construction device are
shown in Figure 27 and 28 below.

FIGURE 27. 3D model of the experimental stand.

FIGURE 28. The actual picture of the experimental frame.

B. ANALYSIS OF EXPERIMENTAL RESULTS
Through the experimental platform built, the experimental
design of the factors that may affect the online rheological
measurement of straight-pipe oil-base drilling fluid was car-
ried out, and the experimental data were analyzed to find out
the influence of each factor on the rheological measurement
of straight-pipe oil-base drilling fluid based on pulsating
flow. In the case of unstated, the test subject was the initial
configuration of oil-based drilling fluid, and the measured
temperature was 20◦C, and the pressure was the pressure
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generated during normal flow in the pipeline and was not
pressurized.

The influence of flow velocity on the rheological mea-
surement of the straight pipe drilling fluid is obtained by
comparing the rheological measurement data of the straight
pipe drilling fluid with that of the rotary viscometer.

The rheological curves of 2-4V and 4-8V were compared
by several experiments to observe the measurement effect.

FIGURE 29. Comparison of two groups of rheological characteristic
curves.

As can be seen from the comparison of rheological charac-
teristic curves in figure 29, there is a large deviation between
the voltage flow curve of the diaphragm pump set at 2-4V and
that measured by the rotary viscometer at low flow velocity,
which shows that the calculated plastic viscosity AV is too
large and the dynamic shear force 0 is too small. However,
the rheological characteristic curve at the diaphragm pump
set at 4-8V almost coincides with that measured by the rotary
viscometer at high flow velocity. It can be concluded that
the rheological measurement accuracy of the straight pipe
drilling fluid is better when the flow rate is larger.

FIGURE 30. Flow curve at different velocity.

As can be seen from the comparison of flow curves in the
figure, when the diaphragm pump voltage is set at 4-8V at a
high flow rate, the flow curve calculated by the device has a
good trend, while when the diaphragm pump voltage is set at
2-4V at a low flow rate, the flow curve trend is unstable, and
the measurement effect is obviously poor

C. COMPARISON OF ACTUAL DRILLING FLUID
MEASUREMENT DATA ON SITE
Five different viscosity oil-based drilling fluid samples were
measured by experimental device and compared with manual
measurement by rotary viscometer. The flow rate, pressure
difference and density data collected by the experimental
device are brought into the rheological model and correction
model for calculation. Since the field generally focuses on
the values of parameters such as plastic viscosity, apparent
viscosity and dynamic shear force, the experimental results
mainly analyze and compare these three parameters. The
rheological curve calculated from the measured data is shown
in figure 31
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FIGURE 31. Comparison of data flow fitting curves before and after
correction.

It can be seen that the trend of the fitted rheological curves
after correction and the fitted curves measured by the rota-
tional viscometer is basic close to coincident. The following
is a comparison of the rheological parameters apparent vis-
cosity (AV), plastic viscosity (PV) and dynamic shear force
(YP) obtained by adding the measured data to the calibrated
model and the measurement data of the rotational viscometer,

TABLE 6. Rheological parameters and deviation data sheet.

The average deviation of apparent viscosity (AV) is 2.69%,
the average deviation of plastic viscosity (PV) is 2.362% and
the average deviation of dynamic shear force (YP) is 3.056%.

Compared with the original model without correction, the
accuracy is greatly improved.

VI. CONCLUSION
This paper study a diaphragm pump for on-line rheologi-
cal measurement of straight oil-based drilling fluids, which
causes fluid pulsation and affects the rheological parameters
of oil-based drilling fluids. Aiming to problem of low auto-
matic measurement accuracy of drilling fluid rheology and
the influence of fluid fluctuation flow, this paper proposes
an online measurement method and correction method for
the rheology of straight tubular oil-based drilling fluid under
pulsating flow. Establish an online measurement model of
rheology of straight tubular oil-based drilling fluid; The flu-
ent is then used to drill the different rheological properties
within the measuring tube. The fluid movement of the well
fluid was simulated and analyzed, and then the error of the
differential pressure measurement and flow measurement of
the measuring pipe under the pulsating flow was analyzed.
Will be real. The international measurement environment is
used as the initialization parameter of the fluent simulation,
and a large number of simulation calculations are carried out
to obtain the simulation results, and the pulsation is estab-
lished under the influence of pulsation. The device measures
the correction model of oil-based drilling fluid, and finally
obtains the correction by building an experimental platform
and comparing the experimental data. The average deviation
of the rheological parameters calculated by the post-model
is 2.69% for apparent viscosity (AV) and 2.69% for plastic
viscosity (PV). The average deviation of the yield point (YP)
is 2.362%, which verifies that the model can improve the
rheological measurement accuracy. In summary. The method
proposed in this paper can measure the rheology of oil-based
drilling fluid more accurately, and accurately measure the
rheological performance. It provides theoretical support for
the real-time monitoring of drilling fluid rheology in the
actual drilling process.
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