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Abstract: The currently common method for the automated real-time accurate measurement of drilling fluid rheology is the
straight pipe measurement. However, the pulsating flow generated by the pumping equipment often leads to significant data
errors in pressure difference and flow measurement, resulting in low accuracy of the calculated rheological parameters. To
address the issue of data errors caused by pulsating flow, this paper proposes a correction model for straight pipe drilling fluid
rheology measurement under pulsating conditions. Through research and theoretical analysis of the pulsating flow produced by
diaphragm pumps, we derived the variation laws of outlet fluid flow rate, pressure, and diaphragm pump operating frequency,
resulting in an expression for outlet flow velocity, which provides initial parameters for subsequent simulations. We then
conducted 3D modeling and simulations of the measurement pipe in the actual experimental setup, obtaining a correction model
for fluid rheology measurement under the influence of pulsating flow based on numerous simulation results. Finally, comparative
experiments were conducted on a constructed experimental platform, comparing the results at different flow rates, viscosities,
and temperatures against a rotating viscometer as the standard. The average deviations for the corrected rheological parameters
were found to be 2.69% for apparent viscosity (AV), 2.362% for plastic viscosity (PV), and 3.056% for yield point (YP),
effectively reducing the data errors in pressure difference and flow measurement caused by pulsating flow.

Keywords: Drilling fluid rheology; straight pipe measurement; fluid pulsation; simulation analysis; rheological measurement
model.

characteristics, which facilitate the automated and precise

1. Introduction real-time measurement of drilling fluid rheology.”!

During the drilling completion process, drilling fluid acts However, during application, the reciprocating action of
as the "blood" of drilling operations, and its performance is pumping equipment like diaphragm pumps leads to fluid
one of the decisive factors for the successful extraction of pulsation in the straight pipe, causing fluctuations in pressure
resources.[In drilling and completion engineering operations, difference and flow rate measurements, thus significantly
drilling fluid serves multiple functions, such as cleaning the reducing overall measurement accuracy. Some researchers
wellbore, carrying cuttings, cooling and lubricating the drill have studied the pulsation caused by diaphragm pumps; for
bit and drill string, transmitting hydraulic power, and instance, Xiao Junjian and Yang Zhaobin conducted
controlling bottom hole pressure. 'Therefore, real-time and theoretical analyses and proposed a parallel pump approach
accurate measurement of drilling fluid rheological parameters using optimal phase angle dispersion technology to mitigate
is an essential process to ensure the smooth success of drilling pulsation effects. '“'However, this method has notable
operations. The real-time determination of these parameters limitations, being suitable only for high flow rates and
is the most effective guarantee for increasing drilling speed, requiring significant space and equipment costs. Li Fei and
maintaining downhole safety, protecting oil and gas reservoirs, colleagues focused on single-acting diaphragm pumps,
and reducing drilling fluid costs, making timely and accurate calculating theoretical parameters like flow rate and pulsation
online measurement crucial >4 coefficient, and improving inlet design. ['"Ning Yuansong

In the automation of drilling, there is widespread attention developed two pressure pulse dampening devices to study
from researchers on the real-time detection and control of fluid pulsation in drilling fluids, validating their effectiveness
drilling fluid rheological properties. Current measurement through simulat.ions, but bOth schemes lacked adapt'ive
methods primarily rely on manual sampling, transport, control and easily cgused statlg pressure losses, affec'tlng
processing, and analysis of measurement data, which other parameters 1n the plpehne. system.“Z]Pr.ekus
ultimately leads to results.”'This method has the drawback of researchers primarily focused on actively controlling or
failing to analyze issues and impacts during the drilling ellm}natlng pulsatmg. flow, which increases equipment costs
process in real-time. The strict on-site environment imposes and introduces other interference effects.
rigorous standards for monitoring drilling fluid rheology, as To reduce equipment costs without introducing additional
the fluid must accomplish tasks like suspension, pressure interference, some scholars have conducted extensive
control, stability of exposed formations, buoyancy, research. For example, Pinnington in the UK designed a non-
lubrication, and cooling. [*"'/Rheological properties are key invasive magnetostrictive actuator capable of controlling
indicators of drilling fluid performance, typically described fluid pulsation, operating similarly to a magnetorheological
using parameters like apparent viscosity, plastic viscosity, and damper. It magnetizes to move a piston, applying force to the
yield point.®IThe tubular measurement method for drilling pipeline to generate secondary pulsation waves; however, this
fluid rheology has been developed due to its structural method also increases pipeline vibration with reduced fluid
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pulsation, and the coupling between the actuator and fluid
pressure diminishes effective pulsation control at certain
frequencies.['*)Smoada and colleagues designed an active
energy storage device consisting of a stacked piezoelectric
ceramic piston and a passive accumulator, which uses the
piston’s reciprocating motion to generate secondary pulsation
waves, though the stacked piezoelectric ceramics are not
independently driven and fail to achieve higher modal
control.l4]

To address the significant data errors in pressure difference
and flow measurements caused by pulsating flow, a correction
model for measuring fluid rheology in straight pipes under
pulsating flow has been proposed. Through research and
theoretical analysis of pulsating flow generated by diaphragm
pumps, the variations of outlet flow rate, pressure, and pump
operating frequency were derived, leading to an expression
for outlet flow velocity that provides initial parameters for
subsequent simulations. A 3D model and simulations of the
measurement pipe were conducted based on the actual
experimental setup, yielding a correction model for fluid
rheology measurement under pulsating flow influence.
Finally, experiments were performed on the constructed
platform, showing significant improvements in the accuracy
of rheological parameter measurements compared to results
obtained without the correction model.

2. Design of an Online Measurement
Scheme for the Rheological
Properties of Straight Pipe Systems

The principle of measuring the rheological properties of
drilling fluid in a straight pipe involves measuring the
pressure difference at various flow rates within a pipe of
known dimensions, along with the corresponding flow rates.
This data is used to calculate the wall shear rate and stress,
allowing for the construction of a rheological curve.
Ultimately, specific rheological parameter values are obtained
from this curve.['3]

As shown in Figure 1, drilling fluid samples are pumped
from the mud pit into the measuring straight pipe using
pumping equipment, and then returned to the mud tank after
measurement. A mass flow meter measures the flow rate,
while two pressure difference sensors are installed at both
ends of the measuring pipe to record the pressure difference
across the segment. By adjusting the working voltage of the
pumping equipment in a gradient manner, different flow rates
and corresponding pressure measurements are obtained.
Finally, these measurement data are used to calculate and plot
the rheological curve of the drilling fluid, enabling online
measurement of the rheological parameters for oil-based
drilling fluids.

Mass Flow Meter Differential Pressure Sensor
Pumping Equipment

— l

l 1 Mud

{

Measuring Straight pipe

Pit

(with known dimensions)

i

Figure 1. Schematic Diagram of the Straight Pipe Measurement Principle

In the process of measuring the rheological properties in a
straight pipe, pressure difference and flow rate are the data
used to calculate the rheological parameters of the drilling
fluid. To obtain the rheological parameters, a rheological
curve is plotted with wall shear ratey,,on one axis and wall
shear stresst,, on the other.

(1) When the fluid is in steady-state motion inside the
straight pipe

According to the principle of force balance within the
straight pipel'®l, One force is the force F; acting on the pipe
walls at both ends,and the other is the viscous resistance F,
when the fluid flows along the wall.Let rbe the distance from
the center of the pipe to any point on the wall, and R be the
radius of the pipe. Thus, in laminar flow, the formula for wall
shear stress can be obtained as follows:

nr? AP —2mnrlt =0 (D
AP

== 2

T=57 (2)

In the equation,t represents the wall shear stress on the
straight pipe (Pa);
At r=R, T is at its maximum, the fluid resistance is

greatest, and the flow velocity is zero. At the center of the pipe,
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r=0, T is at its minimum, the resistance is lowest, and the
flow velocity is at its maximum. Finally, we can obtain:

3)

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

(2) The characteristics of Newtonian fluid flow can be
organized using the Hagen equation.

AP - mR*
- @)
8ulL
Q = mD?%/4, It can be obtained that:
8v
=pu— 5
=g (5)
. . . dv
According to Newton's equation, due to this 7, = u (— ;),
therefore, it follows that:— @ _ &
ar D

(3) Characteristics of non-Newtonian fluid flow
To derive the rheological curve of a non-Newtonian fluid

L . . d o
Tg and determine its rheological properties (— d—:), it 1is



necessary to know the shear stress and shear rate during pipe
flow. Assuming y=v, then dy=dv; z = nr?; dz = 2nrdr;
integrating and organizing gives:

b b
[ vz =yatt~ [ zay ©)
a a
When r=R, flow velocity v=0, Organized as follows:
R dv
Q= f r? (— —) dr @)
o dr

According to reference!'”), by introducing the generalized

flow index _dints _ N, it can be obtained that:
d In(8v/D)
8v
4( dv) =3 <8v) + dln (ﬁ) 8v ®)
dr) “\D dintg D
Therefore, substituting 4n®v/P) — 1 into equation (8)
dintg N
gives the wall shear rate as:
( dv) __8v (3N + 1) ©)
ar) "V =D \"aN

The equation (9) represents the calculation model for wall
shear rate of time-independent non-Newtonian fluids
(including Newtonian fluids) at the pipe wall.

From the flow velocity and pressure difference data
obtained at each uniformly spaced driving frequency, the
corresponding wall shear stress and wall shear rate can be
determined. These uniform data points can then be used to
plot the rheological curve. Different fitted rheological models
can yield various rheological parameters defined under those

models.['®lApparent viscosity is a common rheological
parameter across all models. Its calculation method involves
taking the shear rate value of 1022s~1 and substituting it into
the model to compute the corresponding shear stress. The
ratio of shear stress to shear rate at this point yields the
apparent viscosity.['”)

3. Research on Error Analysis of
Straight Pipe Measurement under
Pulsating Flow

The types and models of diaphragm pumps can generally
be categorized by drive power into electric, pneumatic, or
hydraulic; and by structure into single-cylinder, double-
cylinder, and triple-cylinder?”. The instantaneous volumetric
flow rate at the outlet of a single-cylinder pump can be
expressed as:

<D2 sin (?) + H? cos? (?) sin (?)) (10)

v m2H
dt ~ 8T

In the equation, T represents the time for the
diaphragm pump's drive eccentric wheel to complete one
rotation (s);

D the maximum length of the diaphragm (mm);

H the maximum height of the diaphragm (mm)

Thus, the outlet flow rate curve for a single side chamber
of the diaphragm pump resembles a half-wave rectified sine
wave. For a double-acting diaphragm pump, the two working
chambers operate alternately, so the instantaneous theoretical
outlet flow rate can be obtained by superimposing the outlet
flow rates of the single side chambers. The instantaneous
theoretical outlet flow rate of the double-acting diaphragm
pump is shown in Figure 2:

outlet flow rate

instantaneous

Orm

/2

T T2

time

Figure 2. Instantaneous theoretical outlet flow rate of the double-acting diaphragm pump

In addition, in straight pipe measurement, the measuring
pipe generally has a small diameter, and the required flow rate
during measurement does not need to be very high.

Therefore, only a small output power from the diaphragm
pump is needed. In the absence of strong external factors, the
frequency of fluid pulsation in the pipeline is determined by
the driving power of the diaphragm pump during operation.
Thus, it can be assumed that the expression for the flow rate
vy at the outlet of the diaphragm pump is:

v = Alsin2rf « t)| (11)

In the equation, A represents the amplitude of the pulsation
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driven by the diaphragm pump (this amplitude is determined
by the flow rate at the outlet and the pipe diameter); f is the
driving frequency of the diaphragm pump (in Hz).

From the analysis of the working principle of the
diaphragm pump, it is known that the outlet flow rate is a
sinusoidal pulsation. The expression for the initial velocity at
the inlet is set as:

my* 2*PI*f*t
inlet, = v*l [?] abs (sin (TS{)) (12)

The measurement tube model is made of 316L stainless

steel, with a length of 1300 mm and an internal diameter of



25 mm. The schematic diagram of the pipeline model is

shown below:

Pressure Measurement Point

—

inlet —*

— outlet

Figure 3. Schematic Diagram of the Pipeline Model

In analyzing the flow field of drilling fluid in the pipeline,
boundary conditions must be provided, as they determine the
accuracy and convergence of the computational model. The
main boundary conditions include inlet and outlet conditions.

(1) Inlet Boundary Conditions

Since the simulation calculates the pressure difference
under different flow rates, the inlet boundary conditions for
the drilling fluid mainly include inlet flow velocity, density,
and inlet diameter. The inlet flow velocity is obtained through
the flow rate and the pipe diameter. The flow behavior of the

Table 1. Simulatio

drilling fluid is assumed to be laminar.

(2) Outlet Boundary Conditions

The outlet boundary conditions primarily include the outlet
diameter, with a pressure outlet set to 0 MPa.

Subsequently, other initial parameters are set as follows:
Elastic modulus E=208GPa.Gravitational acceleration set to
y axis=-9.8m/s%.Flow velocity =0.8m/s.Fluid density set to
1100kg/m?.

The simulation pressure difference data is shown in Table
1.

n Pressure Difference Data

Viscosity (mPa-s) 40 80 120
measured point pressure difference (Pa) 1833.8 3475.3 5172.5
The simulation pressure curve is shown in Figure 4:
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Figure 4. Simulation Pressure Curve

From the simulation pressure curve shown in the figure, it
can be observed that the static pressure distribution within the
pipeline gradually decreases with increasing distance from
the inlet. Additionally, a higher viscosity corresponds to a
greater pressure within the pipeline for the simulated fluid.

Table 2. Simulatio

Similarly, the effects of different densities and flow
velocities on the measured pressure difference are studied.
For varying densities, gravitational acceleration is set to -
9.8m/s?, with a flow velocity of 0.8m/sand a kinematic
viscosity of 0.05kg/(m"s).

n Pressure Difference Data

Density (g/m?)

1.2 1.6 2.1

measured point pressure difference (Pa)

1835.8 2032.2 2247.9

The simulation pressure curve is shown in Figure 5:
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Figure 5. Simulation Pressure Curve

The static pressure distribution within the pipeline still
shows a trend of decreasing pressure as the distance from the
inlet increases. The variation in density has a relatively small
impact on the measured pressure difference; however, it
remains a necessary factor for high-precision measurements.

Similarly, for different flow velocities, For varying

densities, gravitational acceleration is set to -9.8m/s?, Fluid
density set to 1100kg/m® and a kinematic viscosity of
0.05kg/(m-s).

The simulation pressure difference data is presented in
Table 3:

Table 3. Simulation Pressure Difference Data

Density (g/m?)

1.2 1.6 2.1

measured point pressure difference (Pa)

1835.8 2032.2 2247.9

The simulation pressure curve is shown in Figure 6:
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Figure 6. Simulation Pressure Curve

From the charts, it can be concluded that under different
velocity gradients, the pressure distribution within the
pipeline remains consistent, but the pressure differences vary
significantly. This indicates that the inlet velocity has a
substantial impact on pressure measurements in the
measuring tube. As the flow velocity increases, the pressure
difference notably rises. The pipeline viscometer measures

0.8 ~\ /\
ik
|f \n
: / '|
\

the pressure difference at different flow rates to determine the
rheological properties of the drilling fluid. This trend is
fundamental to the measurements and serves as an effective

guarantee of measurement accuracy.
The following figure shows the curve of inlet fluid flow
velocity over time within 2 seconds after setting up the

pulsation:

.}

1 1.5 2
t [s]

Figure 7. Inlet Flow Velocity Curve within 2 Seconds of Simulation
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As the inlet fluid flow velocity increases, the outlet
pressure gradually rises, while the pressure from the inlet to
the outlet gradually decreases. Additionally, a higher initial
flow velocity at the inlet leads to a greater flow velocity at the
same position within the pipeline. Under ideal constant flow
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conditions, the flow velocity and pressure cloud diagrams
align with those observed under pulsating conditions, where
the flow velocity is minimal near the wall and maximal at the
center of the pipeline.
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Figure 8. Average Inlet Pressure vs. Time Line Chart

As shown in Figure 8, when the pulsation frequency is set
to 4.8 Hz, the inlet flow velocities are set to 0.4, 0.8, and 1.2
m/s, and the curve illustrates how the inlet pressure changes
over time. From the pressure-time variation graph, it can be

observed that the inlet pressure under pulsating flow
conditions undergoes periodic changes in accordance with the
pulsation.



2500

2000

1500

S
S
3

(S
o
o

pressure difference(Pa)

0

0.0 0.2 0.4

0.6

0.8

pipe length (m)

Figure 9. Pressure Difference Variation in the Pipeline at Different Flow Velocities

From the simulation analysis results depicted in the above
figure, it can be seen that, at a specific point in time, the
pressure difference distribution in the pipeline is relatively
uniform for both pulsating and non-pulsating inlet velocities.
However, a pressure inflection point appears between 0 and
0.2 m. This inflection point indicates that, during pulsation,
the rate of pressure distribution varies with distance. If a
measurement falls within the transitional velocity range, the
corresponding pressure for that segment reflects the static
pressure at the previous velocity, which may lead to the
observed pressure inflection point. Nevertheless, the pressure
variation trends before and after the inflection point remain
linear.

4. Pulsating Flow in Straight Pipe
Measurement Simulation and Model
Calibration Study

In designing the dynamic testing, the voltage-controlled

variable frequency drive is first set to control the driving
voltage of the electric diaphragm pump, thereby regulating
the pulsation frequency generated by the pump. After setting
the stepped driving voltages, measurements are taken to
collect data on pressure differences, instantaneous volumetric
flow rates, and other parameters. The rheological parameters
measured by the six-speed rotational viscometer are used as
reference theoretical values (samples are manually extracted
from the mud tank and quickly measured and recorded) and
serve as a benchmark for measuring accuracy or error
comparison.

The following table presents the parameters set during the
experiments with different voltage-driven diaphragm pumps,
as shown in Table 4:

Table 4. Parameter Values Under Different Voltage Drives

Diaphragm
Instantaneous .
Volumetric Uniform Density Temperature Pump
Voltage(V) Flow Velocity o Pumping
Flow (m/s) (g/em3) 0 Frequency
Rate (m3/h) (Hz)
2.0 0.247 0.140 1.13 17.99 1.2
2.5 0.401 0.227 1.13 17.97 1.5
3.0 0.511 0.289 1.13 17.95 1.8
3.5 0.604 0.342 1.13 17.99 2.1
4.0 0.703 0.398 1.13 17.97 2.4
4.5 0.814 0.461 1.13 17.95 2.7
5.0 0.896 0.507 1.13 17.99 3.0
5.5 1.018 0.576 1.13 17.97 33
6.0 1.096 0.620 1.13 17.95 3.6
6.5 1.210 0.685 1.13 17.99 3.9
7.0 1.304 0.738 1.13 17.97 4.2
7.5 1.399 0.792 1.13 17.95 4.5
8.0 1.521 0.861 1.13 17.94 4.8

The oil-based drilling fluid sample is pumped through a
diaphragm pump into the real-time measurement device for
testing the rheological properties of the drilling fluid. During
the testing period, to minimize transient effects, data

214

recording only begins after the pressure difference stabilizes
at each set voltage. The pressure difference and flow
measurement value variation curves for the drilling fluid
sample are shown in the figure.
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Figure 10. Relationship Between Flow Rate and Pressure Difference

From Figure 10, it can be observed that the measured
pressure difference values exhibit fluctuations, particularly
after a change in the pumping power of the diaphragm pump,
where the fluctuations are more pronounced. During normal
operation, both flow and pressure measurement data also
show variability. As previously analyzed, this is attributed to
the pulsating flow caused by the diaphragm pump.

Based on the theoretical analysis of the characteristics of
the pulsating flow generated by the diaphragm pump and the
2D model simulation of the measuring tube, it can be
concluded that the main factor affecting the online
measurement of the rheological properties in straight pipe
flow under pulsating conditions is the impact on pressure
difference measurement. In contrast, the flow measurement is
conducted using a Coriolis mass flow meter, which is less
affected, as the average flow rate over a certain period is used
for calculating rheological parameters. Therefore, the
influence of pulsating flow on flow measurement data can
generally be neglected.

Additionally, based on the uniform flow velocity derived
from the instantaneous volumetric flow rate in Table 4, the
amplitude A of the pulsating flow velocity at the outlet of the
diaphragm pump can be calculated using the following
equation:

T
2
D * ke f Asin(2nf = t)dt (13)
0
The simplified calculation yields:
s
A=50 (14)

In the equation, ¥ represents the flow velocity
calculated from the instantaneous volumetric flow rate after
determining the dimensions;

T——the period of the reciprocating motion of the
diaphragm pump;

f——the frequency of the diaphragm pump's reciprocating
motion .

Based on the calculated amplitude, the actual pulsating
flow velocity at the outlet corresponding to different voltage
settings of the diaphragm pump is determined, which will be
used as the initial velocity at the inlet.
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First, it is necessary to assess the flow regime of the fluid
in different sections of the pipeline. According to hydraulic
principles and extensive research, it is known that when the
Reynolds number Re is approximately less than 2100, the
flow of the drilling fluid is generally considered laminar;
when its value exceeds 4000, the flow is generally regarded
as turbulent. In practice, there is also a transitional regime
between laminar and turbulent flow, characterized by
Reynolds numbers in the range of [2000-4000]. This state is
referred to as the critical Reynolds number REC. Additionally,
the viscosity of drilling fluid is typically not very low,
meaning that interlayer movement between molecules is more
pronounced. Measurements typically start at a certain
viscosity, so situations in the transitional regime are
unavoidable. However, the model described below can also
be used for computational analysis.Under the straight pipe
measurement principle, when performing calculations with
the model, the wall shear rate and shear stress calculations
require the drilling fluid to be in a laminar state. Therefore,
the flow regime of the drilling fluid in the measuring tube
needs to be assessed, based on the Reynolds number, which
is calculated using the formula:

__ pDyv
u

Re

(15)

In the equation, D,—the internal diameter of the pipe (m);

v— the fluid flow velocity (m/s);

u—the fluid viscosity(mPa-s);

p—the fluid density (kg/m®).

Using the rheological parameters of the initially configured
oil-based drilling fluid sample, simulation initialization
parameters are set. The flow velocity in the pipeline is first
analyzed through simulation. One advantage of this
simulation approach is the ability to independently adjust
parameters such as fluid viscosity and density, which can be
time-consuming and labor-intensive to change in practice. In
this simulation analysis, the minimum viscosity is set to 20
mPa-s, and the maximum density is set to 2500 kg/m®.

From actual measurements, it is known that the maximum
flow velocity occurs when the voltage is set to 8V, with the
maximum uniform inlet velocity at 0.861 m/s. The maximum
pulsating flow velocity is 1.35 m/s, which can serve as a
representative for conditions at lower speeds. This maximum



flow velocity is then used as the inlet flow velocity for the

variation throughout the entire measuring device.

simulation, allowing for an analysis of the flow velocity

Based on Figure 11, it can be observed that the fluid begins
to stabilize after reaching a pipeline length of 4.5 m from the
inlet. Determining the flow regime within the pipe is essential,;
calculating the Reynolds number requires several parameters,
including density, viscosity, flow velocity, and pipe diameter.
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Figure 11. Flow Velocity Line Chart from Inlet to Outlet in the Pipeline

The designed experimental apparatus has a uniform internal
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diameter of 25 mm, with the maximum flow velocity
remaining constant. Therefore, by conducting simulation
analyses across different ranges of actual density and
viscosity, the flow regime of the fluid within the measuring
segment of the experimental apparatus can be determined.
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Figure 12. Reynolds Number at Different Pipe Lengths Under Varying Densities
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From Figure 12, it can be observed that at a viscosity of
20mPa's, only with a density of 2500 kg/m’® does the
Reynolds number exceed 2100 within the measuring segment
of the pipe from 1 to 4.5 m. However, since the pressure
difference sensor probe is installed in the measuring segment
from 4.5m to 6m, the flow regime of the fluid within this
segment remains laminar under the given fluid parameters.
Therefore, this aligns with the flow regime required for
calculating wall shear rates. As a result, measurement errors

due to turbulence do not need to be considered in this
experimental setup.

Since this device uses a capacitive pressure difference
sensor, the pressure values extracted during simulation
represent static pressure, meaning they correspond to the
pressure acting on the walls and are most reflective of the
actual measured pressure difference. The following table
presents the pressure difference data under different voltage
gradients:

Table 5. Pressure Difference Data Under Different Voltage Gradients

The pressure
difference value at

The pressure
difference value at

The pressure
difference value

difference value at

The pressure The pressure

difference value at 2V

The pressure
difference value at

2V (Pa) 4V (Pa) at 6V (Pa) 8V (Pa) (Pa) 4V (Pa)
2630.56 16400 33100 60726.2 2630.56 16400
2550 15500 31100 56700 2550 15500
2184.6 13100 25800 46800 2184.6 13100
1600 9230 17900 32200 1600 9230
850 4460 8220 14300 850 4460
9.9 =790 -2390 -5170 9.9 =790
-839 -6010 -12800 -24200 -839 -6010
-1610 -10700 -22100 -40900 -1610 -10700
-2220 -14300 -29100 -53700 -2220 -14300
-2620 -16500 -33300 -61100 -2620 -16500
2500 15700 32000 58900 2500 15700
2460 15100 30400 55600 2460 15100
2130 12800 25300 46000 2130 12800

Calculate the wall pressure difference vs. time curve for the
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Figure 13. Pressure Difference vs. Time at the Wall of the Measuring Tube Under Different Diaphragm Pump Driving
Voltages
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From Figure 13, it can be observed that, regardless of the
diaphragm pump's driving voltage, the trend of pressure
difference between the inlet and outlet over time remains
generally consistent within a single pumping cycle. However,
as the frequency increases, the amplitude of the inlet pulsating
flow velocity becomes larger, resulting in greater fluctuations
in the pressure difference between the measuring tubes.

Based on the pulsating velocity and pressure difference
within one cycle, the earlier figures demonstrate that the
change in pressure difference is proportional to the
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acceleration of the pulsating velocity; that is, as the pulsating
acceleration increases, the pressure difference also increases.
Additionally, when the pulsating velocity decreases, a
siphoning effect occurs within the tube, leading to a negative
pressure difference in that section.

Below are the simulation results for the pulsating flow
under the same driving voltage of the diaphragm pump, with
different viscosities set at 20 mPa-s, 50 mPa-s, and 80 mPa-s.
The comparative curve for the maximum and minimum
driving voltages is shown below:
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Figure 14. Pressure Difference vs. Time Curve in the Measuring Tube Under Different Driving Frequencies and Viscosities

From Figure 14, it can be observed that as the viscosity
increases, the pressure difference between the measuring
tubes also increases, although the magnitude of this increase
is relatively small.

Additionally, by selecting 20 evenly spaced points within a

single pumping cycle of the diaphragm pump, and varying the
viscosity from 20 mPa-s to 80 mPa-s at driving voltages of
8V and 2V, the corresponding increase in the pressure
difference in the measuring tube can be calculated. This is
illustrated in Figure 15:
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Figure 15. Pressure Difference Increment Comparison Between 2V and 8V at 20 mPa-s and 80 mPa-s

From the simulation results in Figure 15, it can be observed
that the average pressure difference increases by 11.515%
when the viscosity changes from 20 mPa-s to 80 mPa-s at 8V.
The curve shows two peak values, indicating points where the
pressure difference transitions from positive to negative. At
2V, the average pressure difference increases by 37.53% over
the same viscosity range. This suggests that when the flow
velocity amplitude is relatively low, changes in viscosity have
a more significant impact on the pressure difference in the
measuring tube compared to conditions with higher amplitude
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pulsating flow.

In the actual setup, the pressure difference sensor probes
are spaced 1.3 m apart, allowing for calculations of fluid
pressure loss as it flows through the pipe. In the simulation,
based on the flow rate gradients from Table 4-2 and the
relationship between driving voltage and diaphragm pump
frequency, the initial pulsating flow velocity at the inlet was
set. Extensive simulations were conducted under varying
viscosities and densities to determine the pressure difference
at the measuring tube, with the fluid temperature set to 25°C.



The pressure difference values represent the average
absolute pressure difference within one operating cycle of the
diaphragm pump. It is evident that as both driving voltage and
viscosity increase, the average pressure difference in the
measuring tube segment also rises. The driving voltage is
plotted on the x-axis, viscosity on the y-axis, and pressure
difference on the z-axis. The fitted surface data leads to the
following formula:

P, =1+ 612.786x% + 21.491x + 0.353y2 — 25.581y(16)

The surface plot of the average absolute pressure difference
values in the measuring tube segment under pulsating flow
and the pressure difference values under steady flow shows
that the trends of both are generally consistent. The following
formula represents the data fitting for the steady flow
conditions:

P, =1+ 600x? + 28.545x + 0.357y? — 25.745y (17)

Using the pressure difference values from the steady flow
in the measuring tube segment as the standard reference, and
the average pressure difference values over one cycle under
pulsating flow as the values for fitting at various pulsating
gradients, a calibration model for the pressure difference
measurements in the pulsating flow under straight tube
conditions can be derived:

APy = 12.786x% — 7.054x + 0.004y? — 0.164y (18)

The final calibration model for measuring rheological
properties in the actual setup is derived from the fitting
formula. Since the fitting was based on data collected over

just one pumping cycle of the diaphragm pump, the data
collection period in the actual experimental setup should be
set to integer multiples of each driving voltage's pumping
cycle. By averaging the pressure difference values obtained
during this time, significant reductions in errors due to data
collection can be achieved.

5. Pulsating Flow in Straight Pipe
Measurement Simulation and Model
Calibration Study

The experimental verification involves researching and
selecting the necessary hardware for the experimental
platform. The hardware components were then installed and
secured onto a fabricated external framework, followed by
circuit connections and debugging to complete the setup of
the hardware platform. Finally, the effectiveness of the
proposed model in terms of accuracy and its ability to reduce
interference from the diaphragm pump's vibrations was
assessed through the rheological parameters of the drilling
fluid.

5.1. Experimental Platform Construction

As the power source for the entire measuring device and
the source of the pulsating flow, the electric double-cylinder
single-acting diaphragm pump used in this study is the model
DBY3S-25AP316FFF. A physical representation of the
diaphragm pump is shown in Figure 17. It has an outlet
diameter of 25 mm, an inlet diameter of 25 mm, and a power
rating of 2.2 kW. The pump is equipped with a variable
frequency motor for stepless speed adjustment, and it features
a built-in pressure sensor at the outlet with a measurement
range of 0-10 MPa and an accuracy of £1% FS.

This figure illustrates the actual setup of the experimental

Figure 17. Physical Image of the Experimental Platform
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platform.




5.2. Experimental Results and Analysis

Using the constructed experimental platform, experiments
were designed to investigate the factors that may affect the
online measurement of the rheological properties of straight
pipe oil-based drilling fluids. By analyzing the data obtained
from the experiments, the impact of various factors on the
measurement of the rheological properties under pulsating
flow conditions was evaluated. Unless otherwise specified,
the experimental subject was the initial formulation of oil-
based drilling fluid, measured at a temperature of 20°C and
under normal pressure conditions without additional pressure.

From the design of the experimental platform, it is evident
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that the flow rate within the measurement pipe is controlled
by the power of the electric diaphragm pump via a variable
frequency drive. The flow rate of the fluid in the measurement
pipe is calculated based on the dimensions of the
measurement pipe and the flow rate measured by a mass flow
meter. A comparison of the rheological measurements of the
straight pipe oil-based drilling fluid at the same rheological
properties and the values obtained from the rotational
viscometer reveals the influence of flow rate on the
measurement of the rheological properties.

Multiple groups of experiments were conducted to
compare the rheological curves at voltage settings of 2-4V
and 4-8V.
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Figure 18. Comparison of Rheological Characteristic Curves from Four Experiments

From the comparison of the rheological characteristic
curves in Figure 19, it can be observed that at low flow rates
(2-4V), the flow curve from the diaphragm pump deviates
significantly from the curve measured by the rotational
viscometer, indicating that the calculated plastic viscosity
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(AV) is overestimated and the yield stress is underestimated.
In contrast, at higher flow rates (4-8V), the rheological
characteristic curve closely matches that of the rotational
viscometer, suggesting better measurement accuracy for the
straight pipe oil-based drilling fluid at higher flow rates.
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Figure 19. Flow Curves at Different Flow Rates

From the flow curve comparison in Figure 20, it is evident
that the measurement at a diaphragm pump voltage of 4-8V
provides a more stable flow curve trend at higher flow rates,
while the flow curve obtained at lower flow rates (2-4V) is
unstable and exhibits poorer measurement performance.

Subsequently, white oil or polymer additives were mixed
uniformly into drilling fluid samples prepared under the same
conditions to obtain oil-based drilling fluids of varying
viscosities. The measured plastic viscosities, as determined
by the rotational viscometer, were 20, 24, 38.5, 46, 52,62, 71,
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and 78 mPa-s. The effect of viscosity on the measurement of
the rheological properties of straight pipe oil-based drilling
fluid was evaluated through experiments conducted with
these varying viscosities.

The rheological curves reflect the characteristics of non-
Newtonian fluids across a wide shear rate range, from low to
high shear rates. The flow curves are essential for the real-
time measurement and calculation of the rheological
properties of drilling fluids, with results as shown:
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Figure 20. Rheological Characteristic Curves at Lower Viscosities

221



It can be observed that at viscosities of 20, 24, and 38.5 by the rotational viscometer. However, at 46 mPa‘s, some

mPa-s, the experimental output of the rheological deviation in the flow curve trend appears at high shear rates,
characteristic curves closely aligns with the curves measured which may indicate random systematic environmental errors.
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Figure 21. Flow Curves for AV20-46 mPa-s

Figure 23 shows the natural logarithm curves of shear rate above.
versus shear stress for the four viscosity gradients mentioned
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Figure 22. Rheological Characteristic Curves at Higher Viscosities
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It can be observed that at viscosities of 52, 62, 71, and 78
mPa-s, the rheological characteristic curves obtained from the
experimental measurements closely align with those
measured by the rotational viscometer, showing a similar
trend. This indicates that the measurement results from the
designed experimental setup are in good agreement with those

from the rotational viscometer. However, at 78 mPa-s, there
is a notable deviation in the dynamic shear stress values,
which may be attributed to the continuous addition of
thickening agent polymers, leading to a situation where the
sampled drilling fluid is not uniformly mixed.
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It can be observed that at viscosities of 52, 62, 71, and 78
mPa-s, the rheological characteristic curves output by the
experimental measurements are almost identical to those
measured by the rotary viscometer, indicating that viscosity
variations do not affect the measurement accuracy of the
experimental setup.
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Figure 23. Flow Curves for AV52-78 mPa's
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To compare whether the measurement accuracy of the
designed experimental setup for oil-based drilling fluid
rheological parameters is influenced by different
temperatures, an analysis will be conducted to determine the
nature of any observed effects.
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Figure 24. Comparison of Rheological Curves from the Measuring Device and Rotational Viscometer at Different
Temperatures

From the comparison of the three rheological curves, it can
be observed that as the temperature increases, the deviation
between the parameters measured by the experimental setup
and those obtained from the six-speed rotary viscometer
becomes larger. At 20°C, both trends and measurement curves
are very close, showing minimal deviation. However, at 50°C,
the trends diverge, and the rheological curves only align
closely at low shear rates.
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Five different viscosity samples of field oil-based drilling
fluids were taken for comparison between measurements
from the experimental setup and manual measurements using
the rotary viscometer. The flow rate, pressure difference, and
density data collected by the experimental setup were input
into the rheological model and correction model for
calculations. Since the field generally focuses on parameters
such as plastic viscosity, apparent viscosity, and yield point,



the experimental results primarily analyze and compare these
three parameters. Below is the rheological curve derived from

35

- - rotational viscometer

30| —— before correction

25

20

shear stress(Pa)

15

10

200 400 600 800 1000
shear rate(1/s)

a) Before Calibration

1200

the measurement data, as shown in Figure 5-21.
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Figure 25. Comparison of Rheological Fitting Curves Before and After Calibration

It can be seen that the fitted rheological curve after
correction closely overlaps with the fitted curve obtained
from the data measured by the rotary viscometer. Below is a
comparison of the rheological parameters—apparent

viscosity (AV), plastic viscosity (PV), and yield point (YP)—
calculated using the corrected model and the data measured
by the rotary viscometer:

Table 6. Rheological Parameters and Deviation Data

Experimental setup

Rotary viscometer

Deviation
AV PV YP AV PV YP AV PV YP
38.21 28.74 10.29 40 29.5 10.5 -1.79 -0.76 -0.21
43.78 32.54 13.12 45.5 32 13.5 -1.72 0.54 -0.38
53.3 40.46 13.06 52 39 13 1.3 1.46 0.06
72.02 59.63 12.94 72 59 13 0.02 0.63 -0.06
89.36 70.73 19.22 92 72 20 -2.64 -1.27 -0.78

From the data in Table 6, a bar chart can be generated to
illustrate the deviations of the rheological parameters

measured by the experimental setup compared to those
measured by the rotary viscometer:
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Figure 26. Deviation of Rheological Parameters Between the Experimental Setup and Rotational Viscometer

The final experimental results show that the average
deviation of the apparent viscosity (AV) is 2.69%, the average
deviation of the plastic viscosity (PV) is 2.362%, and the
average deviation of the yield point (YP) is 3.056%. The
measurement errors in pressure difference and flow rate
caused by pulsating flow have been effectively reduced.
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6. Conclusion

Currently, the commonly used method for automated real-
time accurate measurement of drilling fluid rheology is the
straight pipe measurement. However, the pulsating flow
generated by the pumping equipment during the extraction of



drilling fluid often leads to significant measurement errors in
pressure difference and flow rate, resulting in low accuracy
for the final calculated rheological parameters. To address the
issue of substantial measurement errors caused by pulsating
flow in pressure difference and flow rate, this paper proposes
a correction model for measuring the rheological properties
of fluids in a straight pipe under the influence of pulsation.
To verify the correctness and effectiveness of the proposed
method, the principles of pulsation caused by diaphragm
pumps and the characteristics of outlet flow velocity are first
analyzed theoretically. This information is then used as the
initial inlet flow velocity for simulations, analyzing the
pressure distribution and flow velocity variations of pulsating
flow within the measurement pipe segment, and examining
the errors in pressure difference and flow rate measurements
under pulsating flow conditions.To understand the influence
of pulsating flow on rheological measurements, a practical
experimental platform is constructed to measure the outlet
flow velocity and pulsation frequency of the diaphragm pump
under different power settings. A 3D model of the
measurement pipe is established based on this setup, and the
actual measurement environment is used as initialization
parameters for the simulations. Extensive simulations are
conducted to generate results, leading to the development of
a correction model for measuring oil-based drilling fluids
under the influence of pulsation.Finally, through experimental
data comparison, it is verified that this model can improve
measurement accuracy. Experimental comparisons using the
constructed platform reveal that, at different flow rates,
viscosities, and temperatures, the average deviation of the
apparent viscosity (AV) calculated by the corrected model is
2.69%, the average deviation of plastic viscosity (PV) is
2.362%, and the average deviation of yield point (YP) is
3.056%. The measurement errors in pressure difference and
flow rate caused by pulsating flow are effectively reduced.
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