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A B S T R A C T

Falling body (FB) methods have unique advantages in the viscosity measurement of high-temperature and high- 
pressure liquids because of the durability of the sensing parts and their suitability for carrying out measurements 
in a metal closed cylindrical chamber (CCC). However, the current methods usually use two coils fixed away 
from each other to sense the position and speed of the FB, which leads to a long travel distance of the FB, a large 
CCC, and the inability of the FB to automatically reset. This paper proposes a novel compact liquid viscosity 
measurement device using only one coil outside a stainless steel CCC to sense the moving speed of the iron FB 
and uses another coil fixed close to the sensing coil to reset the FB. Both the FB travel distance and the CCC size 
are very small. The stable velocity of the FB is directly measured according to the linear relationship between the 
impedance of the sensing coil and the position of the FB, and then the velocity is used to calculate the liquid 
viscosity. Viscosity tests were conducted on four standard viscosity liquids at different temperatures. The results 
show that for liquids with a viscosity range of 4.417 mPa⋅s~88.44 mPa⋅s, the descent time of FBs is between 2 
and 19 s. The relative error is concentrated within 5 %, and the standard deviation falls between 0.01 mPa⋅s and 
1.46 mPa⋅s. Within the 95 % confidence interval (k = 2), the expanded uncertainty of the four liquids viscosity 
measurement at different temperatures ranges from 0.74 mPa⋅s to 2.93 mPa⋅s, and the relative expanded un
certainty ranges from 6.32 % to 10.6 %. The measurement results have high accuracy and repeatability.

1. Introduction

Viscosity is an intrinsic physical property of a fluid that reflects the 
internal friction between molecules when the fluid is subjected to 
external forces [1]. The measurement of liquid viscosity can be used to 
evaluate the flow characteristics of a liquid, which is important for 
ensuring production efficiency and safety in fields such as oil and gas 
development [2], coal liquefaction [3,4], the chemical industry, and 
power equipment operation. In these fields, it is often necessary to 
measure the viscosity of high-temperature and high-pressure liquids. 
Owing to the limited high-temperature and high-pressure environment, 
the measurement of liquid viscosity needs to be carried out in a closed 
chamber, using high-temperature and high-pressure resistant materials 
to contact the liquid, or using a non-contact sensor to obtain the vis
cosity information.

Commonly used methods for measuring the viscosity of high- 
temperature and high-pressure liquids include the capillary method, 

rotation method, falling body (FB) method, and vibration method.
Capillary viscometers have long been used with highly viscous liq

uids and have a high level of accuracy. The widely used Cannon stan
dards, for example, have their viscosities determined in this way. 
Rotational viscometers are very convenient for routine measurements. 
However, when measuring the viscosity of high-temperature and high- 
pressure liquids, the rotational viscometer has a complex structure and 
requires many parts [5,6]. Vibrating wire viscometer has a wide vis
cosity measurement range. But the vibrating wire viscometer requires a 
longer container to increase the length of the metal wire and make it 
easier to vibrate, so the measurement device is relatively large [7,8].

Compared with the capillary method, rotary method, and vibration 
method, the FB method has the unique advantages of a simple structure 
and ease of use of a closed cylindrical chamber (CCC) for viscosity 
measurement, especially when measuring the viscosity of small volume 
liquids under high temperature and high pressure conditions. The 
measurement principle allows the FB to fall freely in the measured liquid 
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in a CCC, and the FB is subject to its own gravity, the upward viscous 
force provided by the liquid, and buoyancy. Because the magnitude of 
the viscous force is positively related to the velocity of the FB, when the 
FB is balanced by the three forces, it can reach a constant speed, and 
then the viscosity value can be calculated by measuring the time dif
ference between the two fixed points in the vertical channel. The 
development of the FB viscometer can be traced back to Bridgman [9, 
10] who used a falling cylinder to test the viscosity of 43 different fluids 
under high pressure, and Bridgman pointed out that the viscosity of the 
fluid is positively related to the falling time of the falling cylinder. The 
theory of measuring liquid viscosity using the FB method has been 
continuously improved. However, when the FB method is applied to 
measure the viscosity of liquids in high-temperature and high-pressure 
CCCs, two major problems need to be solved: how to detect the posi
tion of the FB in the CCC without contact and how to control the FB to 
return to the initial position without contact to carry out the next 
measurement.

To detect the position of the FB, the mainstream method is to form a 
Wheatstone bridge with two inductance coils wound around the CCC. 
When the FB passes through the two coils in sequence, it causes an 
imbalance in the electrical signal of the bridge, which is amplified, 
shaped and used to trigger the timer on and off. By measuring the time it 
takes for the FB to pass through the two coils, the viscosity of the liquid 
can be calculated. Harris [11] proposed a high-pressure FB viscometer 
on the basis of this method. To accurately distinguish the imbalance 
signal when the FB passes the two coils in sequence, the FB must not 
affect the inductance change of the two coils simultaneously during the 
falling process. Therefore, the distance between the two coils is greater 
than 100 mm, the CCC and the measurement cycle are both very long, 
and more liquid samples are required to fill the CCC. Bair [12] proposed 
a compact FB viscometer that uses a variable differential transformer to 
measure the fall time of the FB. For falling times greater than about 
100 s, accuracy is reduced due to instrumentation drift. Tanaka [13,14]
used a Pyrex glass tube as a CCC, and measured the position of the FB 
through a laser beam and a phototransistor. Jackson [15,16] used a 
high-pressure glass window to seal the container tube, and used laser 
Doppler technology to measure the falling speed of the FB instead of 
measuring the time. However, this optical method has limitations when 
sealing, so they are difficult to extend to high-pressure environments.

At present, there is still no method suitable for automatic reset of the 
FB in the miniaturized falling body viscometer. Wang [17] developed a 
set of high-pressure liquid viscosity measurement systems based on the 
principle of the FB method, which can measure viscosity in the tem
perature range of 293–363 K and the pressure range of 0.1–45 MPa. 
However, the FB reset method was not used in this study, and only a 
single measurement could be carried out. Schaschke et al. [18,19]
comprehensively evaluated the performance of an FB viscometer by 
combining experimental data and fluid dynamics calculation results. 
However, the reset of the FB requires the entire pressure vessel to be 
rotated 180◦, resulting in a very complicated operation process and a 
long measurement period, which takes 398–2800 s. In the FB 
high-pressure viscometer proposed by Harris [11], the reset of the FB 
also requires the pressure vessel to rotate 180◦. This reset method re
quires much space, and the measurement time is long, ranging from 20 s 
to 10,000 s. Owing to the long movement range of the FB, it is impossible 
to reset the FB through the electromagnetic force generated by a single 
coil. Irving and Barlow [20] developed an automated high-pressure 
liquid viscometer, which realizes not only the movement and posi
tioning of the FB through the alternating energization of a series of coils 
but also the automation of viscosity measurement. However, the use of 
multiple coils to reset the FB results in a very complex structure and 
large volume of the entire instrument. Sagdeev et al. [21,22] designed 
and manufactured a liquid viscometer on the basis of the principle of the 
FB method with an automatic resetting device with a traction solenoid 
placed outside the CCC moving up to drive FB resetting. Owing to the 
large moving distance of the FB while passing through two detection 

coils, a strong electromagnetic force is needed to ensure the reset of the 
FB, resulting in a larger traction solenoid. Solving the problem of FB 
position detection and reset while ensuring the miniaturization and 
simple structure of the device is important for the development of FB 
viscometers.

The traditional FB methods use double coils to measure the falling 
time of the FB and then calculate the FB speed and liquid viscosity. Since 
the two coils are far apart, the FB travels a long distance. This leads to 
difficulty in resetting the FB, the large volume of the measuring device, 
the long measurement time, and the large amount of liquid sample 
needed.

This paper uses the linear relationship between the impedance of a 
single coil and the position of the FB to measure the speed of the FB to 
ensure that the distance of travel of the FB is very short. This greatly 
reduces the length of the measurement chamber, thereby enabling the 
use of a fixed-position, low-power coil to reset the FB. This method can 
make the liquid viscosity measurement device more compact, decrease 
the measurement time, and require less sample.

In this work, a novel compact device for measuring liquid viscosity in 
a CCC with a simple structure, small size, small sample quantity and fast 
detection speed is designed. This device uses only one coil outside a 
stainless steel CCC to sense the moving speed of the iron FB and uses 
another coil fixed close to the sensing coil to reset the FB. Both the FB 
travel distance and the CCC size are very small. By finite element 
simulation, the falling rules of FBs of different sizes in liquids with 
different viscosities and the relationship between the FB position and 
coil impedance are investigated. Falling bodies of different sizes are 
designed according to the division of the measurement range. A method 
is designed to calculate the liquid viscosity by measuring the change rate 
of the coil impedance. By measuring the viscosity of four reference liq
uids—squalane, diisodecyl phthalate, the standard material GBW(E) 
130720, and the standard material GBW(E)130615—at different tem
peratures and comparing them with literature and standard material 
property values, the feasibility of the measuring device and the cor
rectness and repeatability of the measurement results are verified. Ac
cording to the practical application requirements, the technical 
advantages of the scheme are analyzed, and future development di
rections are noted.

2. Measurement methods

2.1. Measurement principle

The principle of measuring liquid viscosity via the FB method is 
shown in Fig. 1. The radius of the FB is r1, the length is h1, and the radius 
of the cylinder where the FB is located is r2. The FB coaxially falls 
downward at a stable speed in the cylinder under the action of gravity. 
There is a velocity gradient in the liquid, and the liquid in contact with 

Fig. 1. Schematic of the FB method.
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the tube wall is stationary. The FB is affected by gravity G, buoyancy 
force Fb and viscous force Fη simultaneously, among which the viscous 
force increases with increasing FB speed. When the three forces are 
balanced, the falling speed reaches a stable value vs. The expression of 
the liquid viscosity η is shown in Eq. (1) [19]. 

η =
mg
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where m is the mass of the FB, ρliq is the density of the liquid to be 
measured, and ρs is the density of the FB. Eq. (1) can be rewritten as: 
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where A is the instrument coefficient, and its value is as follows: 
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Eq. (2) shows that the liquid viscosity η is inversely proportional to 
the stable speed vs of the FB.

The instrument coefficient A can be obtained by calibrating the 
standard liquid with known viscosity, and then the liquid viscosity can 
be calculated by measuring the stable speed of the FB when it falls freely 
in different liquids.

2.2. Implementation scheme

On the basis of the above measurement principles, a device for 
measuring liquid viscosity in a CCC based on electromagnetic drive and 
sensing is designed, as shown in Fig. 2. The stainless steel tube and plug 
form a CCC. The inside of the CCC is filled with liquid, the iron FB moves 
inside the CCC, and the movement range consists of the upper and lower 
limits of the CCC. Two coils are wound around the outer wall of the 
stainless steel tube, namely, the driving coil and the sensing coil. The 
liquid to be measured is filled in the CCC and then a FB of the appro
priate range is placed into the CCC. The driving coil generates a mag
netic field after passing the current, which is used to attract the FB to 
move vertically upward until the FB reaches the upper limit and com
pletes its reset. After the driving coil is powered off, the magnetic field 
disappears, and the FB moves vertically downward under the combined 
action of gravity, viscosity, and buoyancy until it reaches a stable speed. 
By measuring the change in the impedance value of the sensing coil, the 
falling process of the FB is monitored, and by measuring the change rate 

in the impedance value of the sensing coil, the stable speed of the FB is 
obtained. After the instrument coefficient is calibrated using a standard 
liquid with known viscosity, the liquid viscosity can be determined by 
the ratio of the change rate of the coil impedance during the free fall of 
the FB in different liquids.

When the radius r1 of the FB is close to the inner radius r2 of the 
stainless steel tube, the FB quickly reaches a stable speed vs after the 
moment of free fall. A reasonable design of r1 and r2 can make the ac
celeration process very short, and the falling process of the FB can be 
regarded as moving at a constant speed vs. This finding is verified in 
Section 3, which presents the simulation verification. By using FBs with 
r1 and r2 close to each other, the FB can reach a stable speed after falling 
a very short distance. Thus, the beneficial effect of decreasing the 
movement range can be achieved. Moreover, because the movement 
range of the FB is short, the reset of the FB can be achieved through the 
electromagnetic force generated by the driving coil fixed very close to 
the sensing coil.

When an iron FB passes through the sensing coil, the electromagnetic 
impedance of the sensing coil changes, and the corresponding rela
tionship between the position of the FB and the impedance of the sensing 
coil is determined. In some regions near the coil, the change in coil 
impedance and the position of the FB present a linear relationship. This 
finding is verified in Section 3, Simulation Verification. Moreover, in the 
linear region, when the FB moves at a constant speed vs, the change rate 
of the coil impedance is proportional to the stable speed vs of the FB. 
Therefore, the stable speed vs can be characterized by measuring the 
change rate of the coil impedance.

3. Simulation verification

In this section, the velocity of the FB and the relationship between 
the position of the FB and the coil impedance are verified via finite 
element simulations.

3.1. Velocity of the FB

The velocity of the FB during its fall in the liquid is investigated via 
the finite element simulation software COMSOL. A 2D rotational 
axisymmetric model was constructed, as shown in Fig. 3(a). During the 
actual fall of the FB, the liquid underneath the FB is displaced upward, 
which is ensured in the finite element simulation by setting up slip 
conditions for the FB and the cylindrical chamber wall, where the cy
lindrical chamber wall moves upward and the FB remains stationary.

The inner radius of the cylindrical chamber r2 is 4 mm, the length is 
60 mm, the radius of the FB r1 is 3.5 mm (the parameter to be swept), 
and the height h1 is 20 mm. The material of the FB is pure iron, and the 
density is set 7800 kg/m³ . The laminar flow is selected as the physical 
field of the simulation, the lower boundary of the model is set as the inlet 
of the fluid, the upper boundary of the model is set as the outlet of the 
fluid, the density of the fluid is 1000 kg/m3, and the viscosity η is set as 
the parameter to be swept. The relative initial velocity of the fluid and 
the FB is 0. The symmetric condition is set, assuming that the fluid 
motion is axisymmetric about the axis of rotation. The boundary con
dition is set to “no-slip” for the boundary of the FB and “slip” for the 
inner cylindrical wall of the chamber. The mesh is set as a physical field- 
controlled mesh, the mesh element size is selected as Ultrafine, and the 
domain is meshed as shown in Fig. 3(b). The radius of the FB r1 is swept 
parametrically, the transient study is added to simulate the first 0.1 s of 
the relative motion between the FB and the liquid, and the simulation 
step size is 0.002 s.

The first 0.1 s of the fall process of the FB is simulated in a liquid with 
a viscosity of 11 mPa⋅s, and the simulation step size is 0.001 s. The 
simulation results of the variation in the falling velocity with time of the 
FBs of different radii in the liquid are shown in Fig. 3(c). The FB in the 
liquid experiences accelerated falling and maintains uniform motion 
after reaching a stable velocity. Different radii of the FB in the same 

Fig. 2. Schematic of the composition of the liquid viscosity measure
ment device.
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liquid have different stable velocities and different acceleration times. 
The closer the radius of the FB is to the inner radius of the cylindrical 
chamber, the shorter the acceleration times and the lower the steady- 
state speed.

The radius of the FB r1 was 3.8 mm, and the liquid viscosity η was 
parametrically swept. η was 11 mPa⋅s, 21 mPa⋅s, 31 mPa⋅s, 41 mPa⋅s, 51 
mPa⋅s, 61 mPa⋅s, 71 mPa⋅s, 81 mPa⋅s, and 91 mPa⋅s. The simulation is 
carried out for the first 0.02 s of the relative motion between the FB and 
the liquid, and the simulation step size is 0.001 s. The results of the 
simulation are shown in Fig. 4.

Fig. 4 shows that the greater the viscosity of the liquid is, the shorter 

the time required for the FB to reach the stabilizing velocity, and the 
smaller the stabilizing velocity. For example, for an FB with radius r1 of 
3.8 mm in a liquid with viscosity η of 91 mPa⋅s, the acceleration process 
takes only 1 ms, and the stabilized velocity is 0.001 m/s. If the FB falls 
10 mm with the stabilized velocity, then it takes 10 s for the whole 
falling process. The 1 ms acceleration process accounts for only 0.01 % 
of the total falling time. In a liquid with a viscosity of 11 mPa⋅s, the 
acceleration phase takes only 11 ms, and the stabilized velocity is 
0.0086 m/s. If the FB travels 10 mm at a steady velocity, it takes 1.163 s 
to fall. The 11 ms acceleration phase accounts for only 0.94 % of the 
total fall time.

According to the above two sets of simulation results, when the 
radius of FB r1 is close to the radius of cylindrical tube r2, the FB rapidly 
reaches the steady velocity vs after the instant of free fall. The FB process 
can be regarded as a uniform motion with a stabilized velocity.

3.2. Relation between the position of the FB and the impedance of the 
sensing coil

The relationship between the FB position and the coil impedance is 
analyzed via the finite element simulation software COMSOL. A 2D 
rotational axisymmetric model was constructed, as shown in Fig. 5(a). 
The inner wall r2, thickness, and length of the stainless steel chamber are 
4 mm, 5 mm, and 100 mm, respectively. The radius r1 and height h1 of 
the FB are 3.5 mm and 20 mm, respectively. The width of the coil WH is 
10 mm, and the thickness of the coil is calculated by the width of the coil 
WH, the number of turns of the coil N, and the diameter of the coil wire 
d. The FB material is pure iron, the relative permeability is 300, and the 
conductivity is 1.12 × 107 S/m. The relative permeability of the stain
less steel is 1.2, and the conductivity is 4.03 × 106 S/m. The material of 
the coil is copper, the relative permeability is 1, and the conductivity is 
5.99 × 107 S/m. The physical field selects the magnetic field. The coil 
model is set to “uniform multiple turns” with N = 600 and d = 0.25 mm. 
The mesh is set to “physical field control mesh”, and the mesh size is 
selected to be “ultrafine”. A frequency domain study is added to the 
physics, and the frequency is 500 Hz. The parametric sweeping of the FB 
position S is carried out, and the coil impedance value Z, resistance value 
R, and reactance value X are obtained with different S values. The 
simulation results are shown in Fig. 5(b).

In Fig. 5(b), the abscissa is the distance S in the vertical direction 
between the center of the FB and the center of the coil, the vertical 
ordinate of Fig. 5(b) is the impedance. The amount of change in reac
tance ΔX is defined as shown in Fig. 5(b). The definitions of the amount 
of change in resistance and impedance are similar. Among the imped
ance Z, resistance R, and reactance X, the amount of change in imped
ance Z is the largest. Therefore, the Z-S curve was chosen for subsequent 
analysis. There are two regions in the Z–S curve, where the changes in 
the coil impedance Z vs the relative position S are approximately linear, 
which is referred to as the linear region. During the design process, we 
used the linear zone on the right. In the linear region, the steady velocity 

Fig. 3. Velocities of the falling bodies with different r1 values.

Fig. 4. Velocities of the FB within liquids of different viscosities.
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vs of the FB can be characterized by the change rate of the coil imped
ance in the linear region, and then the liquid viscosity can be calculated.

Since the stable velocity vs of the FB in the linear region is propor
tional to the change rate of impedance vx,vs=kxvx, the measurement 
formula is modified to Eq. 4. 

η =
B
vx

(

1 −
ρliq

ρs

)

(4) 

In Eq. 4, B=A⋅kx, since no literature has been found that provides 
expressions for the coil impedance when the FB is at different positions, 
the instrument coefficient B is obtained through calibration.

4. Experiment

4.1. Experimental apparatus

(1) CCC device for measuring liquid viscosity

The inner radius r2 of the CCC of the stainless steel tube is 4 mm, and 
the wall thickness of the cylinder is 5 mm. Considering the amplitude of 
the impedance value Z, the length of the linear region, and the heat 
dissipation of the coil, the coil is designed to have N = 1000 turns, a 
width WH= 16 mm, and a wire diameter d= 0.25 mm. A cross-sectional 
view of the measuring device is shown in Fig. 6(a). The chamber device 
contains a driving coil, a sensing coil, an iron plug, an FB and a PT100. 

The driving coil is used to drive the FB to reset, and the sensing coil is 
used to detect the position and speed of the FB. The plug is used to limit 
the upward moving range of the FB and seal the chamber. A PT100 was 
used to detect the liquid temperature. To avoid frequent dismantling of 
the device for pressurization and pressure relief to change the liquid 
when different liquid viscosities are measured under high-temperature 
and high-pressure conditions, we designed liquid inlet and outlet ports 
for the experimental chamber device. A physical diagram of the device is 
shown in Fig. 6(b). The external dimensions of the device are 
73 mm*39 mm.

(2) FB

The drop height h1 is designed to be 20 mm. To accommodate liquids 
with different viscosities, the radius of the FB r1 is designed according to 
different viscosity measurement ranges. The range of movement of the 
FB is 11 mm, and when the FB reaches the lower limit, Z is still in the 
linear region of the change in the impedance value of the sensing coil. 
Since the FB movement range is only 11 mm, both the measurement 
time and the CCC are reduced, and only 1 mL of liquid is needed to 
completely fill the CCC. The device is compact and simple in structure.

Fig. 5. Relationships between the coil impedance and the position of the FB.

Fig. 6. Viscosity measurement apparatus.

Fig. 7. Photo of the falling bodies.
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The physical diagram of the FB is shown in Fig. 7. The FB is 
composed of pure iron material. The top of the FB is designed as an arc 
surface to prevent the top of the FB from freely falling due to a large 
viscous force after resetting. The bottom of the FB is designed as a 
conical surface, which is matched with the bottom of the stainless steel 
chamber to ensure that the movement of the FB in the chamber is coaxial 
during each measurement. The actual size of the FB is as follows: for 
liquids with viscosities ranging from 1–20 mPa⋅s, the radius of the FB r1 
is 3.93 mm; for liquids with viscosities ranging from 20–50 mPa⋅s, the 
radius of the FB r1 is 3.88 mm; for liquids with viscosities ranging from 
50–100 mPa⋅s, the radius of the FB r1 is 3.79 mm. For the measurement 
of the viscosity of low-viscosity liquids, a FB with a larger radius is used 
to reduce the falling speed to prevent turbulence caused by the high 
falling speed of the FB. For high-viscosity liquids, a FB with a smaller 
radius is used to increase the falling speed of the FB and shorten the 
measurement time. 

(3) Viscosity measurement system

A block diagram of the viscosity measurement system is shown in 
Fig. 8(a). The driving coil generates an electromagnetic force when 
current passes through it, and the iron plug forms an electromagnet in 
the magnetic field, which is used to increase the attraction force on the 
FB. The impedance detection circuit is employed to monitor the 
impedance Z of the sensing coil, which is used to ascertain the position of 

the FB and to estimate its falling speed. The impedance data at different 
moments are transmitted to the host computer by the microcontroller 
for further analysis and calculation. The temperature of the liquid was 
measured by a PT100. A photo of the measurement system is shown in 
Fig. 8(b).

4.2. Experimental results

The experimental samples included typical reference liquid squalane 
and diisodecyl phthalate as well as the national standard material GBW 
(E)130720 and the national standard material GBW(E)130615. The 
GBW(E)130720 was obtained from China Institute of Metrology. The 
GBW(E)130615 was obtained from China National Defense Science and 
Technology Industrial Applied Chemistry Level 1 Metrology Station. The 
squalane sample came from ShangHai EKEAR Bio&Tech Co. LTD, with a 
purity of 99 %. The diisodecyl phthalate sample was from Shanghai 
Macklin Biochemical Technology Co, Ltd, with a purity of 99 %. The 
viscosity values of different reference liquids at different temperatures 
are obtained from the literature [25,26,27] and national reference ma
terial identification certificates. (National reference material identifi
cation certificates are in the supplementary document) 

(1) Verification of the viscosity measurement formula

The Z-t curves of FBs in the national standard material GBW(E) 
130720 at different temperatures were tested. The radius of the FB r1 is 
3.93 mm. In the experiment, the timing starts when the driving coil is 
powered off, and the impedance value Z of the sensing coil is recorded at 
each moment. The results are shown in Fig. 9.

Fig. 9 shows that at 12530 ms and 18798 ms, the impedance value Z 
no longer changes, indicating that the FBs in the 298 K and 313 K 
standard liquids reach the lower limit. Before the FB reaches the lower 
limit, the coil impedance value Z is positively correlated with time t, and 
there is a linear region. A linear function is used to fit the data in the 
linear region, and two fitting straight lines are obtained: 
Z = 0.00095t + 54.9623 and Z = 0.0014t + 55.0992, as shown in 
Fig. 9. The fitted slopes k298 and k313 are the change rates of the coil 
impedance, and their values are 0.00095 and 0.0014, respectively, 
which are used to represent the stable speed vs of the FB moving in two 
different liquids.

According to Eq. (2), in two liquids with little density change, the 
product of η and vs should be a fixed value related to the size of the FB 
and the inner diameter of the stainless steel cylinder. The stable speed 
can be characterized by the change rate of the coil impedance, and the 
product of η and slope k should also be a fixed value C.

The viscosity values η298 and η313 obtained at 298 K and 313 K were 
6.827 mPa⋅s and 4.417 mPa⋅s, respectively, according to the national 
calibration standard certificate. C is calculated as follows: 

Fig. 8. Measurement system. Fig. 9. Z-t test results.
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C298 = η298 ∗ k298 = 6.827 ∗ 0.00095 = 0.006485 

C313 = η313 ∗ k313 = 4.417 ∗ 0.0014 = 0.006183 

The relative error of the calculated expected fixed value C is 4.6 %. 
The correctness of the measurement principle used is proven. 

(2) Viscosity measurement results

①Squalane
The FB with r1= 3.88 mm was used to measure the squalane liquid 

five times at temperatures of 298 K, 303 K, 308 K, 318 K, and 323 K. The 
measurement time was between 4 s~12 s. The measurement results 
were recorded as ηm1, ηm2, ηm3, ηm4, and ηm5. The average of five mea
surements η and the standard deviation σ are subsequently calculated. 
The reference viscosity values ηrof squalane at different temperatures 
were obtained from reference [23] and are recorded in Table 1. The 
error bar results of the viscosity test of squalane at different tempera
tures are shown in Fig. 10(a). Fig. 10(b) shows the relative error between 
each viscosity measurement value and the reference viscosity value at 
different temperatures. The percent deviation calculation formula is 
(ηm − ηr)/ηr× 100.

Table 1 shows that the average value of the five measurements has a 
small difference from the reference value ηr obtained in reference [23]. 
The maximum absolute error occurs in the test result at a temperature of 
318 K, which is 0.54 mPa⋅s. The standard deviation σ ranges from 0.18 
to 0.74 mPa⋅s. Fig. 10(a) shows that the error bar is shorter when the 
temperature is higher and the viscosity is lower, which indicates that the 
experimental data of the viscosity test in squalane liquid are relatively 
stable and have small dispersion and high credibility. Fig. 10 (b) shows 
that the relative error between each measurement result and the refer
ence viscosity is concentrated between − 5 % and 5 %, with an average 
of 1.86 %. Within the 95 % confidence interval (k = 2), the expanded 
uncertainty of the squalane liquid viscosity measurement at different 
temperatures ranges from 0.78 mPa⋅s to 2.12 mPa⋅s, and the relative 
expanded uncertainty ranges from 6.13 % to 8.94 %, indicating that the 
designed experimental device and measurement method have high 
viscosity measurement accuracy.

②Diisodecyl phthalate
The FB with r1= 3.79 mm was used to measure the diisodecyl 

phthalate liquid five times at temperatures of 298 K, 303 K, 308 K, 
318 K, and 323 K. The measurement time was between 2 s~9 s. The 
measurement results were recorded as ηm1, ηm2, ηm3, ηm4, and ηm5. The 
average of five measurements η and the standard deviation σ are sub
sequently calculated. The reference viscosity values ηr of diisodecyl 
phthalate at different temperatures were obtained from references [24, 
25] and are recorded in Table 2. The error bar results of the viscosity test 
of diisodecyl phthalate at different temperatures are shown in Fig. 11(a). 
Fig. 11(b) shows the relative error between each viscosity measurement 
value and the reference viscosity value at different temperatures.

Table 2 shows that the average value of the five measurements has a 
small difference from the reference value ηr obtained in references [24, 

25]. The maximum absolute error occurs in the test result at 308 K, 
which is − 1.93 mPa⋅s. The standard deviation σ ranges from 0.26 to 1.46 
mPa⋅s. Fig. 11(a) shows that the error bar is shorter when the temper
ature is higher and the viscosity is lower, which shows that the experi
mental data of the viscosity test in diisodecyl phthalate liquid are 
relatively stable and have a small dispersion and high credibility. Fig. 11
(b) shows that the relative error between each measurement result and 
the reference viscosity is concentrated between − 6 % and 3 %, with an 
average of − 2.14 %. Within the 95 % confidence interval (k = 2), the 
expanded uncertainty of the diisodecyl phthalate liquid viscosity mea
surement at different temperatures ranges from 0.87 mPa⋅s to 4.27 
mPa⋅s, and the relative expanded uncertainty ranges from 3.77 % to 
5.07 %, indicating that the designed experimental device and mea
surement method have high viscosity measurement accuracy.

③GBW(E)130720
The FB with r1= 3.93 mm was used to measure GBW(E)130720 five 

Table 1 
Viscosity test results of squalane at different temperatures T, unit: mPa⋅s.

T 298 K 303 K 308 K 313 K 318 K 323 K

ηm1 27.63 22.11 18.93 15.66 12.76 11.21
ηm2 27.25 22.01 18.75 15.27 13.20 11.10
ηm3 26.62 23.37 19.19 14.75 12.99 10.88
ηm4 28.49 22.72 17.57 15.86 13.20 11.26
ηm5 26.82 22.34 18.88 15.89 13.08 11.57
η 27.36 22.51 18.67 15.49 13.05 11.20
σ 0.74 0.55 0.63 0.48 0.18 0.25
U (η) 2.12 1.66 1.67 1.29 0.80 0.78
Urel/% 7.75 7.37 8.94 8.33 6.13 6.96
ηr[23] 27.87 22.7 18.15 15.2 12.5 10.7

Expanded uncertainties with a cover factor of k = 2 and 95 % confidence

Fig. 10. Viscosity test results for squalane at different temperatures.

Table 2 
Viscosity test results of diisodecyl phthalate at different temperatures T, unit: 
mPa⋅s.

T 298 K 303 K 308 K 313 K 318 K 323 K

ηm1 86.64 63.25 46.83 36.42 28.95 22.83
ηm2 89.14 62.99 47.27 36.82 28.75 23.15
ηm3 86.49 65.89 47.38 37.10 28.51 23.00
ηm4 89.75 64.63 47.77 38.34 28.75 22.96
ηm5 87.94 64.94 45.95 36.30 27.67 23.50
η 87.99 64.34 47.04 37.00 28.53 23.09
σ 1.46 1.21 0.70 0.82 0.50 0.26
U (η) 4.27 3.26 2.11 1.99 1.36 0.87
Urel/% 4.85 5.07 4.49 5.38 4.77 3.77
ηr[24,25] 88.5 65.0 48.98 38.01 29.43 23.56

Expanded uncertainties with a cover factor of k = 2 and 95 % confidence
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times at temperatures of 298 K, 303 K, 308 K, 318 K, and 323 K. The 
measurement time ranged from 9 to 19 s. The measurement results are 
recorded as ηm1, ηm2, ηm3, ηm4, and ηm5. The average of five measure
ments η is then calculated, and the standard deviation σ is calculated. 
The reference viscosity values ηr of GBW(E)130720 at different tem
peratures were obtained from the standard material identification cer
tificate and are recorded in Table 3. The error bar results of the viscosity 
test of diisodecyl phthalate at different temperatures are shown in 
Fig. 12(a). Fig. 12(b) shows the relative error between each viscosity 
measurement value and the reference viscosity value at different 
temperatures.

Table 3 shows that the average value of the five measurements has a 
small difference from the reference value ηr obtained from the standard 
material identification certificate. The maximum absolute error occurs 
in the test result at 303 K, which is 0.1 mPa⋅s, and the standard deviation 

σ ranges from 0.01 to 0.14 mPa⋅s. Fig. 12(a) shows that the error bar is 
shorter when the temperature is higher and the viscosity is lower, which 
shows that the viscosity test experimental data in the GBW(E)130720 
liquid are relatively stable. Fig. 12(b) shows that the relative error be
tween each measurement result and the reference viscosity is concen
trated between − 4 % and 5 %, with an average of 0.45 %. Within the 
95 % confidence interval (k = 2), the expanded uncertainty of the GBW 
(E)130720 liquid viscosity measurement at different temperatures 
ranges from 0.26 mPa⋅s to 0.48 mPa⋅s, and the relative expanded un
certainty ranges from 5.95 % to 7 %, indicating that the designed 
experimental device and measurement method have high viscosity 
measurement accuracy.

④GBW(E)130615
The FB with r1= 3.88 mm was used to measure the GBW(E)130615 

liquid five times at temperatures of 298 K, 303 K, 308 K, 318 K, and 
323 K. The measurement time was between 4 s~13 s. The measurement 
results were recorded as ηm1, ηm2, ηm3, ηm4, and ηm5. The average of five 
measurements η and the standard deviation σ are subsequently calcu
lated. The reference viscosity values ηrof GBW(E)130615 at different 
temperatures were obtained from the standard material identification 
certificate and are recorded in Table 3. The error bar results of the vis
cosity test of squalane at different temperatures are shown in Fig. 13(a). 
Fig. 13(b) shows the relative error between each viscosity measurement 
value and the reference viscosity value at different temperatures.

Table 4 shows that the average value of the five measurements has a 
small difference from the reference value ηr obtained from the standard 
material identification certificate. The maximum absolute error occurs 
in the test result at a temperature of 298 K, which is − 1.15 mPa⋅s, and 
the standard deviation σ ranges from 0.15 to 0.23 mPa⋅s. Fig. 13(a) 
shows that the error bar is shorter when the temperature is higher and 
the viscosity is lower, which shows that the viscosity test experimental 
data in the GBW(E)130615 liquid are relatively stable. Fig. 13(b) shows 

Fig. 11. Viscosity test results of diisodecyl phthalate at different temperatures.

Table 3 
Viscosity test results of GBW(E)130720 at different temperatures T, unit: mPa⋅s.

T 298 K 303 K 308 K 313 K 318 K 323 K

ηm1 6.70 6.04 5.14 4.41 3.82 3.24
ηm2 7.05 5.77 5.31 4.40 3.80 3.30
ηm3 6.95 6.07 5.26 4.38 3.82 3.33
ηm4 6.85 5.98 5.20 4.33 3.80 3.34
ηm5 6.77 5.93 5.11 4.34 3.78 3.35
η 6.86 5.96 5.20 4.37 3.80 3.31
σ 0.14 0.12 0.08 0.04 0.01 0.04
U (η) 0.48 0.41 / 0.26 / /
Urel/% 7 6.88 / 5.95 / /
ηr

# 6.827 5.848 / 4.417 / /

#: Obtained from calibration certificates issued by the National Applied 
Chemistry Level 1 Metrology Station.
Expanded uncertainties with a cover factor of k = 2 and 95 % confidence

Fig. 12. Viscosity test results of GBW(E)130720 at different temperatures.
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that the relative error between each measurement result and the refer
ence viscosity is concentrated between − 7 % and 6 %, with an average 
of − 2.76 %. Within the 95 % confidence interval (k = 2), the expanded 
uncertainty of the GBW(E)130615 liquid viscosity measurement at 
different temperatures ranges from 0.74 mPa⋅s to 2.93 mPa⋅s, and the 
relative expanded uncertainty ranges from 6.32 % to 10.6 %, indicating 
that the designed experimental device and measurement method have 
high viscosity measurement accuracy.

⑤ Temperature control problem
It should be noted that the current temperature control method in the 

experiment will lead to the generation of temperature gradients within 
the device, which is also a reason for the measurement error in the 
viscosity test results. We will improve the device in the future by setting 
a water bath sandwich between the actuation and heating coil and the 
closed cavity. The temperature of the device wall and the liquid in the 

device is precisely controlled by means of a water bath to avoid the 
generation of temperature gradients between the temperature moni
toring point and the liquid.

5. Summary and outlook

5.1. Summary

(1) In this paper, we propose a viscosity measurement device and 
method for liquids in a CCC, which uses the sensitivity change 
rate of the detection coil to characterize the steady velocity of the 
FB. The device is characterized by a simple structure, small size, 
low sample volume requirements and fast detection speed.

(2) In this device, the drop distance is only 11 mm. For squalane, 
diisodecyl phthalate, the standard material GBW(E)130720, and 
the standard material GBW(E)130615, with a temperature range 
of 298–323 K, the viscosity range is 4.417–88.44 mPa⋅s. Only 
1 mL of sample is needed to measure the viscosity, and the falling 
time of the FB is 2–19 s, which is faster than that of the traditional 
FB method.

(3) The viscosity of the above four different liquids was measured 
through the designed viscosity measurement device and mea
surement method. The results have high accuracy and high 
repeatability. The relative error is concentrated within 5 %, and 
the standard deviation is between 0.01 mPa⋅s and 1.46 mPa⋅s. 
Within the 95 % confidence interval (k = 2), the expanded un
certainty of the four liquid viscosity measurements at different 
temperatures ranges from 0.26 mPa⋅s to 4.27 mPa⋅s, and the 
relative expanded uncertainty ranges from 3.77 % to 10.6 %.

5.1.1. Outlook
We designed inlet and outlet ports for the proposed liquid viscosity 

measurement device to conveniently replace the liquid in the CCC under 
high-temperature and high-pressure conditions. The aforementioned 
tests were conducted with this structure, which can be directly con
nected to high-temperature and high-pressure generating devices for 
testing. In the next step, we will design a high-temperature and high- 
pressure liquid generator and design a water bath device for precise 
temperature control.
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Fig. 13. Viscosity test results of GBW(E)130615 at different temperatures.

Table 4 
Viscosity test results of GBW(E)130615 at different temperatures T, unit: mPa⋅s.

T 298 K 303 K 308 K 313 K 318 K 323 K

ηm1 34.18 27.12 20.86 16.79 14.02 11.74
ηm2 32.44 28.78 21.93 16.71 14.19 11.71
ηm3 32.85 27.56 21.24 16.76 13.94 11.36
ηm4 32.64 28.87 20.52 17.36 13.83 11.84
ηm5 34.44 25.92 22.97 17.14 13.84 11.85
η 33.31 27.65 21.51 16.95 13.96 11.70
σ 0.93 1.23 0.97 0.28 0.15 0.20
U (η) 2.63 2.93 / 1.09 / 0.74
Urel/% 7.9 10.6 / 6.43 / 6.32
ηr

# 34.47 27.19 / 17.77 / 12.29

#: Obtained from calibration certificates issued by the National Applied 
Chemistry Level 1 Metrology Station.
Expanded uncertainties with a cover factor of k = 2 and 95 % confidence
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