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OF A PULSATING LIQUID FLOW THROUGH AN EXPANDING DEVICE

Abstract

The article presents the results of modeling a differential pressure flowmeter with a flow transducer in the form
of an expanding device that measures the flow rate of a pulsating liquid. The article describes a method for obtaining
basic modified equations for describing models and presents the structure of the flow transducer. A conical diffuser
is used as an expanding flow transducer in operation. In this article, a model of such a flow meter is obtained and the
factors influencing the process of measuring the pulsating flow rate of a liquid are investigated. An estimation of the
uncertainty of measuring results of the pulsating flow rate using such a transducer is given. The factors influencing
the accuracy of flow measurement are investigated.
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Introduction

In the process of measuring the flow rate of liquids and gases, industrial enterprises often must
deal with unsteady and pulsating flows. Unsteady flows can be characteristic of many industrial
processes, where variables change over time, affecting the dynamics of liquids and gases. An example
of such flows may be the pumping of liquid by pumps in pipelines. In such systems, unsteady flows
may occur due to changes in flow velocity, for example, when changing the pump supply or changing
the pressure in the system. This can lead to turbulence or eddy movements in the liquid. When
drilling oil or gas wells, unsteady flows may also occur due to changes in pressure and flow velocity,
especially during the processes of pumping liquids to increase production. In liquid storage tanks
such as oil, water, or chemicals, the liquid level may change over time. This can create different flows
inside the tank, especially when filling or emptying. Other examples of such flows can be observed in
the production of chemical products or food additives when substances often flow through reactors
or tanks for mixing various liquids or additives. The flows inside such systems will depend on the
rate of introduction of components, their concentrations, as well as on the design of the mixer. In heat
exchange systems, for example, when cooling or heating liquids in heat exchangers, flows can also
be non-stationary due to changes in temperature and flow velocity.

These are just a few examples, and in fact unsteady flows can be characteristic of many industrial
processes where variables change over time, affecting fluid dynamics. Therefore, the methods and
mathematical apparatus used to simulate stationary flows are not suitable and can lead to significant
errors when used to describe unsteady pulsating flows of liquids and gases.

Many theoretical and experimental works have been devoted to the study of pulsating
nonstationary flows. These studies use various approaches and methods that can be found in a
literary search. For example, works [1, 2] describe the theoretical aspects of improving the method of
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measuring unsteady flows and the corresponding experimental approaches. Other papers such as the
article [3] describe works that summarize previously obtained research results. Another example of
modeling unsteady flows is the work [4], where the authors try to describe the motion of a pulsating
flow by mathematical modeling, and then verify these results experimentally. Work [5] describes
the process of modeling the flow rate of a viscous pulsating flow. One of the recent papers that
describes attempts to improve methods for measuring the flow rate of pulsating flows is a study [6].
In [7, 8], the author attempts to simulate the process of measuring the flow rate of pulsating flows
using differential flowmeters. In work [9], the authors share the results of studies on measuring
the flow rate of a pulsating two-phase flow. The paper [10] presents the results of modeling heat
transport in a pulsating flow. Other papers [11, 12] present the results of applying machine learning
methods to study and simulate nonstationary flows. In [13], the process of the flow of a pulsating
non-Newtonian fluid is studied. The paper [14] presents the results of mathematical and computer
modeling of pulsating flow in vertical pipes.

Despite the large number of studies in the framework of this work, the authors are trying to
expand the methods of applying approaches to describe pulsating flows, which are described in [7,
8], to improve the method of measuring the flow rate of liquids and gases using differential pressure
flowmeter in conditions of unsteady flow. Therefore, within the framework of this work, the authors
aim to simulate an inverse differential pressure flowmeter in conditions of unsteady fluid flow. An
expanding device of the diffuser type is used as the primary flow transducer in this study.

Materials and Methods

In this case, the authors consider the problem of measuring the flow rate of liquid through an
expansion device under conditions of unsteady flow. To solve this problem, authors apply and use
the provisions obtained in [7, 8]. The issues of applying these approaches to differential pressure
flowmeter with diffusers as primary transducers were investigated by the authors in [15, 16].

To obtain the necessary equations, consider the Euler equation for the one-dimensional case in
accordance with [17]:

ZrvZ 2 (1)

at dx o ax

where V (t, x) — fluid flow velocity, 2 — fluid pressure, 2 — fluid density, ¢ — time, x — the coordinate
along the central axis of the flow.
To solve this problem, authors will perform the following substitution for the flow velocity:
V =u(z),
where z=f -t + 1—6 — a new dimensionless variable, f — frequency, value inversely proportional
to time, L — the length of some characteristic body size in the flow. For example, for a diffuser, the
given size is the maximum diameter of the expanded section.
Now authors need to express equation (1) in terms of the new velocity. To do this, we perform
the following transformations for each partial derivative in equation (1):
dvV  du 9z du
otz o @
dV du dz 1ldu
dx dz dx Ldz’
dz

dr =% ae 4 9% 4 dt+ 2a
=gt =1- LY

ox dz ox dz  ax  az Vax 1) L dz
In the last expression, the relation % = 0 due to the mutual independence of variables  and x.
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After that, authors will replace the last partial differential expressions in the original equation (1).

Then we get the following equation:
du udu 1 dp

— e —=—
! dz Ldz p-Ldz |
Next, authors divide both parts of equality by the value 7 and integrate by the new variable z. In
this case, this allows to obtain the following equation:

L +u +P t
-fu > p—cons.

Let's transform the last equality into the following form:
u? 2L f P
- (—+ 1) + — = const.
2 u D
After that, authors will return to the original velocity value and make some substitution for the

value in brackets: V2 p
- (2Sh+1) + o= const, (2)

L -
where Sh = —— — the dimensionless Struhal number.

Applying similar reasoning, after that, the authors can write down the equation for the fluid flow
density as a solution to the flow continuity equation in the following form:

pV(Sh+ 1) = const | (3)

The liquid flowing through the flow transducer will be considered homogeneous and
incompressible, so it will assume the density of the liquid to be constant, on the one hand. On the
other hand, authors neglect the losses in the transducer, assuming them to be insignificant within the
framework of this task.

Applying equations (2) and (3) to describe the motion of a pulsating liquid into flow transducers
in the form of a conical diffuser in accordance with Figure 1.

s + Lt .
V. f(Shy. p.D e S Sh). Ppd

—
Om

Figure 1 — Flow transducer structure and flow parameters in different cross sections

In accordance with the structure of the transducer and the direction of the pulsating flow, we will
draw up the following equations for two sections of the diffuser according to formulas (2) and (3):

nD? nd?
Vi(Shy + 1)T = V,(Sh, + 1)T : 4)

V12 (41 sz P2
—2Shy+1)+—=—2Sh, +1)+—.
5 1 b2 (25h, P &)
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The velocity in the first section or in the pipeline is quite high, and the pressure is correspondingly
low. In the section where the diffuser expands as much as possible, the flow velocity of the liquid
decreases, and the pressure increases here. Therefore, having expressed the velocity in the first
section from equation (4), it needs to substitute it into equation (5) to determine the velocity of the
liquid in the second section:

v, = { (25h12+ - }W jZTP'
B (Shz + 1) _ (ZShz + 1) p

Shy + 1 2Sh, + 1

where f = £ _ diameter ratio of the transducer, Ap = p, — p, — pressure difference between flow
transducer sections.

From the last equation and equation (3), a formula can be obtained for determining the mass flow
rate through the transducer in Figure 1:

[ 1
(2Shy + 1)1 - d2
Qm:(ShZJ’l)i Shz+112 2Sh, + 1 | VEhvp g (©)
| 5* (Sh1 1) - (25h1 )]

As can be seen from the last equation (6), the flow rate of a liquid under the condition of an
unsteady flow with an expanding flow transducer depends on the diameter ratio of the transducer
and the Struhal numbers or on the frequencies that are additionally measured in the pipeline and
in the flow meter. From experimental studies, it is possible to obtain the value of the discharge
coefficient for this flow transducer. In the framework of this work, authors will take it equal to one
for the convenience of describing our reasoning. The Struhal number is chosen here as a measure
characterizing the unsteady flow of the liquid. Putting the Struhal numbers equal to zero in equation
(6), we obtain a formula for measuring the flow rate of a liquid in a stationary flow. The proposed
method is completely inverse with respect to known flow measurement technologies using differential
pressure flowmeters, which are described in [18-20].

Results and Discussions

Let's compare the measured flow rates for stationary and non-stationary flows. To do this, authors
will simulate the process of measuring water flow rate using equation (6) for various values of the
Struhal numbers. Figure 2 shows the dependence of the mass flow rate on the differential pressure
using a similar flowmeter flow transducer to measure water flow rate. The conditions for measuring
water flow rate in this case are presented in Table 1.

Figure 2 clearly shows that the presence of Struhal numbers in the flow seriously increases the
value of liquid flow rate. This circumstance proves once again that working with non-stationary
flows of liquids and gases requires new approaches, and the use of traditional approaches and models
can lead to serious errors.

Table 1 — Properties of water

No Parameter Value Units
1 Water pressure 2 bar
2 Water temperature +10 oC
3 Water density p 1000.23 kg/m?
4 Transducer diameter d 150 mm
5 Pipeline diameter D 100 mm
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Figure 2 — Measured flow rate under different water flow conditions

Let's evaluate the effect of the relative diameter on the mass flow rate under the same conditions.
To do this, authors will construct the dependence of the mass flow rate on the diameter ratio at certain
values of the differential pressure. This dependence is shown in Figure 3.

It can be seen from the graph in Figure 3 that with an increase in the diameter ratio of the flow
transducer at any values of the differential pressure, the value of the recorded flow rate decreases,
on the one hand. On the other hand, a decrease in the diameter ratio leads to a sharp increase in flow
through the flow meter. Therefore, to organize the measurement of the flow rate of a pulsating liquid,
it is necessary to select the optimal ratio between the recorded flow rate and the diameter ratio.
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Figure 3 — Dependence of the mass flow rate on the diameter ratio of the transducer
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The difference in the Struhal numbers in different sections, characterized by a difference in
pressure pulsations, is confirmed by research in [21]. Therefore, this will allow to construct
dependencies for measuring the mass flow rate of a liquid on the Struhal numbers in the maximum
cross section. Authors will accept the remaining parameters as constant.

Figure 4 shows the dependence of the mass flow rate on the change in the Struhal numbers,
which once again demonstrates the strong influence of the pulsation frequency on the measured
liquid flow rate.
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Figure 4 — Dependence of the mass flow rate on the change in the Struhal numbers

Now let's estimate how much the regimes deviate from the stationary flow at different Struhal
numbers. To do this, graphs are plotted in Figure 5 that reflect the relative deviations of the mass flow
rate at different values of the Struhal numbers from the flow rate in a stationary flow regime. The
presence of Struhal numbers in the model leads to significant errors relative to models for stationary
flow, which shows the inconsistency of using such models to describe pulsating flows. An increase
in the Struhal numbers doubles the flow rate measurement error by almost three times (reaches more
than 10%), as can be clearly seen from the graph.

Let's evaluate the uncertainty of measuring liquid flow rate with similar flow transducers, and
determine which parameters and values affect the accuracy of measuring liquid flow rate. To obtain
a model of the uncertainty of flow rate measurement in accordance with equation (6), we perform
a logarithmic differentiation of the equation to move to the relative standard uncertainties of the
quantities in this equation:

u(Qr) = [03 w2 (@) + @ -uP (D) + & - (2 (bp) +u? () + &, - () + a, -2 ()], (7)
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Figure 5 — Relative error of flow measurement respect to stationary mode

where u(d) — the uncertainty of measuring the diameter of the flow transducer, u(D) — the
uncertainty of measuring the diameter of the pipeline, u(Ap) — the uncertainty of differential pressure
measurement, u(p) — the uncertainty of density measurement, u(f) — the uncertainty of frequency
measurement in different sections of the flowmeter. The sensitivity coefficients in equation (7) are
calculated using the following formulas:
2-@p=3¢shz o, _ _ 2*3Psha 1 Psh1 Pshz

- =
f 1+@sh1 —Pshz’

g = D g = ———————— @y, =
1+®5h1 —Pshe’ 1+@sh1 —Pshz’ 2(1+@spi—@sn2) 11 14@spi—@sha’

_ 2+3Psna
Pg = (,84[.5‘?12+:L}2 25N, +1
(Shy4+1)2 =2Shy+1

£*5h, (Sho+1)% /(25R, +1)
Shy 2(=Shy—1/2)+5h, [F*(Shy 2 +25h, +1)—25h, —1]+0.5 8% (Shy 2+1)+ (84 -1) 5h, 0.5

Jishy +1)2:

Psp1 =

Shy %(Shy +1)/(25h, +2)
f4(Shy +1)Shy % +5hy [p4 (25, +1)-Shy 2 —2Shy —1]+ 4 (Shy +0.5)-0.5(Sh, *+1)-Sh, -

Pspa =

Let's evaluate the uncertainty of flow measurement under various influencing factors. To begin
with, under the same conditions as for Figures 2 and 5, authors will construct a dependence for the
uncertainty of measuring the flow rate of a liquid on the uncertainty of measuring the differential
pressure.

To construct this dependence, we assume the following values to be constant: u(d) = u(D) =
0.01%, u(p) =0.05%, u(f) =0.05%, D= 100 mm. This dependence is constructed for two different
values of the diameter ratio. As can be seen from Figure 6, as the uncertainty of measuring the
differential pressure increases, the uncertainty of measuring the flow rate of liquid increases non-
linearly. It can also be seen from this figure that a change in the diameter ratio of the flow transducer
does not have a significant effect on the final uncertainty of the flow rate measurement.

The next important value in this model is the oscillation frequency, which affects the formation
of Struhal numbers in various sections of the flowmeter. It must necessarily be measured before the
flow transducer, and directly in it, in the maximum diameter of the flow transducer. Under similar
conditions, authors will construct a dependence for the uncertainty of flow rate measurement on the
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uncertainty of measuring the frequency of flow pulsation. This dependence is also shown in Figure 7
for different diameter ratios.
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Figure 6 — The dependence of the uncertainty of the flow rate measurement on the uncertainty
of the differential pressure measurement

It can be seen from Figure 7 that the uncertainty of flow rate measurement also depends non-
linearly on the uncertainty of frequency measurement. The use of more crude frequency measurement
sensors, i.e., with an increase in the uncertainty of measuring the frequency of pulsations, will lead
to an increase in the uncertainty of measuring the flow rate. It also follows from the figure that an
increase in the diameter ratio over a given range of frequency measurement uncertainties results in a
slight decrease in flow rate measurement uncertainty.
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Figure 7 — Dependence of the uncertainty of the flow rate measurement on the uncertainty
of the pulsation frequency measurement
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The analysis of the influence of various factors on the uncertainty of liquid flow rate measurement
shows that the accuracy of a flowmeter with an expanding flow transducer is influenced by the errors
of the sensors that are used as part of the measuring system. The diameter ratio has less influence on
the accuracy of the flowmeter. The choice of differential pressure sensors and frequency sensors can
have a significant impact on the accuracy of flow rate measurement. Therefore, when designing such
flowmeters, it is necessary to select high-class precision sensors.

In general, the paper solves the problem of modeling the flow rate measurement of a pulsating
non-stationary liquid using an expanding type of flow transducer. The paper shows the fundamental
possibility of implementing such flowmeters, which can be useful for measuring flow rate in
conditions of unsteady incompressible fluid flow.

If authors discuss the advantages of such flowmeters in comparison with traditional flowmeters
with orifice plates, then the proposed flowmeters have lower hydraulic losses. This allows for more
efficient use of the flow of energy. With proper calibration and the use of sensors with sufficient
accuracy, these flowmeters can provide high accuracy of flow rate measurement even in conditions
of unsteady fluid flow. The shape of such flowmeters makes it possible to measure the flow rate at
high flow rates and various flow modes. Flow metering systems with such flow transducers allow
cleaning devices to pass through themselves, which can greatly facilitate the operation and cleaning
of the system. But such flowmeters are not without disadvantages, so let's try to list the main ones
for objectivity. The more complex shape of the expansion transducer can lead to higher production
costs, as well as take up more space compared to traditional differential pressure flowmeters. For
more accurate operation, they must be properly calibrated and installed during mounting.

Although, as with other types of flowmeters, the choice between a particular flowmeter design
depends on specific requirements and the operating environment, including measurement range,
operating conditions, accuracy, and the company's budget. For this case, the application of this
flowmeter in conditions of unsteady and pulsating fluid flow is considered, which is an advantage
compared to classical solutions for these conditions.

Conclusions

In the paper, the authors presented a paper on modeling the process of measuring the flow rate
of a liquid under conditions of non-stationary and pulsating flow. The principal possibility of solving
this problem using expansion flowmeters is shown. Ratios were obtained for measuring the flow rate
of an incompressible fluid from the main flow factors based on solving the Euler equation. The paper
evaluates the uncertainty of measuring fluid flow rate and analyzes the influencing factors on the
accuracy of measuring fluid flow rate. In the future, the authors plan to expand the application of the
model for compressible fluid conditions for measuring gas flow rate.
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HOTIKeNepi OepinreH. Makanaga MOICNBIACPAl CHIIATTAy YIIH HETi3ri MoaudUKaIlUsUIaHFaH TCHICYJICPAl ay
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MOJAEJIHUPOBAHUE INPOLHECCA UBSMEPEHUA PACXOJA
IIYJIbCUPYIOWEI'O IOTOKA XKHAKOCTH
YEPE3 PACHIUPAIOIEE YCTPOUCTBO

AHHOTALUA

B crarbe mpencTaBieHs! pe3yabTaThl MOICTHPOBAHIS PACXOJIOMepa IEPEMEHHOTO TIeperaia JaBIeH i ¢ pe-
o0pazoBaresieM pacxojia B BUJE PACIIUPSIOIIEr0 YCTPOMCTBA, KOTOPBIM BBHIMOJHIET U3MEPEHHE PacXoja MOTOKa
MyJIBCUPYIONIEH JKUIKOCTH. B cTaThe OmucaH METOJ MOJyYEHHs OCHOBHBIX MOMU(DUIIMPOBAHHBIX YPABHEHUHN IS
ONMUCAHUSI MOJICNICH U MpPEJCTaBICHA CTPYKTypa mpeodpas3oBarelisi pacxoja. B kauecTBe TAKOro pacHidpsioniero
mpeoOpasoBareiisi pacxona B paboTe HCIOb3yeTCs KoHnueckuil muddysop. B pabore momydeHa Moxenb TaKoro
pacxomoMepa | MCCIIeI0BaHbl (paKTOPHI, BIMUAIONIME Ha MPOIECC U3MEPEHHUS ITyTLCHPYIOIIET0 Pacxoaa KUIKOCTH.
JlaHa olleHKa HEOTIPEICIICHHOCTH PE3YIIBTATOR M3MEPEHUS MyIbCHPYIONIET0 Pacxoaa ¢ TIOMOIIIBIO TOI0GHOTO TIpe-
obpaszosares. MccnenoBanbl (GakTOphI, BIMSIONIME HA TOYHOCTh U3MEPEHHS PACXO/Ia.

KuroueBble ¢10Ba: MylbCUPYIOIUI MOTOK, PACXO[ KHUJKOCTH, MOJCINPOBAHUE, PACXOAOMEP MEPEMEHHOTIO
repenaja AaBIeHUH, pacIupsIIONIMi TpeoOpazoBaTeb pacxoa.
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