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Abstract

The paper presents the state-of-art concerning possibilities of measurements of un-
steady flows with flowmeters applied in practice as well as the results of test made by
the author in this field. One-dimensional mathematical models joining the fluid flux,
changeable at time, with the flowmeters indications were derived. These models were
applied for estimation of influence of unsteady flow states on the additional error of
measurement of instatenous or mean value of the fluid flux. The analysis included
periodically variable flows and flow changes in form of velocity jump. On the basis of
the proposed mathematical models functions of flowmeter transition were derived,
their time constants were determined and amplitude-frequency characteristics were
presented.

The spatial and time distributions of fluid velocities and pressures near the flow-
meters were used for analysis of simplifying assumptions, assumed for formulation of
one-dimensional models and estimation of the variability change of coefficients of the
models versus time. These quantities were obtained by solving Reynolds equations
and k-e model of turbulence in the flow system having geometry corresponding to a
given flowmeter. The finite difference method was applied.

Mathematical models for particular types of flowmeters, their time constants and
values of dynamic errors were compared. The maximum ranges of model coefficients
variability for flow changes (velocity jump) for different Strouhal numbers Sh, char-
acterizing unsteady flows, were compared too. Conclusions of metrological character,
determining possibilities of application of the flowmeters tested for measurements of
unsteady flowmeters, were formulated.

1. Introduction

Unsteady flows constitute a frequent occurrence in industrial practice. Transitory
processes are mainly accompanied by changes in flow and are also associated with
the operation of control systems. Disturbances, occurring in installations, may also
be of a periodic character as they are caused by the work of pumps and piston
compressors. Also in the case of flows of heterogeneous fluids, e. g., gas - liquid
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mixtures, the changes of parameters in time are directly relevant to fluctuating
pulsations specific for particular two-phase flow structures.

It is considered (Bhatt, Wedekind 1985; Kremlewskij 1989; Kuzniecov et al.
1981) that when it is necessary to measure rapidly-changing fluxes, electromagnetic
or turbine flow-meters with low inertia of rotors should be used. Electromagnetic
flow-meters are inertialess ones and in the case of the axial symmetry of flux, no
additional error, relevant to the transient state of flow, occurs. However, it is not
always possible to apply this measuring method, e. g., it may not be used in the case
of transient gas flow or flows characterized by low value of the Reynolds number.
Furthermore, industrial constructions of such a type of flow-meters, applied to
measurements of transient flows, require some modification in their electronic
part.

Turbine flow-meters with rotors of low inertia may be characterized by time-
constants of the order of 0.01 + 0.001 s, which theoretically qualify them for
measurements of rapidly-changing flows. However, the velocity profile, varying in
time, may under certain conditions, be the source of an additional error, e. g.,
when pulsating flow of high pulse amplitude (Lee et al. 1975; Pospolita 1992) is
measured by means of a turbine flow-meter. In cases of the applying of other types
of flow-meters to measurements of rapidly-changing flows, an additional error of
measurement occurs. The value of this error depends mainly on the dynamic
properties of the applied measuring system and parameters characterizing the
disturbance of flow.

Publications concerning the dynamic properties of flow-meters, comprise their
particular types to a different degree. Relatively considerable much attention
has been paid to constriction flow-meters (Dobrowolski et al. 1981; Dobrowol-
ski et al. 1983; Dobrowolski et al. 1991; Kabza, Pospolita 1989; Kuzniecov et al.
1981) mainly considering their prevalence in technical practice. Both experimental
(Baldin et al. 1983; Dijstelbergen 1964; Lee et al. 1975; Uri 1963) and theoretical
investigations (Kuzniecov et al. 1981; Maki, Ikeda 1981; Pospolita 1992) embody
turbine flow-meters and rotameters . On the other hand, there are relatively few
publications concerning the influence of transient states of flux on the character-
istics of rtheometers (Torigoe 1987) or on ultrasonic flow-meters (Dorden 1979;
Hamidulin 1989).

Still another problem is measurement of the mean value of pulsating mass
flux. In the case of the application of industrial types of flow-meters, the value of
an additional error of measurement, caused by pulsation, depends not only on the
dynamic properties of particular types, but also on the linearity of their charac-
teristics. Although this problem is broadly discussed in a number of publications,
analysing the value of an additional error when pulsating mass flux is measured by
different types of flow-meters (Dobrowolski et al. 1983; Dobrowolski et al. 1985;
Lee et al. 1975; Maki, Ikeda 1981; Uri 1963), the above problem should, in fact
still be treated as open.
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In spite of the investigations, which have been carried out for many years, a
complex appraisal of the influence of transient states of flux on the metrological
properties of different types of flow-meters has been absent. This mostly results
from the complexity of physics of the phenomenon of unsteady flow through
meters. In the majority of cases the theoretical analysis is carried out on the basis
of one-dimensional models of flow resulting from the theory of the perfect fluid
(Bhatt, Wedekind 1985; Dijstelbergen 1964; Lee et al. 1975). It is connected with
the adoption of a number of simplifying assumptions.

Also the coefficients, in proper equationsare, as a rule, accepted as those
for steady flow. On the other hand, the models, when coming to a steady state,
express the characteristics of the analysed flow-meters, carried out on the basis
of one-dimensional mathematical models, must be supplemented by the analysis
of the range of variations, in time, of model coefficients. Different values of the
time function of these coefficients result from velocity ficlds and pressures within
flow-meter variable in time . Such an analysis is possible only on the basis of well-
known unsteady velocity and pressure distributions obtained from the solutions
of basic equations of fluid mechanics (Locjanski 1973).

The unsteady problem considered is characterized by the fact that for a given
fluid flux the profile of velocity results from both the form of variability of flux
and the initial state (condition). A great number of transient states possible in
flow and at the same time, the possible velocity distributions make it difficult to
give the values of parameters characterizing unsteady flow which would determ-
ine the criteria for the range of applicability of simplified dimensional models.
Therefore the dynamic properties of flow-meters and also an additional error of
measurement, brought about by the presence of transient states, should be con-
sidered for such transient states which are as close as possible to those existing in
technical practice. Hence the dynamic properties of flow-meters, determined by
the response to different values of changes of fluid flux in time (AM/At) have
been analysed.

In consideration of some editorial limitations only the final equations, being
the mathematical models of flow-meters and at the same time, adequate literature
data where their derivation and broad analysis can be found, are given here.

2. Mathematical Models of Flow-meters

Mathematical models of the considered types of flow-meters are presented in
Table 1. These models connect the input quantity, which in each case is the fluid
flux M, variable in time, with the flow-meter indication, i. e., the pressure differ-
ence in the case of the orifice and rheometer, the circular frequency of the rotor
of turbine flow-meter or the lift of rotameter float. The equations for constriction
flow-meter and rotameter result from the Cauchy integral including energy losses
registered for two control sections. In the case of the rotameter, apart from the
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fluid inertia between control sections, both float inertia and uplift pressure force,
are taken into account. The mathematical model of turbine flow-meter is derived
from the equation of the rotor motion in which its moment of inertia together
with the fluid mass contained between its vanes, the moment of the force with
which the fluid exerts its influence on the rotor and the sum of moments from the
friction force are also taken into account. In case of the capillary rheometer, the
relationship between unsteady mass flux and the pressure difference at the ends
of the capillary tube are obtained from the solution of the equation of motion
for laminar unsteady flow with the assigned form of variability in the pressure
gradient. The solution of this equation for a specific impulse makes assigning the
transition function of the rheometer possible. The simplified model of the dynam-
ics of the rtheometer results from the approximation of its characteristics of the
inertia term (Zhao et al. 1987).

Table 1 gives the simplified equations for dimensionless quantities describing
the dynamics of particular types of flow-meters, their time constants and the value
of a dynamic error resulting from the response of the flow-meter to the change
of flux.

Constriction flow-meter and rheometer are flow-meters the dynamics of which
correspond to the dynamics of the sum of proportional and differential terms. The
turbine flow-meter has the dynamics of an inertial term of the first order, whereas
the dynamics of rheometer are those of the sum of a differential term and that
one of inertial or oscillatory of the second order. The ultrasonic flow-meter is
also a transmitter of the zero order. Apart from the rheometer, time constants of
particular flow-meters depend not only on the geometry of flow-meter, the sort
of material from which its moving elements were made, but also on the mass
flux. It is, among other things, the cause of the extent of spread of the values of
time constants of particular flow-meters. These constants in the function of the
Reynolds number and those for the rheometer in the function of a coefficient of
kinematics viscosity, alsoother quantities characterizing the dynamics of a given
flow-meter, are presented in Fig. 1. Dependence of the time constant of the
turbine flow-meter upon the values of mass flux results from nonlinearity of the
input equation describing the dynamics of turbine flow-meter (Pospolia 1992).
In case of constriction flow-meter nonlinearity of dependence between Ap and
M, with the defined input and output quantities as in Table 1, has also a direct
influence upon dependence of the constant T on flow. Values of time constants
were determined from the formulas given in Table 1. Data, referring to constriction
flow-meters, were taken from the work by Mottram and Zarek (1967), whereas
structural and material ones of Fischer-Porter rotameters were given on the basis
of tables published in (Dijstelbergen 1964).

The range of variations in quantities characterizing the structure of turbine
flow-meters has been assumed, including data published in the paper by Lee et
al. (1975).
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The results presented show that time constants of flow-meters, contingently
upon the mean value of mass flux, the kind of fluid, and other quantities char-
acterizing the flow-meter may be altered by three orders even in an extreme
instance.

A dynamic error, in case of constriction flow-meter, rheometer and turbine
flow-meter, is expressed by a simple relationship which is the product of a time-
constant of flow-meter and the derivative (d M/dt). For rotameter this error, in
a general case, is the complex function of time-constants. When the system has
the characteristics of inertial terms of the second order, e. g, in the case of
measurement of fluid it may be assumed that the maximum value of a dynamic
error equals —7Tja. Then the influence of the constant 73 upon « is neglected
since 3 <« T;.

The low values of time constants of flow-meters, in the limits of 0.001 = 0.01
s, make measurements of rapidly-changing fluxes possible. It is also possible to
measure an instantancous value of mass flux with a flow-meter of a higher time
constant. This requires, however, to adapt a measuring system for determining the
instantaneous value of mass flux on the basis of the analog and numerical solution
of a differential equation describing the dynamics of the flow-meter. Literature
on the subject gives examples of solutions of this type but they are measuring
systems of a prototype character used under laboratory conditions.

3. Examples of Measuring Systems adapted to Measure
Rapidly-changing Fluxes

Examples of measuring systems, in which determining the instantancous value of
mass flux is based on the solution of a differential equation connecting the flux
with the indication of flow-meter, are presented, among other things, in (Bhatt,
Wedekind 1985; Takahashi et al. 1982; Torigoe 1987; Torigoe 1987a). Bhatt and
Wedekind (1985) presented the measuring system in which the instantaneous value
of mass flux was determined after registering the pressure drop, variable in time,
on the straight — axial section of pipeline, from the numerical solution of the
one-dimensional differential equation of fluid motion. The calculated instantan-
eous values of mass flux were compared with the course of M(t), determined
by the turbine flow-meter of a low time constant obtaining very good quantitat-
ive computability. Zhao et al. (1987) presented an analogous electronic system
permitting the determining, in real time, of the instantaneous value of laminar,
unsteady flow on the basis of the measured instantaneous values of the pressure
drop on the straight - axial section of pipeline of a small diameter. The presented
system accomplishes the transition function which approximates the compound
M = f(Ap), for unsteady laminar flow in pipe (Locjanski 1973).

Takahashi et al. (1982) presented a mathematical model of laminar, pulsating
flow through Venturi constriction flow-meter, based on the integrated equations
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of motion in the axial direction, in which some terms were omitted and others
were approximated in compliance with the assumed geometry of the analysed
flow system. As found in (Takahashi et al. 1982), this model enables calcula-
tion unsteady flow on the basis of the measured course of Ap(t). Torigoe (1987)
proposed a method for measuring of unsteady flow based on the conventional
constriction flow-meter when the additional measurement of Ap on the pipeline
section, carried out by means of a sensitive pressure-difference converter enables
determination of the fluid acceleration and an appropriate algorithm of adapta-
tion enables calculation of the instantaneous value of the unsteady term in the
one-dimensional equation of motion. After substracting the signal, which corres-
ponds to the value of this term, from the flow-meter indication, the registered
signal is proportional to M?(¢). In (Torigoe 1987) are presented only some re-
gistered courses of M(t) without any metrological analysis of measuring accuracy.
From other measuring systems of unsteady flows, presented in the literature, it
is also possible to mention those (Torigoe 1987) in which unsteady mass flux was
computed on the basis of the velocity in the time function in the symmetry axis
of pipeline, measured with the Doppler laser anemometer.

In the measuring systems presented, the quasi-stationary values of coefficients
in the equations, connecting mass flux with the flow-meter indications are assumed
in computational algorithms.

In the publications cited and in some others there is a lack of analysis of the
range of variation, in the time function, of coefficients of the applicd mathematical
models of flow-meters. The results of measurements presented in them, arc of a
fragmentary character and also short of the metrological analysis, among other
things, subjecting the accuracy of the assigned values of M(z) to the parameters
characterizing unsteady flow. This gives the reasons for the accomplishment of
both theoretical and experimental investigations. The structure of proper systems,
applied to measurements of rapidly-changing fluxes, should be preceded by the
theoretical analysis of their dynamics and appreciation of their applicability.

4. Two-dimensional Mathematical Model of Unsteady Turbulent Fluid
Flow

The measuring accuracy of the instantaneous value of mass flux is influenced not
only by the time constant of flow-meter but also by the range of variations in
the time function of model coefficients. The information on the values of these
coefficients in the time function and in the function of parameters characterizing
unsteady flow is, at the same time, the information on the range of applicability
of a simplified one-dimensional model.

In order to estimate the range of changes in these coefficients, non-stationary
flows in the analysed systems were examined numerically.
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4.1. Equations of Motions and Turbulence Model

A two-dimensional, time-dependent, turbulent flow of an incompressible viscous
fluid through analysed flow-systems is considered. The schemes of the hydraulic
systems are shown in Fig. 2. Axial symmetry of the stream is assumed. Average
parameters of the stream can be described by the Reynolds equation, complemen-
ted by the semi-empirical model of turbulence (Launder, Spalding 1971; Launder
et al. 1975). In the cylindrical coordinate set, the general form of equations of
transport is as follows:

0 19 3 d
a—?+—(U¢)+——( Vo) = (I‘¢, af)_i_rar ( I‘¢a¢)+S¢ (1)
where by the symbol ¢ the following quantities are denoted in turn: 1 (equation
of continuity), axial U and radial ¥ components of the velocity vector, kinetic
energy of turbulence k, and rate of dissipation of kinetic energy of turbulence
e. Cocfficients of the set of equation (1) are collected in Table 2. Magnitudes
cu, €1, €2, Ok, 0. are empirical constants, v is the kinematic coefficient of vis-
cosity.

Table 2. Coefficients of the equation (1)

)] F,;, S¢
] aUu ] 14 ap
v | vt oz (v’fg) * ror v'f—o’:i-z-) ~ pdz
] alU a vV Zv sV 3p
V| ver 0z (v'f a9z ) +r3r (rv,f Br) r2  padz
Fop G—¢
% :
e | =% 7(c1G — cz¢)
[ k
where:
G,—u [2 (E 2+ ﬂ/2+ Kz + 3U+3V Vef =V + 1
- 3z ar r ar Tez) ST
kl.
v = cu?, c,=009¢c=102=192,0.=1,0,=13

4.2. Boundary Conditions

It is necessary to formulate the boundary conditions for all the dependent variables
of the set (1). The analysed flow systems are presented in Fig. 2.

In the inlet section (1) in all systems the fully developed unsteady flow in
angular channel is assumed. In this case all variables are only dependent on r and
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t. Then the V' =0, 3¢/3z = 0 equation (1) is reduced to

3 19 3¢
3 =15 (o) + 5 ®

where ¢ denotes U, k, ¢ in turn. Coefficients of the set (2) are collected in the
Table 3.

Table 3. Coefficients of the equation (2)

® [ Ty 153
U il
e p oz
Vef auU\*
k| =L YT e
Ok vef(af) .
o | B | B (BT
o k 1Vef ar 2
a) b)
ap

<) d)

t/ e NN S ( .......................... L.

Fig. 3. Analysed flow-system: a - orifice, b — Venturi nozzle (with the difference mesh),
¢ — ultrasonic flow-meter, d — turbine flow-meter

The set (2) is solved under the assumption that the pressure gradient 3p/dz
corresponds with the assumed course of mass flux in time M(¢). The value of
dp/dz = f(t) is obtained by solving the equation
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3].7 2 dM (t)
% = AM*(t) + B—— o 3)

Constants 4 and B are chosen in such a manner that after solving system
(2), flow, resulting from the integration along the section of velocity profile with
the assumed accuracy, should correspond with the course M(@). In the case of
pulsating flow, the pressure gradient dp/dz is assumed as the periodic function
with the constant component (Bo§ et al. 1996; Dobrowolski, Pospolita 1987).

On the symmetry axis in the analysed flow systems, V' = 0 and 3¢ /dr = 0 are
assumed. In the nozzle cross-section (3) the boundary conditions are formulated
as follows:

¢

V=0 —= )

In the nodes of the difference mesh which are adjacent to the walls of the
orifice, nozzle and the pipe (y4) boundary conditions arc formulated according
to the model k — ¢ for large Reynolds numbers (Launder, Spalding 1971). If it
is assumed that the point P is in the region of developed turbulence, then the
component U, of the velocity vector, parallel to the wall, is described by the

logarithmic formula

1

U, 1 E L
(tw/P)? X v

where y, is the distance of point P from the wall, x =042 and E =9.7 are

empirical constants, w is the coefficient of dynamic viscosity. Assumption that the

shear stress 7 is constant along the segment connecting point ¥ on the wall and
point P in the boundary layer, implies

1

Tp = Tw = pCiikp (6)

Compiling the above formula we obtain the identity

k2 U
7, = — X %
In (E)"pc#pk:/ﬂ)

which relates the shear stress on the wall to the kinetic energy of turbulence and
the component of velocity vector parallel to the wall.

Value of dissipation rate ¢, in the boundary point can be found from the
relation (Dobrowolski, Pospolita 1987)

3 3
417

&= Cukp (8)
XYp
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The value of kinetic energy of turbulence k, at the point adjacent to the wall is
found from the relation general equation of balance with diffusion neglected. The
component representing dissipation pe in the equation of transport is estimated

as follows: , o
a2 i3
pe = cﬁ%m [ ) PE“""] ©)

The boundary value problem obtained for the set of five non-linear differential
equations was solved by means of the finite difference method. Distributions of
dependent variables corresponding to the steady flow were used as the initial
conditions. Being obtained by solving equations (1) with dp/dz = const in the
time interval which was much larger than the time of flow disturbance.

4.3. Finite-difference Equations and Computation Algorithm

Discretization of the differential equations of transport was based upon integrating
the components of these equations on the difference mesh (Fig. 2a), the fragment
of which is shown in Fig. 3 (Dobrowolski, Pospolita 1987).

Pinij

Ar

Fig. 4. Fragment of the difference mesh with denotations
As result of integration, the following finite-difference equation was obtained
n+l1
Z A (qb;“ - qb;,') + (rU¢ - rl”¢%f)e AP -
as " o a0 \"*1 o
+(rU¢-rl"¢az) Aw+(rV¢—rl"¢.ar) Ay + (10)
n

w

- (fV‘P —rF¢%?):+1Asf = ('Sﬁﬁbp + Sff)

P
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where the indices e, w, n and s denote the nodes lying half-way from the central
point P to one of the adjacent main nodes E, W, N and S. Quantities A% are
related to the areas of surfaces formed by the edges of a control surface, when it is
rotated by a unit angle, and Aﬁ = Az - Ar. Components Sg and Sg are concerned
with the linearization of source terms of the set (1).

Since in the general difference equation the unknowns in the main nodes
of difference mesh must appear, the estimation of shares of the convection and
diffusion fluxes through the control surfaces is required. It was demonstrated in
the paper (Patankar 1980) that the stability of the algorithm is ensured by a hybrid
scheme, which is the combination of a central and a “stream oriented” scheme.
Considering the surface Aﬂ we obtain

(U¢ " r,;,%?)w r,A® =

UurwAb (@u + ¢p) — Terudh @y — du)dz for [Re| <2 (1)
= UwrwA'f},qbw for |[Ref| > 2
UwfwAf;qbp for |Re’| < -2

where Re® = U, Az/(Ty), is a mesh Reynolds number. After applying the hy-
brid scheme to the remaining elementary surfaces we obtain the difference equa-
tion in a general form

ag¢n+1 — ﬂf :-l-l +a$¢ﬂ,+1 +ﬂg¢::+1 +a;ﬁ¢;l+1 e FPA‘!;-I-lagSg +Mp¢; (12)

I3
where
af,’ =a?+ aﬂ +a? +af — rpAgSg + M_,,qb; (13)
_Tp 4
M, = Eat (14)

and the upper index ¢ is related to the variable ¢. The difference equation (12) is
valid in every interior point of a difference mesh. It relates the value of variable ¢
in central point P of the mesh to the corresponding values in four neighbouring
main points. Coefficients a? refer to the joint share of convection and diffusion
estimated according to the scheme (11). As the difference scheme for variable ¢
is implicit, the sets of difference equations of type (12) are solved iteratively, for
every time step n + 1. The solution of the set of difference equations is based on
the SIMPLE method (Patankar 1980). A single interior iteration cycle consists of
the solution of the set of equations of motion

ayVy =2 a'V+ Sy + A4 (ps — pp) (15)
i)

aVy =3 atUr + 5§ + A (pu - pp) (16)
j
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where quantities denoted ( )* are the approximate values and solution of a Poisson
equation for pressure correction p’

4Py =D aip + S+ 5 (17)
i
to satisfy the continuity equation the correction for velocity field
Up=U; +D" (pu - p}) (18)
Vo=Vy+D"(p - p}y) (19)
where -
DY ol
Azay
Arjay

is carried out for the current values of pressure correction p’. Component S
depend sources of mass resulting from the fact the approximate velocity field
does not satisfy on the equation of continuity. Equations of the turbulence model
are solved simultaneously with those of motion.

The internal iteration process is continued until the convergence criterion is
fulfilled

max {Re s(¢)} <A (20)
where
Res(p) = max {afp, = Y aley— S (21)
bl N.S.E,W

When condition (20) is satisfied, the calculations concerning the next time step
At are undertaken. The value of At was chosen experimentally. No limitation on
the value of At concerned with the stability of algorithm was encountered.

5. The Analysis of the Influence of Unsteadiness of Fluid Motion on the
Range of Changes in Model Coefficients

The influence of changes of flow upon the range of variations of coefficients in
models of flow-meters has been analysed. In case of orifice and Venturi nozzle the
number of flow @ was determined on the basis of the formula presented in Table
1. Such quantities, occurring in it, as Coriolis coefficients in cross-sections 1 and 2,
loss factor &£ and the remaining were determined from their definitional equations
on the basis of a velocity field and pressures, determined numerically, within the
limits of the nozzle. Details concerning the manner of determining the variability
of the flow number « in the time function, are presented in (Dobrowolski et al.
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1991) and (Dobrowolski, Pospolita 1987; Pospolita 1994). In the case of a turbine
flow-meter, the coefficients b; and b, were determined from the equations given in
Table 1. Velocity distributions, variable in time, were obtained on the basis of the
numerical solution of system (2) for unsteady flow in the annular channel. Similarly
the coefficient of sensitivity k; of the ultrasonic flow-meter was determined from
the equation given in Table 1. As above, velocity distributions variable in time
were obtained on the basis of the numerical solution of system (2) for unsteady
pipe flow.
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Fig. 5. Velocity profiles and coefficient ky during stream pulsation; k4, ki — quantities averaged
at time, Ay — relative amplitude of mass stream pulsation
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Fig. 6. Influence of the Strouhal number and amplitude of mass stream pulsation in the range of
changes of ky while pulsation
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By way of example Fig. 4 presents velocity profiles, determined numerically, for
pulsating flow by ultrasonic flow-meter. In Fig. 5, corresponding with the flows,
the values of the coefficient of sensitivity ky with regard to the values ky for
stationary flow (Bo§ et al. 1996) arc presented. It may be found that in the case
of pulsating flow, with a relatively considerable amplitude of stream pulsation, in
that part of a pulsation period when flow lessens, the changes of coefficient ky
are considerable. This results from the big changes of velocity profile in that part
of a pulsation period, together with the possibility of occurring reverse flow in the
vicinity of the wall. The ranges of changes of velocity profiles and the coefficient
ky are smaller in case of changes connected with the increase in the diameter
of stream velocity (accelerated flow) in particular, when the changes take place
for flows characterized by Reynolds numbers greater than 10*. Fig. 6 shows the
changes in ky versus time for a velocity leap. Relative time on the X-axis from
1 to 2 corresponds to the steady flow, from 2 to 3 to the velocity leap. Quantity
of ky corresponds to the value of sensitivity coefficient for the steady flow before
the velocity leap. From the analysis it results that for short times of such a leap
the relative value of ky /ky undergoes the greatest changcs i.c. about 6%. From
calculations it also results that the largest change in the coefficient value can
be observed just after the leap, next ky tends to its value for the steady flow,
proper for a given Re after the velocity leap. In Fig. 6 the Strouhal number (22)
characterizes turbulence in the form of a velocity leap.
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Fig. 7. Velocity profiles before the stream acceleration and for the extremum of k. Values of ky
for the stream acceleration (ky — directly before acceleration)

In (Bos et al. 1996; Dobrowolski, Pospolita 1987; Pospolita 1992) are presented
the results of experimental and numerical investigations concerning pulsating flows
through constriction, turbine and ultrasonic flow-meters and the analysis of the
influence of pulsation upon the metrological properties of these flow-meters.
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Flows accelerated from the steady state in the range of numbers Re = 10* -
10°, were also examined. In numerical investigations the flow disturbance was
treated in the form of a flux acceleration d M /dt.
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Fig. 8. The maximum range of variations in the flow number of Venturi nozzle (*1), orifice with
measurement of the pressure difference in its vicinity (*2), the coefficient of sensitivity of
ultrasonic flow-meter and the coefficients b; and b, of turbine flow-meter

Fig. 7 gives the values of coefficients in mathematical models of flow-meters
in the function of the Strouhal similarity number defined by the formula

du
D
Sh = 7712 (22)
UA

where Uy is the velocity averaged in the section of flow-meter, D — diameter of
pipeline.

These are the values which within the change U4 differ most from the values
corresponding to steady flow. The Strouhal numbers, given on the axis of abscissac,
arc the maximum ones in a given range of flux change.
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It can be found that the change in profile, associated with the change of flux,
influences, the coefficient kyy of the ultrasonic flow-meter to the highest degree,
increasing its value about 4 + 5% for Sh > 1. Similarly, in the case of accelerated
laminar flow, the equation describing the velocity profile points to the oblateness
of the profile (Dorden 1979), in comparison with the Poiseuille flow. This is also
associated with the several percent rise in the values of the coefficient of sensitivity.
The range of changes in coefficients of turbine flow-meter, brought about by the
change of flux, is comparatively the least.

The variations in the coefficient b2 are little whereas the coefficient b; changes
its value within the compass of 1% for Strouhal numbers less than 0.1.

In case of constriction flow-meters the range of changes in the flow number for
a given value of the Strouhal number, depends mostly on the type of constriction
flow-meter and its modulus. In Fig. 7 are presented the relative values of the flow
number in the function of Sh for the Venturi nozzle with modulus of 7 = 0.6 and
orifice with modulus of 0.25.

The results presented show that in the casc of the Venturi nozzle with a large
modulus, the number @, calculated for unsteady flow strays from the value o
characteristic for steady flow of less than about 1% when flow is characterized
by the Strouhal number < 0.1. Numerical investigations show that in the case of
orifices, changes in flow number caused by flow change, arc greater.

6. Conclusions

The comparison of mathematical models of particular types of flow-meters and
the analysis of variations in the coefficients of these models enable the following
conclusions to be drawn:

1. The mathematical models with certain simplified assumptions, can be
brought to equations which are the models of basic dynamic terms. Time
constants occurring in these models, change considerably and their values
depend not only on the constructional and material characteristics of the
flow-meter, but also the instantaneous value of mass flux.

2. In most cases the value of a dynamic error can be expressed by a simple re-
lationship, being the product of the time constant of flow-meter and the de-
rivative d M/dt. This relationship, useful from the point of view of measuring
practice, enables estimation of the usefulness of a given type of flow-meter
for measuring a given class of non-stationary flows.

3. The numerical analysis of the range of changes in model coefficients
was carried out with turbulent flow in the form of the change of flux.
It showed .that the range of variations in the cocfficients b; and b,
of the equation of turbine flow-meter is the least. The changes occur
within the range of 1% of the values of stationary coefficients in the
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entire range of the values of the Sh number analysed. The changes
the sensitivity coefficient of ultrasonic flow-meter are relatively substan-
tial and contained within the range of 5-+6% when Sh > 1. In the
case of constriction flow-meters the range of variations in the flow num-
ber depends on the type of constriction flow-meter and its modulus.
In the case of Venturi nozzle the range of changes is less. The problem
requires further experimental and theoretical investigations.

4. Low values of the time constants of flow-meters within the range of 0.001
0.015 make, measurement of rapidly-changing fluxes possible in many cases.
However, initially it is necessary to evaluate the character of flux transitions
considering the value of a dynamic error and the range of changes in the
model coeflicients. When it is possible to assume that the range of variations
in the coefficients is so small that it does not cause any additional measuring
error, it is still possible to measure the instantancous value of mass flux by
means of flow-meter with a greater time constant. This requires, however,
the adaptation of the measuring system for determining the instantaneous or
mean values of mass flux on the basis of the analog and numerical solutions
of the equation connecting mass flux with the indications of flow-meter.
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