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Abstract

Assessment of the environmental and economic performance of a safety valve requires information
about the flow of the substance through the valve when it is actuated. The goal of this paper was to determine
the flow rate of the discharged substance and the mass flow rate of the substance entering the safety valve
when it is actuated.

Proposed a mathematical model to describe the processes occurring in the valve. The model includes
a system of differential equations describing the physical laws of conservation in the internal volume
of the valve and differential equations, which link the value of gas flow through the valve with the pressure
and the amount of movement of the shut-off disk. Used a modified method by S.K. Godunov to solve gas-
dynamic equations.

Established that the determination of the flow and power characteristics of the valve requires the
preliminary construction of a mathematical model of the safety valve operation. Based on this, proposed a
method for determining the flow rate of the discharged substance and the mass rate of the substance entering
the safety valve when it is actuated.

Obtained the flow characteristics of the valves under review and the dynamics of movement of the shut-
off disc of the valve, as well as the dependence of the pressure change on the opening time of the valve.
Comparison of the calculated values with available experimental data gives good agreement of results (no
more than 5.6 % for a gas flow rate, under 10 % for the movement of the valve and change the arrival of gas
in time using the standard deviation function of the flow characteristics of 0.6 %), confirms the correctness
of the defined mathematical model, used numerical schemes and algorithms, as well as the proposed method
and recoverability of the arrival of gas in a pressure—time curve.
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OmnpeneneHue pacxoHbIX XapaKTEPUCTUK
B TEXHOJIOTHYECKHUX MPOoIeccax ¢ KOHTPOJIUPYeMbIM
JAaBJIeHUEM

T. Penep, B.A. Tenenes, A.A. YepHoBa

Hhicesckuii eocyoapcmeennviil mexnudeckutl ynusepcumem umenu M.T. Karawnukosa,
ya. Cmyoenueckas, 7, . Mbicesck 426063, Poccus

Hocmynuna 22.04.2020
Hpunama k nevamu 02.09.2020

OrneHKa YKOJIOTHYHOCTH ¥ 3KOHOMHYHOCTH PabOThI MPEOXPaHUTENFHOTO KilaraHa Tpedyer nHpopma-
MU O Pacxo/ie BEIIeCTBA Yepe3 KIanaH MpH ero cpadbarpiBanuy. L{enpro nanHoi paboTsl ABISIIOCH OMpee-
JICHHE BETMYMHBI PacXoaa cOpachlBAEMOT0 BEIIECTBA U MAaCCOBOI CKOPOCTH MOCTYIICHHS BEIIECTBA B Ipe-
JIOXPAHUTENbHBIN KJIallaH MPH €ro cpadaThIBAHNH.

g onmcanus poIieccoB, MPOTEKAIOMIMX B KiaraHe, MpeIokeHa MaTeMaTHIecKasi MOJIeNb, BKIIIO-
qaomasi cucreMy IupQepeHInaNbHbIX yYPaBHCHUH, ONMUCHIBAIOMINX (U3UYECKUE 3aKOHBI COXPaHCHHS
BO BHYTPEHHEM 00bEME KianaHa u AudQepeHnraabHble ypaBHeHNS, CBA3bIBAIOIINE BEIMIMHY PacXo/a ra3a
Yyepe3 KJIamaH ¢ JaBJICHHEM W BEIMYMHON IepeMeIeHus 3allOpHOro Aucka. Jls penienus ra3oquHaMuye-
CKUX ypaBHEHUI nmpumensiics MonudunupoBanubiii metoa C.K. I'ogyHoBa.

YCTaHOBIEHO, YTO OMpeAeNeHHE PAacXOAHONH M CHIIOBOM XapaKTepHUCTHK KiamaHa TpeOyeT MpejBa-
PHUTEIBHOTO MOCTPOCHHS MaTeMaTHUeCKOW MoJielin (YHKIIMOHUPOBAHUS MPEIOXPAHUTEIFHOTO KilaraHa.
Ha ocHoBannu yero mpeiokeHa METOIMKa OMpPeIesIeHUs] BETMUMHBI pacxo/1a cOpachklBaeMOr0 BEIIECTBA U
MacCOBOH CKOPOCTH TMOCTYIUICHHS BEIIECTBA B IPEJOXPAHUTENbHBINA KIIaaH MPH ero cpadaTbIBaHUH.

[Tosrydensl pacxonHble XapaKTEPUCTUKN PAacCMaTPUBAEMBIX KJIAITAHOB M TWHAMHKA TepeMeIIeHus 3a-
MTOPHOTO JIMCKa KJIaraHa, a TAaK)Ke 3aBHCHUMOCTh H3MEHEHHUS JIaBJICHHUS OT BPEMEHU OTKpHITH KiamaHa. Co-
MTOCTABJICHNE PACUYETHBIX 3HAUYECHUH C MMEIOUIMMHCSA DKCIIEPUMEHTAIBHBIMU JaHHBIMHU AT XOpollee Co-
BmaneHue (e 6osee 5,6 % s pacxomna raza, menee 10 % i mepeMenieHus Ki1amana U U3MEHECHHSI TIPUXO0-
Jla Taza BO BPEMEHHU NP CPEIHEKBAJAPATUIHBIX OTKIOHEHHAX (QYHKIUH PACXOIHBIX XapakTtepucTuk 0,6 %)
Pe3yNbTaTOB, MOATBEPKAAET KOPPEKTHOCTh C(HOPMYINPOBAHHON MaTeMaTHYECKON MOAEIH, UCIIOJIb3YEMBIX
YHICIEHHBIX CXeM W alTOPUTMOB, IPEUI0KEHHOW METOIUKN ¥ BO3MOKHOCTh BOCCTAHOBJICHHSI TPHX0/1a Ta3a
10 KPUBOM J1aBJIEHUE—BpPEMSI.

KuaroueBble cjioBa: TpegoXpaHUTENBHBIA KIIAlaH, W3MEPEHHE PACXOIHBIX XapaKTePUCTHK, KOHTPOIb
JTABJICHUS, YACICHHOE MOJCITUPOBAHHE.
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Introduction

Chemical and technological processes, oil and
gas pipeline systems, and high-pressure devices
require the use of pressure level monitoring. The
safety valve refers to the class of pipeline fittings
designed to protect against mechanical destruction
of equipment and pipelines, which is caused by
overpressure, using automatically relief of excess
working medium from systems and pressure vessels
in excess of the set pressure. The valve should also
ensure that the discharge of the medium is stopped
when the operating pressure is restored [1-3].
Dangerous overpressure may occur in the system due
to foreign factors (improper operation of equipment,
heat transfer from exterior sources, incorrectly
assembled thermal and mechanical circuit), as well
as due to internal physical processes caused by an
event beyond the normal operation.

In this case, the safety valve refers to quick-
operationdevices [4] thatrequire the use of specialized
quick-operation measuring instruments [5], the range
of operation of which is quite limited [6]. However,
we need to find the values of the discharge flow rate
to assess the economic and environmental impacts.
The determination of the mass rate of the substance
input due to the process deviation from the normal
technological mode is required to eliminate the
causes of abnormal operation.

If there is a record of measurement of the current
pressure in the tank, the value of gas arrival, G, and
gas flow through the valve, G, can be determined
based on the mathematical model of the safety valve
operation. Therefore, the goal of this paper was to
determine the flow rate of the discharged substance
and the mass flow rate of the substance entering the
safety valve when it is actuated.

Mathematical model of gas arrival
calculation

To obtain the dependence between the flow
characteristics and the pressure in the tank, let us
consider the mass balance equation:

o

G -G,
dt L

where: p is the gas density; W is the operation
capacity of the tank; # is the time.

In the adiabatic approximation, we obtain an
equation that links the pressure change, p, to the flow
characteristics, Gp, G,

k-1
p k

@ G”)(pm)j ’
where &, R is the adiabatic exponent and the gas
constant of the working medium; 7'(0), p(0) are the
initial values of temperature and pressure in the tank.

The gas flow through the valve is a function
dependant on the pressure and the value of the
movement, X, of the shut-off disc: G, = G (p, X). We
can obtain this dependence either experimentally or
by calculation. We propose to find this dependence
from the numerical solution of the equations of the
mathematical model of valve operation [7, 8] with
the verification using the results of experimental
measurements fora specific type of valve. Equation (1)
gives us the expression for the gas arrival:

E
)
p .

Expression (2) includes the value of the movement
of the valve disc, X(¢). We find this dependence from
the solution of the disk movement equation [7].

dn ax

m, 7 =F ,-F, 0 =1.

The movement of the disk in the axial direction is
determined by the action of the force from the gas, F/,
and the elastic force of the spring, F, = K,(X + X,).
Here: K| is the spring stiffness coefficient; X, is the
initial spring compression (preload): n is the speed
of the disk movement. Initial conditions: X(0) =0,
1n(0) = 0. The height of the disk lift is limited by the
value X, .

For the numerical solution of the disk
movement equations, we introduce a difference grid
{ty<ti<..<t,<.<t,=t.h, =t,,-1,}and a two-step

dp _ kRT(0)
dt /4

(1

dp W

a_W (2)
dt kRT(0)

p

3)

difference scheme [8]:

To calculate the movement of the disk, we
should define the dependence of the force acting on
the disk from the gas on the movement and pressure,
Fy(X, p). To calculate depe{ndencies, G, = G, (p, X),
F/(X, p), we use the following mathematical model.
X
h

n

X" x!
h

n

(F (X p()) - KX, ) h+K,X"+m, (

X =
m

Kh +—

s'n
n

Mathematical model of safety valve
operation

Processes occurring in the valve are described
by a mathematical model in the form of a system of
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differential equations describing the physical laws
of conservation in the internal volume of the valve.
For a gas safety valve, we consider the processes
of internal gas dynamics within the framework of
the viscous compressible gas model. The change in
the thermodynamic parameters of the gas in the tank
is subject to the equation of state: p = pRT.

The continuity equation is written down in
general form:
dp

—+pVU=0, 4
s p “)

where U is the gas flow rate vector. The momentum
conservation equations and the energy conservation
equation have the following form:

p% =-Vp+DivP; ©)
d U’ (6)
—| CT+— |=V(PU)+Vq,

pdt( ' 2j (PU)+Va

where P is the tensor of viscous stresses; C, is the
specific heat capacity of the gas at a constant volume;
q is the heat flow vector.

The system of equations (4)—(6) is supplemented
by equations for the transfer of the kinetic energy of
turbulence and the rate of turbulence dissipation [9].
The axial component of the force acting on the disk
from the gas is determined by the integral on the disk
surface, S,;:

F, = I pds. 7

Sa

The calculation area (Figure 1a) is divided into
two parts.

The first part is axially-symmetric and it uses a
cylindrical coordinate system (x, », ¢). The second
part uses a rectangular coordinate system (x, y, z).
We use the control volume method for the numerical
solution of a system of gas-dynamic equations. We
determine gas parameters at the boundaries of control
volumes using the S.K. Godunov method [10]. To
increase the order of approximation of the Godunov
difference method, we use the MUSCL (Monotone
Upwind Schemes for Conservation Laws) scheme.
In accordance with this scheme, we define the
values of gas-dynamic parameters for solving the
problem of discontinuity decay using extrapolation
with a limiter [11, 12]. For equations written down

in a cylindrical coordinate system, we construct
a difference grid (Figure 15) in the ¢ = const
plane using the complex method of boundary
elements [13]. For equations written down in
a Cartesian coordinate system, the difference
grid is unstructured. The gradients of variables
included in the tensor components P are calculated
in the middle of each face through the values
of variables in the surrounding control volumes,
as described in [14]. For time integration, we use
a two-step Runge—Kutta scheme with second-
order accuracy.

Figure 1 — Valve diagram (a), difference grid (b), and
flow structure (c)

The gas-dynamic equations (4)—(7) are solved
numerically together with the disk movement
equations (3). The difference grid is adapted to the
disk movement.

We consider two designs of the LESER
safety valve, 2J3 and 441. The gas-dynamic force
and flow through the valve are written down as:
Ff()(ap) :pW(X)’ Gv(an) :pY(X)> where W(X)a
v(X) functions are characteristics of the valve type.
The calculated and experimental dependencies are
shown in Figure 2.
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+ experiment 441 —calculate 441

—calculate 2J3

- experiment 2J3

12
X, mm
Figure 2 — Valve characteristics
The calculated dependencies, wy(X), are
approximated by  Sth-degree  polynomials,
S
y(X) =Y B,Xx*, with coefficients, B, in Table 1.
k=0
Table 1
Polynomial coefficients for y(X)
Valve By
441 1825704 22713 24635 -0.3243 0.0155 -0.0002
2J3 123.8281 9.6135 0.1595 -03951 0.0570 -0.0024

The flow characteristics of valves obtained
by calculation are approximated by 2nd-degree
polynomials with coefficients from Table 2.

Table 2
Polynomial coefficients for y(X)
Valve B
441 0 0.0345 -0.00071
2]3 0 0.0292 -0.001

The results of tests processing

The scheme for testing safety valves in
accordance with the ASME PTC 25-2014 standard
is shown in Figure 3.

The characteristics of the tested LESER 441 and
2J3 valves are shown in Table 3.

Table 3
Characteristics of valves
Valve Xy, mm K, N/m L,m D,,m
441 0.017 54700 1.2 0.05
2J3 0.025 26000 1.2 0.05

The tests were carried out in the air. The vessel0
tank has a large volume under high pressure and

serves as a gas source for the vessel tank with pressure
control. The intensity of the gas arrival is regulated
by the operator during the test (regulator, R,). One
of the goals of the tests was to check the stability
of the valves with a long pipe between the tank and
the valve. A pipe with a length of L and a diameter
of D, connects the tank to the valve. Pressure and
temperature are measured at the inlet and at the end
of the pipe. The movement of the rod, X, is measured
on the valve. The pressure is measured using a P900
series load cell with an error of 0.2 %. The force is
measured using a U2B sensor with an accuracy class
of 0.2. The movement of the disk is controlled by
a WA standard displacement inductive transducer
with an error of 1 %. Sensor readings are recorded
in 0.000417 seconds.

Gv

Gp pWT L -
RI vessel pl Tl p272

Figure 3 — Safety valve testing scheme: vessel0 —a tank
with a large volume under high pressure, which is the
source of gas for the vessel tank; vessel —a pressure-
controlled tank with operating parameters P, 7T, W;
R, —gas flow regulator; G,—gas arrival; P, T —gas
pressure and temperature at the outlet of the tank with
pressure control; L — length of a pipe with a diameter, D,,
connecting the tank to the valve; P,, T, — gas pressure and
temperature at the inlet to the valve; G, — gas flow through
the safety valve

vessel(
Ny 00

The use of formula (2) for calculating the gas
arrival value based on the results of experimental
measurements of pressure, p(¢) , and disk move-
dp

ment, X(¢), requires calculating the derivative

Differentiation of functions based on the results of
experimental measurements is an incorrect operation.
Figure 4 shows the measured dependence, p(¢) (red
line).

The prese nce of acoustic oscillations and
measurement errors leads to the occurrence of
high-frequency oscillations. Therefore, the results
of measuring all parameters were smoothed using
smoothing cubic splines. The value of the derivative
was determined by the value of the relevant spline
coefficient. The smoothed dependency, p(¢), is shown
in Figure 4 with a black line.
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—smoothing —experiment

W

Figure 4 — Pressure versus time (valve 441)

The time change of the value of air arrival in the
vessel tank, which is calculated using the formula (2),
equations (3), and pre-calculated functions, y(X),
v(X), is shown in Figure 5.

2
1.6
1.2
0.8
0.4

O T T T 1
40

Gp, ke/s

78]

Figure 5 — Dependence of gas intake on time

The scheme of the valve tests under review
provided for measuring the movement of the valve
disc, as well as the pressure and temperature in
two sections of the pipe (Figure 1). Based on this
information, we can determine the value of gas flow
through the valve during testing and compare it
with the calculated dependence, G, (p, X) = py(X).
If p,, T, are the pressure and temperature at the
end of the pipe before the valve, we determine
the mass flow of gas through the pipe using the
following expression:

2

Dl
Gexp = (p27.c T

2(p-p,)

RT,’
where ¢, is the flow coefficient related to a
sharp narrowing at the inlet to the pipe from the
tank (Figure 6) and friction in the pipe. We determine
the flow coefficient when solving the gas-dynamic
problem in an axially-symmetric setting in the
calculated area (Figure 6).

The value of the flow coefficient, ¢, = 0.814.
The measured movement of the valve disc is shown
in Figure 7.

N Q !
ORI
%\\\

W
SR
s

Figure 6 — Fragment of the vessel — pipe design area

X, mm

(= R - -]

<

Figure 7 — Moving the valve disc

The calculated and experimental flow values
corresponding to these values, X, are shown in
Figure 8.

—experiment  —calculate

Figure 8
gas flow

— Calculated and experimental dependencies for

The experimental and calculated,
y(X) =0.0345X - 0.00071X* | flow characteristics
of the 441 valve are shown in Figure 9.

The average square deviation is 0.006. We may
conclude from the presented comparison of the
results of calculations and experiments that the design
characteristics of the valve provide the determination
of gas arrival in the controlled tank only through the
pressure—time dependence.

Let us review the test results of the 2J3 valve.
The time change in pressure is shown in Figure 10.
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e experiment —calculate

/

&
0 2 4 6 8 10 1
X, mm
and experimental

0.4

0.
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0.0

0.1

0

2

Figure 9 — Calculated flow

characteristics

A

T
100

6
5.6
5.2
4.8
44

4

P, bar

T
0 20 40 60 80 120

ts

o

140

Figure 10 — Time dependence of pressure (2J3 valve)

During this time, the three-time actuation of the
valve occurs, as shown in Figure 11.

12 - —experiment —calculate
10 q
g
2, )
b 1
>
o - B I T —
2 4 20 40 60 80 100 120 140

1S

Figure 11 — Measured and calculated movement of the
2J3 valve disc

The time interval under review corresponds to
the dependence of the gas arrival on time, which
is obtained by the calculation and confirmed in
experiments (Figure 12).

—experiment —calculate

=}

20 40 60 80

7,8

100 120 140

Figure 12 — Change of gas arrival in time (valve 2J3)

The comparison of the change in the value of
the disk movement obtained in the experiment and
by the calculated method (solution of equations (3)
using the power characteristic of the valve 2J3,
y(X)=123.8281 +9.6135X + 0.159X* — 0.3951X> +
+0.0570X* - 0.0024X°), which is shown in
Figure 11, demonstrates that the power characteristic
of the valve was obtained correctly.

Conclusion

We have shown that in order to find the arrival
of a gas mass in a controlled technological tank,
which leads to increase in pressure, it is required
to have the following information: the pressure-
time dependence recorded in the technological
process; calculated flow and power characteristics
of the valve. We confirmed during our work that the
determination of the flow and power characteristics
of the valve requires the preliminary construction of
a mathematical model of the safety valve operation.
Based on this, we proposed a method for determining
the flow rate of the discharged substance and the
mass rate of the substance entering the safety valve
when it is actuated.

Following the numerical simulation, we
obtained the flow characteristics of the valves under
review and the dynamics of movement of the shut-
off disc of the valve, as well as the dependence of
the pressure change on the opening time of the valve.
Comparison of the calculated values with available
experimental data gives good agreement of results (no
more than 5.6 % for a gas flow rate, under 10 % for
the movement of the valve and change the arrival
of gas in time using the standard deviation function
of the flow characteristics of 0.6 %), confirms the
correctness of the defined mathematical model, used
numerical schemes and algorithms, as well as the
proposed method in general and recoverability of the
arrival of gas in a pressure-time curve in particular.
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