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Abstract. The paper provides substantiation of the necessity to determine the natural
oscillations frequencies of manometric tubular springs. A mathematical model of manometric
tubular springs is overviewed. Based on the given model a computer program was developed
that was incorporated into a software suit for manometric tubular spring calculations. The
results of numerical experiments in the software suit allowed us to identify the impact of
geometric parameters on the natural oscillation frequency.

1. Introduction

Pressure gauges often operate under vibration and tubular springs, primary elastic sensing elements,
oscillate affecting the accuracy of gauges. Therefore, when designing manometric springs much
attention should be given to dynamic calculations, resistance calculations in particular. Natural
oscillation frequency is an important characteristic of vibration resistance, so key factors influencing
this parameter must be identified. When designing manometric springs it is necessary to select such
geometric parameters of tubes that will eventually ensure the required spring properties.

2. Manometric tubular spring designs

Manometric springs utilize the ability of a hollow thin-walled tube with a noncircular section to
undergo deformation under pressure. A spring is a circular-bent tube with a noncircular cross-section
that has one or two mutually perpendicular axes and is placed in such a way that one of its axes is a
continuation of the curvature radius of the locus of the cross-sections’ centers of gravity (figurel).

We will call this locus the central axis of the tube. One end of the spring is fixed in a holder with an
opening through which pressure is transmitted into the inner cavity of the spring. The other end, called
free, is tightly closed with a tip and is connected to the mechanism of the pressure gauge. Under the
action of pressure the spring rebounds, and its free end performs a travel A. The spring geometric
parameters defining its dimensions are the curvature radius of the longitudinal axis — R, the central
aperture angle — y, the wall thickness — 4, the major semi-axis — a and the minor semi-axis of the cross-
section — b.
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Figure 1. A manometric tubular spring.
1 — holder; 2 — tube; 3 — central axis; 4 — tip

There are known spring designs with a variable cross-section along the longitudinal axis. Both the
size and shape of the cross-section can be variable. Springs with varying geometric section parameters
have better performance compared to springs with a constant cross-section. Despite their advantages,
springs with a variable cross-section are not widely available. The main reason for holding back the
introduction of spring designs with variable cross-section has been the lack of methods for
determining the dynamic characteristics, including the frequency of natural oscillations. Therefore, an
urgent task to determine the frequency of natural oscillations of manometric tubular springs was set
and solved.

To improve the manometric springs performance a number of spring designs were proposed with a
variable cross-section along the central axis and wall thickness. According to the patent [1], in order to
increase the natural oscillation frequency a manometric spring was proposed with a variable section
wall thickness decreasing from the base to its free end, with the cross-section dimensions reducing
from the base to the free end as well (figure 2).

Figure 2. A conical manometric tubular spring.
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To increase the sensitivity, relative stiffness and strength of manometric springs operating in a
force mode and under vibrations, a spring is proposed with a variable length section [2] gradually
changing from elliptical at the free end to 8-shaped at the fixed one. A similar design with longitudinal
ridges (corrugations) is proposed [3].

A manometric spring design is also proposed characterized by enhanced durability and reliable
performance [4]. It features an asymmetrical cross-section with respect to its major axis which is
formed smoothly varying along the longitudinal spring axis, npu 3ToMm the outer contour of the cross
section is formed smoothly varying from flat oval at the free end to 8-shaped at the fixed one, and the
inner contour of the cross section is formed smoothly varying from elliptical at the free end of the
spring to flat oval at the fixed end. To simplify the variable section designs and extend the
functionality a spring is proposed [5] that has a section variable along the length and consisting of
several interconnected tubes each of which has a constant wall thickness and semi-axes cross-section
ratio. The wall thickness and size of the tube section semi-axes increase from the free end of the spring
to the fixed one.

A composite spring design is also known made with a section variable along the length,
characterized in that it consists of interconnected tubes each of which has a constant sectional shape
along the length and wall thickness. As they approach the fixed end of the spring, the tubes sections
that constitute the spring change from elliptical to flat oval and then from flat oval to 8-shaped, with
the wall thickness of the tubes also increasing from the free end to the fixed one.

Also a design is patented with composite spring inserts made with a cross-section variable along
the length, characterized in that it consists of several interconnected tubes each of which has a constant
wall thickness and semi-axes cross-section ratio. Interconnection of the tubes is done by elastic inserts.
The size and wall thickness of the tube section semi-axes increase from the free end of the spring to
the fixed one.

3. Developing a mathematical model

Let us present a dynamic model of the Bourdon tube in the form of a thin-walled curved bar oscillating
in the central axis curvature plane. Figure 3 shows a curved rod and an infinitesimal element cut out of
it. Travel of the center of gravity of the cross-section with the coordinate ¢ can be decomposed into
radial w and circumferential # components.

T T~

Figure 3. A manometric tubular spring bend.
a) a curved rod; b) a rod element
According to the principle of D'Alembert let us build the equations of motion of a tube element
Rdo, projecting forces applied to the element (considering the inertia force) on the normal and tangent.
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where N — axial force; N = D¢,

ES(p).
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D — tensile sectional stiffness; D =

16} 1{0
& — elongation of the longitudinal axis of & = U + Yo | & +w|;
ROp R R\ Ogp
S (qo) — cross-sectional area of the tube, depending on the angular coordinate ¢ of this section;

oM

—— = (@ — shear force;
op

m, ((p) — mass per unit length of the tube (cross-sectional mass with the coordinate o);

. . , B(ou 0w
M —bending moment in the cross section of the tube My =—By = ——| ——

R*\0p 08¢’
E-Jp) K
B — tube bending stiffness; for the cross section of the manometric tube B = (E(D) > )k (¢) ,
—H
E — elasticity modulus of the pipe material;
J ((p) — moment of inertia depending on the section angular coordinate ¢;
K, ((0) — Karman constant, depending on the section angular coordinate ¢;

1 — Poisson's ratio.

Boundary conditions. In the section of hard spring fixing (¢=0) tangent, normal movements and
rotation angle of the tube cross-section are equal to zero, and at the opposite end (¢p=y) bending
moment, shear, tensile forces become zero, which leads to the following boundary conditions:

Atg=0: u(0)=0; w(0)=0; a—w(o)=0,
op

Atg=y: M(y)=0; O(y)=0; N(y)=0.

To solve the system of equations a Bubnov - Galerkin method was used.

(@)

4. A computer program for calculating the natural oscillation frequencies of manometric
tubular springs

In order to make calculations automatic a program “PKRMTP” was compiled in the MATLAB
environment that includes a subroutine to determine the Karman constant and allows one to calculate
several natural oscillation frequencies of the manometric tubular spring. With this program, we
calculated the natural oscillation frequencies. The calculation results allow us to estimate the influence
of the geometric parameters of tubular springs on their natural oscillation frequencies.

5. Conclusions
1. It has been established that increasing the wall thickness and ratios of the lateral section
curvature radius to the minor semi-axis increases the natural oscillations frequency, and
increasing the central axis curvature radius, central angle and ratios of the minor semi-axis to
the major one decreases the frequency.
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It has been established that manometric springs with a variable section changing from §-
shaped to flat oval, as well as springs composed of conical tubes, have natural oscillation
frequencies 20-40% higher than those of springs with a constant section, therefore, it is
reasonable to use them in vibration-resistant pressure gauges.
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