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ABSTRACT

This article aims to reveal the transient thermal characteristics of the solid domain in a nozzle flowmeter when
measuring fluids of varying temperatures. Based on finite element method, the transient numerical calculation of
the thermal characteristics of each component of the nozzle flowmeter has been conducted. The research shows
that: as the fluid passes through the flowmeter, the high heat flux area inside the nozzle flowmeter gradually transfer
from the center of the nozzle to the inlet and outlet, as well as the pressure tapping points upstream and downstream;
High thermal stress zones are present near the upstream and downstream pressure tapping points and inlet and
outlet area; High thermal deformation zones occur near the upstream and downstream pressure tapping points
and eight slot nozzle.
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Nomenclature

ui: Fluid velocity component in the direction of the coordinate.
p: Fluid pressure.
t: Flow time.
xi: Coordinate component.
Fi: Volume force.
τij: Viscous stress tensor in the i-direction.
q: Heat flow density, J/(m2·s).
λ: Thermal conductivity, W/(m·K).
gradt: Temperature gradient at a point within the medium.
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1 Introduction

Flow measurement is necessary in engineering field for fluid metrology and process control
[1,2]. Different types of flowmeters are suitable for different industrial productions to address flow
detection problems in various flow states. In recent years, many scholars have conducted extensive
research on the internal flow and external characteristics of various types of steam flowmeters.
Singh et al. investigated the effect of cone vertex angle and upstream swirl on the performance of
cone flowmeter, and found that the value of discharge coefficient is independent of Reynolds number
and its value decreases with increase in vertex angle. In the presence of upstream disturbance in the
form of swirl, the value of discharge coefficient is also independent of Reynolds number and its value
is only marginally affected by the magnitude of swirl [3]. Nasiruddin et al. studied the effect of vertex
angle and vertex tip radius on the performance of a V-cone flowmeter [4]. Prabu et al. investigated
the impact of different upstream pipe fittings on the performance of conical flowmeters and orifice
flowmeters through experiments, and found that the conical flowmeter has lower sensitivity to
turbulence and an irrecoverable pressure drop 50% smaller than that of the orifice flowmeter [5].
Guo et al. discovered that viscosity affects the pressure distribution on the rotor blades, which in
turn affects the performance of the turbine flowmeter [6]. Guo et al. studied the effect of different
blade shapes on the measurement performance of the turbine flowmeter using CFD simulation [7].
Huang et al. studied the characteristics of outward vibration transmission caused by wall-mounted
state in a Coriolis flowmeter through harmonic response analysis [8]. Shavrina et al. found that the
increase in the gas volume fraction and the reduction in the mixture flow rate lead to the increase
in the gas distribution asymmetry. The strong correlation between the gas distribution asymmetry
and the experimentally observed CFM error is demonstrated [9]. Costa et al. developed a model that
explains how Coriolis meters need to be corrected for temperature effects from room temperature
down to cryogenic temperature [10]. Enz studied the effect of asymmetric actuator and detector
position on Coriolis flowmeter and measured phase shift [11]. Perumal et al. studied the effects of
diameter, diameter ratio, and convergence angle on the performance of Venturi meters in measuring
humid air by CFD modeling of high-pressure wet air flow [12]. Huang et al. studied the discharge
coefficient of a new type of porous orifice flowmeter. It was found that the pressure drop of the porous
orifice plate is lower than that of the standard orifice plate, and the flow field is more stable. The
outflow coefficient of the porous orifice plate is 22.5%∼25.6% higher than that of the standard orifice
plate. In addition, the critical Reynolds number of the porous orifice plate is lower, and it defends
interference more powerfully [13]. Muñoz-Díaz et al. proposed a dual parabolic-shaped orifice plate.
Numerical simulation experiments were conducted using both Newtonian and non-Newtonian fluids,
and the results demonstrated that the improved dual parabolic-shaped orifice plate exhibited superior
performance compared to the standard orifice plate [14]. Venugopal et al. studied the influence of
valve and vortex on the frequency of vortex shedding in vortex flowmeter and analyzed the influence
of vortex structure on measurement under disturbed flow [15]. Končar et al. conducted experiments
and numerical simulations on vortex flowmeters and demonstrated a clear linear dependence of
the shedding frequency on the volumetric flow rate over the entire range of Reynolds numbers. In
addition, numerical simulations were used to study the main mechanisms of vortex formation and
shedding behind the considered bluff body [16]. Shah et al. conducted a detailed analysis of the flow
characteristics of orifice flowmeters through numerical simulation and investigated the variations of
turbulent kinetic energy and turbulent dissipation rate in different area of the orifice plate flowmeter
[17]. Chen et al. found that the cone angle directly affects the measurement performance of the swirl
flow meter by analyzing the velocity and pressure distribution of the swirl flow meter at different flow
rates and different cone angles [18]. Chen et al. investigated the internal flow characteristics and the
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influence of the tube structure (geometric parameter of flow passage) on metrological performance
were studied, with a particular focus on the meter factor. Calibration experiments were performed
to validate the CFD predictions; the results show good agreement with those from simulations [19].
Zhang et al. studied the metrological performance and internal unsteady flow of a swirl meter
assembled with three swirlers with different helix angles through physical experiments and numerical
calculations. The results indicate that a larger helix angle can significantly reduce the pressure and
flow losses of the swirl meter [20,21]. Alaeddin et al. studied the effect of circumferential position
of transducers on calibration factor for special type of ultrasonic flowmeters, UCCF, at different
Reynolds numbers and various locations of flowmeter for the first time, and the effects of Reynolds
numbers and the flowmeter distances from the elbow on the calibration factor were analysed [22].
Zhang et al. proposed a correction factor for theoretical flowrate considering the real velocity profile
were proposed for laminar and turbulent flow, obtaining a higher accuracy [23].

The orifice plate flowmeter is one of the most widely used steam flowmeters, but its drawbacks
include low measurement accuracy and small measurement range [24]. Due to the high temperature of
the medium inside the pipeline, the steam nozzle flowmeter has unique advantages in the detection of
high temperature and high pressure fluids. Moreover, the nozzle flowmeter can overcome the problems
associated with standard orifice plate flowmeters in measurement. Therefore, it has been increasingly
used in practical applications [25]. Wang et al. achieved the optimization of the pressure tapping
position by numerical simulation of a 65 mm nozzle flowmeter [26]. Oh et al. proposed a new type
of multi-nozzle air flow meter, which has the advantages of small size, simple operation, and low
measurement error [27]. Zhang et al. found that there is a significant temperature stratification near
the inner wall when the small-sized nozzle flowmeter is used to transport high-temperature medium,
and the thermal flow field at the inlet and outlet of the flowmeter will increase accordingly with
the temperature increases [28]. Tong et al. found that the pressure distribution in the fluid domain,
the dynamic stress, and fluid-induced vibration deformation generated by the fluid of the nozzle
flowmeter are less affected by inner wall temperature [29]. In recent years, CFD has been widely
used for flow prediction and performance simulation of various flow meters due to its efficiency and
accuracy [30]. The research methodology of this study is similar to that of Chen et al. [19], and the
results have good reliability.

There are only studies on the thermal characteristics of nozzle flow meters for stable conditions
[28,29], there are no studies on transient conditions. In order to reveal the transient thermal char-
acteristics of the nozzle flowmeter at different temperatures, transient numerical calculations were
performed under various temperature conditions.

2 Calculation Models and Methods
2.1 Governing Equation

The internal flow of fluid machinery can be described by the basic physical Conservation law,
and there are three corresponding governing equations: continuity equation, momentum equation
and energy equation.

The continuity equation is used as a manifestation of the law of conservation of mass in fluid
mechanics and can be written as the following equation:
∂ui

∂xi

= 0 (1)

where: ui is the fluid velocity component in the direction of the coordinate.



248 FHMT, 2023, vol.21

The momentum equation, also known as the Navier Stokes (N-S) equation, is the specific
expression of the conservation of momentum and the expression of Newton’s second law, which can
be written as follows:
∂ (ρui)

∂t
+ ∂

(
ρuiuj

)
∂xj

= − ∂p
∂xi

+ ∂τij

∂xj

+ Fi (2)

The fluid pressure is p, the flow time is t, and xi, ui, Fi and τij respectively represent the coordinate
component, velocity component, volume force, and viscous stress tensor in the i-direction.

The energy equation is the specific form of the Conservation of energy, so this paper uses the
energy equation widely used in CFX to establish the total specific enthalpy htot as follows:
∂ (ρhtot)

∂t
− ∂p

∂t
+ ∂ [ui (ρhtot)]

∂xi

= ∂

∂xi

(
keff

∂T
∂xi

)
+ ∂

∂xi

(
ujτij

) + Sh (3)

2.2 Thermodynamic Model
Thermal analysis of flowmeters requires a study of the way heat is transferred in the meter. There

are three modes of heat transfer: heat conduction, heat convection and heat radiation. At present, heat
conduction models are mainly used to solve thermodynamic problems:

q = −λgradt = −λ
∂t
∂n

n (4)

where: q is the heat flow density, J/(m2·s); λ is the thermal conductivity, W/(m·K); gradt is the

temperature gradient at a point within the medium;
∂t
∂n

is the rate of change of temperature in the

direction normal to the isothermal plane at that point; n is the unit vector in the direction normal to
the isotherm through that point.

2.3 Numerical Method
This article is a numerical simulation of the flow field and thermal effects of nozzle flowmeter

under different inner wall temperatures. As the solid structure of the nozzle flowmeter is less influenced
by fluid forces and considering the computational efficiency, the one way fluid-solid coupling method
is chosen in this paper. The computational fluid dynamics software FLUENT is used to calculate the
flow field inside the flowmeter and the standard k-ε turbulence model is used to enclose the average
Reynolds equation. The medium is air, the inlet boundary condition is velocity inlet and the outlet is
free flow, the extension of the outlet section ensures the full development of the fluid at the outlet. The
coupling calculation of velocity and pressure is implemented by SIMPLEC algorithm. All solid walls
are set to standard wall boundary conditions, the wall roughness is set to smooth wall and the function
near the wall is standard wall function. The solid field is simulated numerically using the finite element
analysis software ANSYS Work-bench.

2.4 Calculation Models
The structure and cross-sectional view of the nozzle flowmeter are shown in Fig. 1. The measuring

tube has an inlet diameter of 213 mm, an overall diameter of 358 mm, and an outlet diameter of
223 mm. Additionally, there are several upstream and downstream pressure outlets with a diameter
of 27 mm, which are uniformly distributed around the measuring tube’s circumference. The material
of the measuring tube is 12 CrMoVG.
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Figure 1: General structure diagram

2.5 Computational Domain and Grid
This study utilized ANSYS Workbench, a solid field finite element analysis software, to conduct

numerical simulations of the nozzle flowmeter. The calculation domain of the solid structure of the
nozzle flowmeter is depicted in Fig. 2.

Figure 2: Schematic diagram of the solid structure domain

The present study utilized the ICEM software to perform the meshing of the solid structural
domain of the nozzle flowmeter(as shown in Fig. 3). Unstructured tetrahedral grids with good
adaptability are used for complex computational domains such as the front measuring tube, eight
slot nozzle,rear measuring tube and weld metal watershed.

The grid independence study was conducted on the number of different grids in the range of 48.18
× 104 to 182.9 × 104. Fig. 4 shows the relationship between the pressure loss of the nozzle flowmeter
and the pressure difference between the upstream and downstream pressure tapping points. It can be
found from the figure that the measurement characteristics of the nozzle flowmeter are basically stable
when the grid number exceeds 159.04 × 104. Considering computational efficiency and accuracy, the
final grid number was determined to be 159.04 × 104.
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Figure 3: Solid field structured domain grid

Figure 4: Grid independence verification results

3 Analysis of Results

A numerical calculation of the transient heat effect of a solid structure in a nozzle flowmeter
was conducted at five different inner wall temperatures of 50°C, 100°C, 300°C, 500°C, and 700°C.
Comparative analysis was performed on the spatial distribution and temporal variation of various
physical quantities at the cross section of the nozzle flowmeter under different inner wall temperatures.

3.1 Thermal Flow
Fig. 5 shows the transient heat flow distribution of the cross section of the flow meter at 50°C

on the inner wall. When the outer wall temperature remains constant at 20°C and the inner wall
temperature is 50°C, the high heat flux area within the nozzle flow meter is transferred from the interior
to the inlet and outlet and the upstream and downstream pressure tapping points as the heat transfer
effect develops. The high heat flux area inside the eight slot nozzle gradually decreases. At t = 0 s, there
exists a large area of high heat flux inside the nozzle flowmeter, with a value of 2 W/mm2. At t = 0.5 s,
the area of high heat flux area on the inner wall of the flowmeter nozzle gradually decreases, and the
heat flux value inside the eight slot nozzle also decreases gradually. During the period of t = 1.0 to t =
2.5 s, the thermal flux values around the pressure tapping points upstream and downstream decrease
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to 0.6 W/mm2, and the area of low-thermal-flux area gradually exceeds that of high-thermal-flux area.
At t = 2.5 s, the high heat flux area mainly concentrates at the pressure tapping points upstream and
downstream as well as the inlet and outlet with a value of 0.8 W/mm2.

Figure 5: Transient heat flow distribution in the flowmeter cross-section at 50°C on the inner wall
surface

Fig. 6 shows the transient heat flow distribution of the cross section of the flowmeter at 100°C
on the inner wall. When the outer wall temperature remains constant at 20°C and the inner wall
temperature is 100°C, the high heat flux area within the nozzle flowmeter is transferred from the
interior to the inlet and outlet and the upstream and downstream pressure tapping points as the heat
transfer effect develops. The high heat flux area inside the eight slot nozzle gradually decreases. At t =
0 s, there exists a large area of high heat flux inside the nozzle flowmeter, with a value of 4.2 W/mm2. At
t = 0.5 s, the area of high heat flux area on the inner wall of the flowmeter nozzle gradually decreases,
and the heat flux value inside the eight slot nozzle also decreases gradually. During the period of t =
1.0 to t = 2.5 s, the thermal flux values around the pressure tapping points upstream and downstream
decrease to 1.2 W/mm2, and the area of low-thermal-flux area gradually exceeds that of high-thermal-
flux area. At t = 2.5 s, the high heat flux area mainly concentrates at the pressure tapping points
upstream and downstream as well as the inlet and outlet with a value of 1.4 W/mm2.

Fig. 7 shows the transient heat flow distribution of the cross section of the flowmeter at 300°C
on the inner wall. When the outer wall temperature remains constant at 20°C and the inner wall
temperature is 300°C, the high heat flux area within the nozzle flowmeter is transferred from the
interior to the inlet and outlet and the upstream and downstream pressure tapping points as the heat
transfer effect develops. The high heat flux area inside the eight slot nozzle gradually decreases. At t =
0 s, there exists a large area of high heat flux inside the nozzle flowmeter, with a value of 15 W/mm2. At
t = 0.5 s, the area of high heat flux area on the inner wall of the flowmeter nozzle gradually decreases,
and the heat flux value inside the eight slot nozzle also decreases gradually. During the period of t =
1.0 to t = 2.5 s, the thermal flux values around the pressure tapping points upstream and downstream
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decrease to 4 W/mm2, and the area of low-thermal-flux area gradually exceeds that of high-thermal-
flux area. At t = 2.5 s, the high heat flux area mainly concentrates at the pressure tapping points
upstream and downstream as well as the inlet and outlet with a value of 6 W/mm2.

Figure 6: Transient heat flow distribution in the flowmeter cross-section at 100°C on the inner wall
surface

Figure 7: Transient heat flow distribution in the flowmeter cross-section at 300°C on the inner wall
surface
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Fig. 8 shows the transient heat flow distribution of the cross section of the flowmeter at 500°C
on the inner wall. When the outer wall temperature remains constant at 20°C and the inner wall
temperature is 500°C, the high heat flux area within the nozzle flowmeter is transferred from the
interior to the inlet and outlet and the upstream and downstream pressure tapping points as the heat
transfer effect develops. The high heat flux area inside the eight slot nozzle gradually decreases. At t =
0 s, there exists a large area of high heat flux inside the nozzle flowmeter, with a value of 26 W/mm2. At
t = 0.5 s, the area of high heat flux area on the inner wall of the flowmeter nozzle gradually decreases,
and the heat flux value inside the eight slot nozzle also decreases gradually. During the period of t =
1.0 to t = 2.5 s, the thermal flux values around the pressure tapping points upstream and downstream
decrease to 8 W/mm2, and the area of low-thermal-flux area gradually exceeds that of high-thermal-
flux area. At t = 2.5 s, the high heat flux area mainly concentrates at the pressure tapping points
upstream and downstream as well as the inlet and outlet with a value of 10 W/mm2.

Figure 8: Transient heat flow distribution in the flowmeter cross-section at 500°C on the inner wall
surface

Fig. 9 shows the transient heat flow distribution of the cross section of the flowmeter at 700°C
on the inner wall. When the outer wall temperature remains constant at 20°C and the inner wall
temperature is 700°C, the high heat flux area within the nozzle flowmeter is transferred from the
interior to the inlet and outlet and the upstream and downstream pressure tapping points as the heat
transfer effect develops. The high heat flux area inside the eight slot nozzle gradually decreases. At t =
0 s, there exists a large area of high heat flux inside the nozzle flowmeter, with a value of 36 W/mm2. At
t = 0.5 s, the area of high heat flux area on the inner wall of the flowmeter nozzle gradually decreases,
and the heat flux value inside the eight slot nozzle also decreases gradually. During the period of t =
1.0 to t = 2.5 s, the thermal flux values around the pressure tapping points upstream and downstream
decrease to 12 W/mm2, and the area of low-thermal-flux area gradually exceeds that of high thermal
flux area. At t = 2.5 s, the high heat flux area mainly concentrates at the pressure tapping points
upstream and downstream as well as the inlet and outlet with a value of 14 W/mm2.
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Figure 9: Transient heat flow distribution in the flow meter cross-section at 700°C on the inner wall
surface

3.2 Thermal Stress
Fig. 10 shows the transient thermal stress distribution in the flow meter cross-section at 50°C on

the inner wall surface. When the outer wall temperature remains constant at 20°C and the internal wall
temperature is 50°C, the high thermal stress area inside the nozzle flow meter mainly concentrates
near the upstream and downstream pressure tapping points and the inlet and outlet of the flow
meter. With the gradual flow of fluid through the flow meter, the high thermal stress area around
the pressure tapping points of the flow meter gradually increases, and its thermal stress value also
gradually increases. At t = 0 s, the high thermal stress area inside the nozzle flowmeter is relatively
small, with a maximum thermal stress value of 44 Pa. At t = 0.5 s, the high thermal stress area of the
inner wall of the nozzle flow meter gradually increases, and the thermal stress value near the upstream
and downstream pressure tapping points increases more significantly. During the period from t = 1.0
to t = 2.0 s, the thermal stress value around the upstream and downstream pressure tapping points is
154 Pa. The high thermal stress area at t = 2.5 s is mainly concentrated at the upstream and downstream
pressure tapping points and at the inlet and outlet with a value of 220 Pa.

Fig. 11 shows the transient thermal stress distribution in the flowmeter cross-section at 100°C
on the inner wall surface. When the outer wall temperature remains constant at 20°C and the internal
wall temperature is 100°C, the high thermal stress area inside the nozzle flowmeter mainly concentrates
near the upstream and downstream pressure tapping points and the inlet and outlet of the flowmeter.
With the gradual flow of fluid through the flowmeter, the high thermal stress area around the
pressure tapping points of the flowmeter gradually increases, and its thermal stress value also gradually
increases. At t = 0 s, the high thermal stress area inside the nozzle flowmeter is relatively small, with
a maximum thermal stress value of 180 Pa. At t = 0.5 s, the high thermal stress area of the inner
wall of the nozzle flowmeter gradually increases, and the thermal stress value near the upstream and
downstream pressure tapping points increases more significantly. During the period from t = 1.0 to
t = 2.0 s, the thermal stress value around the upstream and downstream pressure tapping points is
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420 Pa. The high thermal stress area at t = 2.5 s is mainly concentrated at the upstream and downstream
pressure tapping points and at the inlet and outlet, with a value of 600 Pa.

Figure 10: Transient thermal stress distribution in the flowmeter cross-section at 50°C on the inner
wall surface

Figure 11: Transient thermal stress distribution in the flowmeter cross-section at 100°C on the inner
wall surface

Fig. 12 shows the transient thermal stress distribution in the flow meter cross-section at 300°C on
the inner wall surface. When the outer wall temperature remains constant at 20°C and the internal wall
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temperature is 300°C, the high thermal stress area inside the nozzle flow meter mainly concentrates
near the upstream and downstream pressure tapping points and the inlet and outlet of the flow
meter. With the gradual flow of fluid through the flow meter, the high thermal stress area around
the pressure tapping points of the flow meter gradually increases, and its thermal stress value also
gradually increases. At t = 0 s, the high thermal stress area inside the nozzle flow meter is relatively
small, with a maximum thermal stress value of 600 Pa. At t = 0.5 s, the high thermal stress area of the
inner wall of the nozzle flow meter gradually increases, and the thermal stress value near the upstream
and downstream pressure tapping points increases more significantly. During the period from t = 1.0
to t = 2.0 s, the thermal stress value around the upstream and downstream pressure tapping points is
1540 Pa. The high thermal stress area at t = 2.5 s is mainly concentrated at the upstream and
downstream pressure tapping points and at the inlet and outlet, with a value of 2200 Pa.

Figure 12: Transient thermal stress distribution in the flowmeter cross-section at 300°C on the inner
wall surface

Fig. 13 shows the transient thermal stress distribution in the flowmeter cross-section at 500°C
on the inner wall surface. When the outer wall temperature remains constant at 20°C and the internal
wall temperature is 500°C, the high thermal stress area inside the nozzle flowmeter mainly concentrates
near the upstream and downstream pressure tapping points and the inlet and outlet of the flowmeter.
With the gradual flow of fluid through the flowmeter, the high thermal stress area around the
pressure tapping points of the flowmeter gradually increases, and its thermal stress value also gradually
increases. At t = 0 s, the high thermal stress area inside the nozzle flowmeter is relatively small, with
a maximum thermal stress value of 1100 Pa. At t = 0.5 s, the high thermal stress area of the inner
wall of the nozzle flowmeter gradually increases, and the thermal stress value near the upstream and
downstream pressure tapping points increases more significantly. During the period from t = 1.0 to
t = 2.0 s, the thermal stress value around the upstream and downstream pressure tapping points is
2590 Pa. The high thermal stress area at t = 2.5 s is mainly concentrated at the upstream and
downstream pressure tapping points and at the inlet and outlet, with a value of 3700 Pa.



FHMT, 2023, vol.21 257

Figure 13: Transient thermal stress distribution in the flow meter cross-section at 500°C on the inner
wall surface

Fig. 14 shows the transient thermal stress distribution in the flowmeter cross-section at 700°C
on the inner wall surface. When the outer wall temperature remains constant at 20°C and the internal
wall temperature is 700°C, the high thermal stress area inside the nozzle flowmeter mainly concentrates
near the upstream and downstream pressure tapping points and the inlet and outlet of the flowmeter.
With the gradual flow of fluid through the flowmeter, the high thermal stress area around the
pressure tapping points of the flowmeter gradually increases, and its thermal stress value also gradually
increases. At t = 0 s, the high thermal stress area inside the nozzle flowmeter is relatively small, with
a maximum thermal stress value of 1560 Pa. At t = 0.5 s, the high thermal stress area of the inner
wall of the nozzle flowmeter gradually increases, and the thermal stress value near the upstream and
downstream pressure tapping points increases more significantly. During the period from t = 1.0 to
t = 2.0 s, the thermal stress value around the upstream and downstream pressure tapping points is
3640 Pa. The high thermal stress area at t = 2.5 s is mainly concentrated at the upstream and
downstream pressure tapping points and at the inlet and outlet, with a value of 5200 Pa.

3.3 Thermal Deformation
Fig. 15 shows the transient thermal deformation distribution of the section in the flowmeter at

50°C on the inner wall. When the outer wall temperature remains constant at 20°C and the inner
wall temperature is 50°C, the high thermal deformation area within the nozzle flowmeter is mainly
concentrated near the upstream and downstream pressure tapping points and the inlet and outlet
of the eight slot nozzle. With the gradual flow of fluid through the flowmeter, the area of high
thermal deformation near the pressure tapping points of the flowmeter increases gradually, and its
the deformation value also increases gradually. At t = 0 s, the high thermal deformation area inside
the nozzle flowmeter is relatively small, and the value of maximum thermal deformation is 0.02 mm.
At t = 0.5 s, the area of high thermal deformation on the inner wall of the nozzle flowmeter gradually
increases, and the thermal deformation value near the upstream and downstream pressure tapping
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points increases more significantly. During the period from t = 1.0 to t = 2.0 s, the thermal deformation
value near the upstream and downstream pressure tapping points is 0.05 mm. At t = 2.5 s, the high
thermal deformation area mainly concentrates near the upstream and downstream pressure tapping
points and the inlet and outlet, and its value is 0.06 mm.

Figure 14: Transient thermal stress distribution in the flowmeter cross-section at 700°C on the inner
wall surface

Figure 15: Transient heat deformation distribution of the flowmeter cross-section at 50°C on the inner
wall surface
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Fig. 16 shows the transient thermal deformation distribution of the section in the flowmeter at
100°C on the inner wall. When the outer wall temperature remains constant at 20°C and the inner
wall temperature is 100°C, the high thermal deformation area within the nozzle flowmeter is mainly
concentrated near the upstream and downstream pressure tapping points and the inlet and outlet of
the eight slot nozzle. With the gradual flow of fluid through the flowmeter, the area of high thermal
deformation near the pressure tapping points of the flowmeter increases gradually, and its thermal
deformation value also increases gradually. At t = 0 s, the high thermal deformation area inside the
nozzle flowmeter is relatively small, and the value of maximum thermal deformation is 0.06 mm. At
t = 0.5 s, the area of high thermal deformation on the inner wall of the nozzle flowmeter gradually
increases, and the thermal deformation value near the upstream and downstream pressure tapping
points increases more significantly. During the period from t = 1.0 to t = 2.0 s, the thermal deformation
value near the upstream and downstream pressure tapping points is 0.13 mm. At t = 2.5 s, the high-
thermal deformation area mainly concentrates near the upstream and downstream pressure tapping
points and the inlet and outlet, and its value is 0.15 mm.

Figure 16: Transient heat deformation distribution of the flowmeter cross-section at 100°C on the inner
wall surface

Fig. 17 shows the transient thermal deformation distribution of the section in the flowmeter at
300°C on the inner wall. When the outer wall temperature remains constant at 20°C and the inner
wall temperature is 300°C, the high thermal deformation area within the nozzle flowmeter is mainly
concentrated near the upstream and downstream pressure tapping points and the inlet and outlet of
the eight slot nozzle. With the gradual flow of fluid through the flowmeter, the area of high thermal
deformation near the pressure tapping points of the flowmeter increases gradually, and its thermal
deformation value also increases gradually. At t = 0 s, the high thermal deformation area inside the
nozzle flowmeter is relatively small, and the value of maximum thermal deformation is 0.20 mm. At
t = 0.5 s, the area of high thermal deformation on the inner wall of the nozzle flowmeter gradually
increases, and the thermal deformation value near the upstream and downstream pressure tapping
points increases more significantly. During the period from t = 1.0 to t = 2.0 s, the thermal deformation
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value near the upstream and downstream pressure tapping points is 0.45 mm. At t = 2.5 s, the high-
thermal deformation area mainly concentrates near the upstream and downstream pressure tapping
points and the inlet and outlet, and its value is 0.50 mm.

Figure 17: Transient heat deformation distribution of the flowmeter cross-section at 300°C on the inner
wall surface

Fig. 18 shows the transient thermal deformation distribution of the section in the flowmeter at
500°C on the inner wall. When the outer wall temperature remains constant at 20°C and the inner
wall temperature is 500°C, the high thermal deformation area within the nozzle flowmeter is mainly
concentrated near the upstream and downstream pressure tapping points and the inlet and outlet of
the eight slot nozzle. With the gradual flow of fluid through the flowmeter, the area of high thermal
deformation near the pressure tapping points of the flowmeter increases gradually, and its thermal
deformation value also increases gradually. At t = 0 s, the high thermal deformation area inside the
nozzle flowmeter is relatively small, and the value of maximum thermal deformation is 0.3 mm. At
t = 0.5 s, the area of high-thermal deformation on the inner wall of the nozzle flowmeter gradually
increases, and the thermal deformation value near the upstream and downstream pressure tapping
points increases more significantly. During the period from t = 1.0 to t = 2.0 s, the thermal deformation
value near the upstream and downstream pressure tapping points is 0.80 mm. At t = 2.5 s, the high-
thermal deformation area mainly concentrates near the upstream and downstream pressure tapping
points and the inlet and outlet, and its value is 0.90 mm.

Fig. 19 shows the transient thermal deformation distribution of the section in the flowmeter at
700°C on the inner wall. When the outer wall temperature remains constant at 20°C and the inner
wall temperature is 700°C, the high thermal deformation area within the nozzle flowmeter is mainly
concentrated near the upstream and downstream pressure tapping points and the inlet and outlet of
the eight slot nozzle. With the gradual flow of fluid through the flowmeter, the area of high thermal
deformation near the pressure tapping points of the flowmeter increases gradually, and its thermal
deformation value also increases gradually. At t = 0 s, the high thermal deformation area inside the
nozzle flowmeter is relatively small, and the value of maximum thermal deformation is 0.52 mm. At
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t = 0.5 s, the area of high thermal deformation on the inner wall of the nozzle flowmeter gradually
increases, and the thermal deformation value near the upstream and downstream pressure tapping
points increases more significantly. During the period from t = 1.0 to t = 2.0 s, the thermal deformation
value near the upstream and downstream pressure tapping points is 1.17 mm. At t = 2.5 s, the high-
thermal deformation area mainly concentrates near the upstream and downstream pressure tapping
points and the inlet and outlet, and its value is 1.30 mm.

Figure 18: Transient heat deformation distribution of the flowmeter cross-section at 500°C on the inner
wall surface

Figure 19: Transient heat deformation distribution of the flowmeter cross-section at 700°C on the inner
wall surface
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4 Conclusion

The study of the thermal characteristics of flow meters can aid in better understanding the
characteristics of the internal flow field of the flow meter and their impact on flow measurement.
It allows for the determination of the influence of various heat transfer mechanisms, such as
conduction, convection, and radiation, on the flow meter, and provides a theoretical foundation
for the design, optimization, and fault diagnosis of flow meters, thereby ensuring their operational
stability and reliability. Investigating the thermal characteristics of flow meters is of great importance
in enhancing their measurement performance, engineering application effectiveness, and ensuring
safety in production.

In this paper, the transient numerical calculation of the thermal characteristics of each component
of the nozzle flowmeter is carried out based on the finite element method, and the transient thermal
characteristics of the solid domain of the nozzle flowmeter are analyzed when measuring and
transporting media with different temperatures. Research has found that:

(1) With the heat transfer effect develops, the high heat flux area within the nozzle flowmeter
will gradually transfer from the center of the nozzle to the inlet, outlet, and pressure tapping points
upstream and downstream. The high heat flux area in the eight slot nozzle gradually reduces.

(2) The high thermal stress area of the nozzle flowmeter is mainly distributed near the upstream
and downstream pressure tapping points and the inlet and outlet. As the fluid passes through the
flowmeter, the high thermal stress area around the pressure tapping points will gradually expand, and
the thermal stress value will also gradually increase.

(3) The high thermal deformation area inside the nozzle flowmeter is mainly distributed near the
upstream and downstream pressure tapping points and the inlet and outlet of the eight slot nozzle. As
the fluid flows through the flowmeter, the area and value of the thermal deformation at the pressure
tapping points of the flowmeter will continuously increase.
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