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The article presents the results of a numerical study that aimed to accuracy improvement for
non-intrusive measurements of the liquid flow temperatures in standard pipelines compensators.
Non-intrusive measuring devices are one of the modern promising and profitable tools that stimulate
the improvement of technologies and the involvement of world corporations in this sphere, while
the growing intellectualization of measurements positively affects the safety and efficiency of the in-
dustry.

The numerical study result is consistent with the results of laboratory tests and shows the gene-
ral regularity of flow velocity effect the error of non-intrusive temperature measurements. Shown
that measurements after the upper or lower elbow of the compensator makes possible to reduce
the measurement error in the Reynolds (Re) range of about 1000—7000, which is characteristic for
the onset of turbulent flow of a liquid. Also shown that gravity negatively affects the accuracy of
measurements, so preference should be given to horizontally located compensators.

Obtained that the flow in pipeline determines the largest temperature change in the wall region
of the pipe for relatively high Re, and along the pipeline axis for small Reynolds numbers. In combi-
nation with the flow characteristics in the compensator, it changes temperature distribution and error,
depending on the flow velocity in the pipeline. In particular, this effect determines error decreasing
for temperature measurement in the compensators at low Re numbers.

The existing surface temperature sensors, with correction the surface temperature measurements
to the flow temperature, require calibration to work on flows with Re numbers varying over a wide
range, and binding these measurements to pipeline compensators can improve the quality of measu-
rements due to smoothing and, fluctuation thermal and hydrodynamic influences.

Keywords: pressure, flow rate, temperature, non-intrusive measurement, accuracy, Reynolds
number, pipeline compensator, flow modeling, temperature distribution.

Introduction

Non-intrusive measuring instruments are modern technical devices that allow to obtain information
about the parameters of a measurement object without direct contact with it. At present, non-intrusive
devices and measurement technologies have already taken a firm position among the measuring solu-
tions that ensures the functioning of various industrial facilities with product lines equipped automatic
process control system. The obvious advantages of using non-intrusive technologies are simplicity of
installation and maintenance and as a result — low staff requirements, cost savings due to the absence of
need to stop the technological processes for installation and maintenance, and, most importantly — in-
creased reliability of pipelines with these measuring devices. Obviously, reliability increases due to
the absence of tie-ins or additional flange connections, obstacles in the flow path that leads to a reduc-
tion in non-productive losses, reduces the methodical error of measurements. Constantly increasing re-
quirements for reliability are also a reflection of modern trends in improving safety and reducing injuries.

However, there are some issues regarding accuracy, repeatability, response time, sensitivity, and
other parameters of non-intrusive measurements. In addition, the limitations of the application and
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the peculiarities of use for all the variety of external and internal influencing factors remain uninvesti-
gated.

1. Background of choosing the place of temperature measurement

This article is devoted to non-intrusive measurement of the temperature of the liquid medium in the
pipelines. In the article [1], an experiment was performed on a flowstand with the cross section
multizone temperature sensor in the form of a thin radial rod in a horizontal tube. The result of this ex-
periment, shown in Fig. 1, shows that the temperature drop across the section of the pipe can reach one
degree and depends on the flow velocity, while in the high-speed range (flow rate greater than 10 m’/h)
the value of the error stabilizes so further flow velocity changing does not affect unpredictable meas-
urement error. Consequently, non-intrusive temperature measurement carries a significant error in
the region of small values of Reynolds (Re) numbers (flow rate in the graph is less than 5 m*/h), while
the error value is not predictable.

\\~ —e

0 5 10 15 20
Volume-flow rate, m%h

[ ]

[ TN

AT, °C

Fig. 1. Dependence for the temperature difference between the liquid on the surface
and the axis of the pipeline (measurement error) and the volume flow

It is also obvious that for large Re numbers the flow in the tube is intensively mixed, that usually
leads to the appearance of a uniform temperature field practically along the entire pipe cross section with
some maximum gradients in a narrow vicinity of the pipe walls, where formed maximum measurement
error. The thought of flow mixing is constantly present in the literature and, especially, in the literature
on measuring the flow of multiphase flows [2], versus many devices with forced influence the flow [3].
There is design with natural influence the flow, for example, overcoming for relief of the terrain, fea-
tures of laying the pipeline, etc. In particular, it is known that when a multiphase flow contains gas and
liquids parts and move in a vertical direction, the structure of the flow has an annular or, on the contrary,
axial concentration of the gas, while in the center of the tube the gas content can be greater than that
near the wall [4-8]. We do not know how such a flow structure can affect the quality of non-intrusive
measurements, but in any case, restructuring the flow structure in a small enough area naturally leads to
mixing, which is especially pronounced at the turning points of the pipe.

Standard pipe laying always accompanied by the installation of compensators of various configura-
tions to meet the requirements for rigidity to thermal elongations, strength [9], etc. We will study
the effect of the geometric parameters of compensators the accuracy of non-intrusive measurements to
determine the potential of using compensators as measuring places.

2. Compensators: features of application, settings and initial data for modeling

According to GOST R 55989-2014, the compensator is a section of pipe with a special design to per-
ceive the temperature deformations of the pipeline due to its flexibility. High static loads, pressure drops,
hydraulic shocks, etc. cause deformation of pipeline materials, therefore, when planning the pipeline, it is
necessary to take into account overloads and to perform a design with the self-compensation ability. Com-
pensators are used in the oil and gas industry, energy, housing and communal services and many other are-
as of the economy and there are various types and designs: open, bellows, stuffing boxes and others [10].

The magnitude of longitudinal movements from internal pressure and temperature should be calcu-
lated, for example, for junctions between trunk pipelines and the binding pipelines, in places of over-
coming through water channels, etc. To reduce the longitudinal movements of the pipeline, uses
U-shaped, Z-shaped or other shape compensators. It strongly recommended for pipes with flow tempera-
ture above 50 °C.
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The most typical open compensator is considered, the diagram is shown in Fig. 2a, with minimum
permissible geometric parameters, obtained on the base calculation procedure [11].
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Fig. 2. Z-shaped pipe (compensator): a) compensator diagram; b) grid — initial decomposition

The data in Table 1 correspond to the standard pipeline diameters (the minimum allowable bend ra-
dius of the pipeline must be at least five of its diameters [10]) and used in the finite element modeling in
the FlowSimulation SW computing environment (Fig. 2b).

Table 1
The minimum length of the compensating elbow of the Z-shaped compensator
with the flexibility of pipe bends

Nominal diameter The r?inimum length of the compensating
(DN), mm elbow for flow temperatures /,, m
t=150°C t=250°C t=300°C
80 1,5 2,1 3,5
150 2,5 3,5 5,5
300 5 7 11

3. Simulation modeling. Distribution of temperatures in the cross section of pipe compensator

Calculations performed in the FlowSimulation module with initial settings that consider gravity and
roughness of the inner walls [12]. Water selected as a fluid flow with a temperature of 80 °C.

Here, two problems are solved together: the problem of hydrodynamics for an incompressible fluid
(Euler's equations) and the thermal problem (heat balance equations) [13]. As the boundary conditions in
the problem of hydrodynamics, the set flow rate at the inlet to the compensator and the preset pressure at
its output are used. In the thermal problem, it is necessary to determine the influence of flow hydrody-
namics the temperature distribution, so the influence of external conditions outside of pipe wall is elimi-
nated and the boundary condition on the inner side of wall is assumed to be adiabatic (zero heat flux).
For the thermal state of the input stream to absorb the kinetics of the liquid and the temperature, thereby,
being redistributed in accordance with the velocity distribution, a sufficiently long rectilinear pipeline
section is required before the first elbow of compensator. The temperature of the liquid at the inlet to
the compensator is 80 °C and uniformly distributed over the cross section of the tube. Note that
the standards recommend perform flow measurement at the pipe with length of the rectilinear section of
the pipe at least 10 diameters [14].

At this stage, the correct choice of flow rate values has a great importance, since it is necessary to
simulate various flow regimes. Let us preliminarily select the Reynolds numbers characterized the dif-
ferent flow regimes in the pipelines and determine the corresponding velocities of the fluid flows. These
numbers are: 1300 — exclusively laminar flow regime, 2200 — transitional regime, characterized by the ap-
pearance of “disturbances” of the flow, 4500 — the beginning of the turbulent flow regime, 22000 —
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Fig. 3. The result of the calculation — The graph of iterative
convergence by the flow rate for one of the calculated
cases with the initial grid settings
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the deeply turbulent flow regime [15]. These
numbers approximately correspond to mass
flow rates of 0.03; 0.05; 0.1 and 0.5 kg/s,
which are then converted into the flow velocity
necessary for the numerical solution of the hy-
drodynamic problem for DN, 80, 150 and
300 mm pipes.

In Fig. 3 shown graph for a flow of
0.03kg/s in a DN 80 pipe that demonstrate
the iterative convergence of the problem with
a standard relative error of 0.001. If we decrease
in the basic size of the grid, there is no changes
in the achieved values of the flow velocity,
which determines the approximate convergence
of the problem with the above error of iterative
convergence. If we increase flow velocity with
pronounced turbulent flow, the structure of
the flow can be very complicated, that requires
to check the approximation convergence each
time.

As the main result of the simulation,
the relative error in measuring the flow tempera-
ture at the pipeline surface in the vertical elbow
of the compensator is considered:

(1

where T — pipe surface temperature, 7 — center line flow temperature.
Fig. 4 shows examples of the obtained temperature distributions with flow lines for a flow rate of

0.1 kg/s in the DN 80 pipe.
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Fig. 4. Temperature distributions in the pipe cross section at the beginning (a), middle (b), end (c)
of the vertical elbow of compensator
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4. Simulation results

Verification of gravity influence to simulation results is shown in Fig. 5. We see that gravitation has
a significant influence on the accuracy, especially in the middle range of Reynolds numbers with intro-
ducing some “orderliness” into the flow in the form of its annular or other axisymmetric shape, that con-
tributes to its structuring with a less level of turbulence. It increases the temperature measurement error (1)
in the cross section of the pipeline. Concluded that the gravity calculation option must be included in
subsequent calculations.
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Fig. 5. The gravity influence on the measurement error in the middle
of the vertical elbow of the compensator (DN = 80 mm, elbow /, = 1.5 m)

Graphs on the Fig. 6, 7 are illustrate the relative errors of non-intrusive flow temperature measure-
ment in relation to the flow regime (Reynolds number value) for DN 80 pipeline for three measurement
sites: at the beginning, middle and end of the vertical elbow of the compensator.
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Fig. 6. The errors in the non-intrusive temperature measurement for DN 80
pipeline at the beginning of vertical section of the compensator with
the length of the elbow /, =1.5; 2.1; 3.5 m
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Fig. 7. The errors in the non-intrusive temperature measurement for DN 80
pipeline at the middle of vertical section of the compensator with the length
of the elbow [, =1.5; 2.1; 3.5 m
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Fig. 8. The errors in the non-intrusive temperature measurement for DN 80
pipeline at the end of vertical section of the compensator with the length
of the elbow /, =1.5; 2.1; 3.5 m

Seen that the errors obtained for the start and end of compensator elbow smaller (Fig. 8) than for
the middle of elbow (Fig. 6-8). It points an additional turbulence of the flow by each elbow. It is also
shown by temperature distributions for this pipe diameter: for example, the range of temperature distri-
butions (measurement error) in the cross section of the pipe (Fig. 4a) after the lower bend is significantly
less (349.15-353.2 K) than before (Fig. 4b) with the upper bend (340.16-353.2 K), with the changing at
the lower side of the range. It follows that the measurements should be carried out at the end of the ver-
tical section of the pipe behind the upper bend.

It is also obvious that the influence of the compensator the measurement error is manifested at
the beginning and middle of the Re number range under consideration. For large Re numbers the flow
is naturally turbulized, that minimizing the measurement error, and no additional measures are re-
quired.
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Fig. 9 and 10 show graphs for the relative errors of non-intrusive flow temperature measurement,
depending on the flow regime (Reynolds number) for DN 150 and 300 pipelines when temperature
measuring the in the middle of the vertical elbow.
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Fig. 9. The errors in the non-intrusive temperature measurement for DN 150
pipe compensator with the length of the elbow /, = 2.5; 3.5; 5.5 m
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Fig. 10. The errors in the non-intrusive temperature measurement for DN 300
pipe compensator with the length of the elbow /, =5,7, 11 m

Obtained dependencies show that there is a repetition of the error-correction trends, but for the DN
150 pipeline, the errors at the beginning and the middle of the Re number range are less than those ob-
tained for the pipeline with the DN 300. It is not possible to explain the physics of such a large error
changing at this stage of study, since a more costly approach is required, based on systematic study (var-
iation) of the pipeline parameters. In this work a different technique was used — studying the effect on
the error of existing types of compensators by enumeration of their standard sizes.

Analysis of the graphs allows us to conclude that temperature drop decreasing with velocity in-
creasing agrees with the experimental study presented at the beginning of this paper. Seen that the shape
of the obtained curves are similar, but as the diameter of the pipe increases, the error decreases with
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even greater Re numbers, and the transition process from the laminar to the turbulent regime occurs
more smoothly.

The error decreasing for small Re numbers, seen
in Fig. 5-10 in the left part of the graphs is most likely
associated with the redistribution of velocities in
the flow: the velocity diagram in the laminar flow as-
sumes an increasingly parabolic form with decreasing
velocity (and not uniform as in the turbulent flow).
It leads to increasing of kinetic energy and, because of
the conservation laws, a decreasing of flow thermal
energy.

It should be noted that the temperature distribution
in Fig. 11 at a flow velocity of 0.024 m/s (it is about
5 times lower than the speed in Fig. 4) in the range of
349.59-353.08 K. It is obvious that the maximum value
of the temperature range located on the pipe axis has
already started to decrease, that was not at the high
flow velocities shown in Fig. 4. In some degree it ba-
lances the temperature field and thereby reduces
4t 1) ies the measurement error.

TeMnipatypa (feovsad cpegd) ] Ceopocts [mis]

KAETWHE B CEUEHIN 3. 3ANHEKS TpagkTopwi NoTokS 1

Conclusion
. o . Conducted numerical study is consistent with
Fig. 11. Temperature distributions in the pipe cross . ..qjtg of laboratory tests and allows us to answer
section after vertical elbow of compensator for low ’
speed flows the question of whether compensators can be used as
a place for non-intrusive measurements of flow tem-
perature in pipelines. Indeed, it is possible, but after the upper or lower elbow of the compensator and
these measurements can improve the accuracy in the range of Reynolds numbers about 1000—7000, that
characted for the onset of turbulent fluid flow. Gravitation adversely affects the accuracy of measure-
ments, so preference should be given to horizontally located compensators.
The existing surface temperature sensors, with correction the surface temperature measurements to
the flow temperature, require calibration to work on flows with Re numbers varying over a wide range.
It should be emphasized that non-intrusive measuring devices are one of the modern promising and
profitable tools that stimulate the improvement of technologies and the involvement of world corpora-
tions in this sphere, while the growing intellectualization of measurements positively affects the safety
and efficiency of the industry.
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HEWHTPY3UBHOE USMEPEHUE TEMIMNEPATYPbI
NMOTOKOB XNOKOCTU C UCIMOJIb3OBAHUEM
TPYBOMNMPOBOAHbLIX KOMMNEHCATOPOB

C.l. Hekpacoe, C.A. domyeHKO
FOxHO-Ypanbckuli 2ocydapcmeeHHbIl yHusepcumem, 2. YenssbuHck, Poccus

[IpuBonsATCs pe3yabTaThl YHCICHHOTO HCCICIOBAHMS, KOTOPOE HAIPaBJICHO HA IMOBBINICHUE
TOYHOCTH HEWMHTPY3WBHBIX MU3MEPEHUH TEeMIEepaTyphl )KHIKOW Cpelbl B TpyOOMpoOBOaX Ha OCHOBE
HCIOJIb30BaHUsl TUIIOBBIX KOMIIEHCATOPOB. HeMHTpy3HuBHBIE CpeNCTBAa U3MEPEHUM SIBISIFOTCSI OJJHU-
MU U3 COBPEMEHHBIX MEPCIEKTUBHBIX U BBITOJHBIX B 3KCIUTyaTallud CPEACTB, KOTOPhIE CTUMYJIUPY-
IOT COBEPIIICHCTBOBAHKE TEXHOIJIOTHI W BOBJICUCHHE B UX Pa3padOTKy MHPOBEIX IPHOOPOCTPOUTEINb-
HBIX KOPHOpAalMi, MPU 3TOM pacTyllias MHTEJUIEKTyalIu3alus U3MEpPEeHUH MON0KUTEIbHO CKa3blBa-
eTcs Ha 6e30macHOCTH B () (HEKTUBHOCTH pabOTHI MPOMBIIUICHHOCTH.

[IpoBeneHHOE YHCICHHOE MCCIEI0BAaHUE COTIACYETCs ¢ NaHHBIMHU HATYPHBIX W3MEPEHHUH U Io-
Ka3bpIBaeT OOIIYI0 3aKOHOMEPHOCTh BIIMSHHUS CKOPOCTH TIOTOKa HAa TOTPEUNTHOCTh HEWHTPY3HBHBIX
n3MepeHuil temneparypsl. IlokazaHo, 4TO NpOBENEHUE U3MEPEHUH IIOCIIE BEPXHETO WM HUXKHETO
KOJIEHa KOMIIEHCATOpa MI03BOJIIET CHU3UTD NIOTPEIIHOCTh U3MEPEHUM B 1Mana3oHe qucel PeliHonb -
ca (Re) mpumepno 1000-7000, yTo XapakTepHO AJisi Hadajia TYpOYJIEHTHOTO TEUEHUS >KHIIKOCTH.
[TokazaHo Takke, 4YTO TpaBUTAIUS OTPHUIATEIHLHO BIUSET HA TOYHOCTh M3MEPEHHUH, TIOATOMY TIpe/I-
MIOYTEHHUE HAJI0 OTAATh FTOPU3OHTAIBLHO PACIOJIOKEHHBIM KOMIIEHCATOPaM.

OOHapyKeHO, YTO TCUYCHHE IOTOKA MO TPYOOMPOBOAY IPH CPABHUTEIHLHO OOJBINNX YHUCIAX
PefiHonpICa OmpenenseT HanOobIIce U3MEHCHHE TEMIIEPATyphl B MPUCTEHOYHON 00NacTH TPYOHI,
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a mpu MayblX 4nciax Re — mo ocm TpyOompoBoma. DTo B COYETAaHHH C OCOOCHHOCTSIMH TEUEHUS
B KOMIICHCATOPE MEHSCT XapaKTep pachpeleieHHs TeMIepaTyp U U3MEHEHHs OTPEIIHOCTH B 3aBH-
CHMOCTH OT CKOPOCTH TEUeHHsl MMOTOKa B TpyOompoBoje. B wactHocTh, 3TOT 3ddekT onpenenser
YMEHbIIICHUE MOTPEITHOCTU U3MEPEHHS TeMIIepaTyphl B KOMIIEHCATOPE IIPH MaJbIX 4nciiax Re.

CyliecTBYIOIINE HAKJIAJHBIE NAaTYMKA TEMIIEPATyphl, UMEIOIINE KOPPEKLIHUIO MOBEPXHOCTHBIX
U3MEpEHUl TeMIepaTyphbl B TEMIIEPATypy MOTOKa, TPeOYIOT A0paboTKU AJisi paboThl HAa MOTOKAxX C
yucinamMu Re, U3MEHSIOIUMHUCS B IIUPOKOM AMAla30HEe, MPU 3TOM MPUBSA3KA TAKUX H3MEPEHHH K
TpyOOIIPOBOAHBIM KOMIIEHCATOPAM MOYET HOBBICHTH Ka4eCTBO M3MEPEHUIl 3a CUET CrIIaXKUBAHUS U,
B TOM 4HCIIe, (GIIYKTYalHOHHBIX TEIUIOBBIX M THAPOIMHAMUYCCKUAX BO3ACHCTBHIA.

Knrouesvie crnosa: dasnenue, pacxoo, memnepamypa, HEUHMpPY3UGHOe USMEpeHUe, Nopeli-
Hocmb, uwucno Peiinonvoca, mpyOonposooHblil KOMINEHCAmMOp, MOOeIUpoBarue meyeHus, pacnpeoe-
JleHue memnepamyp.
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