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ANALYSIS OF THE HEAT EXCHANGE
PROCESSES OF THE REMOTE
MEASUREMENT DEVICE OF MECHANICAL
VALUES

O6’ckmom docniddxcerms € MOOeIb Meni08020 CMAHY NPULAOY OUCAHUTIHO20 UMIDIOBAHHS, W0 BUSHAUAECTb-
CSL YMOBAMU eKCNAyamayii i uUKIUKana neobxionicmio niomeepoumu Gynkyionysanus npuiady 6 HAGKOIUUHIX
YM0Bax 321010 UMOZAM MeXHIUN020 3asdanis. B x00i docridwcens uKOPUCMOBY8alacs Qisuuna nocmanosrka
3a0aui GUHAYEHHS MENI0B020 CIMAHY NPULACY OUCTAHYTUHO20 GUMIDIOBAHHS NPU PISHUX YMOBAX eKCNAYAMAyii
i ix mamemamuunuii onuc. Bubip cmpamezii rpynmyemvcsi Ha piuleHHi MeXHOI0ZIUHUX 3A80ab, W0 3a0e3neuymy
onmumanviuil npoyec koumpouio. Pospobrena mennosa i mamemamuuna mMooess meniogozo PeicuMy npurady
0151 PO3PAXYHKY OazamoMIPHUX NOIE meMnepamyp eiemenmic npuiady. Ompumano mModerb meniosozo Percumy
npurady OUCMAanyitinozo UMIPIOGANHs. 3aNPONOHOBANUL Memod 003601€ GUSHAYUMU MEMNEPATYPHI PENCUMU
BY3NI6 8 PecUMi ni020MOBKU Ul OCHOBHOT POOOMU NPU PISHUX MEMNEPAMYPAX HAGKOIUULHBOZO Cepedosuila. 30Kpemda,
BUBHAUUMU BUOLLSIOUY NOMYNCHICMb HA CMAHI NPOEKMYBAHHs MA 3MIHU HA NPOoms3i yacy. B modeni epaxosani
2eOMeMPUUHT NAPAMEMPU OCHOBHUX eeMeHMi8 KOHCMPYKYil npurady. B moil gce uac, 01st dompumanis meniogozo
banancy i adexeamnocmi mooexi 00 OCHOBHUX eeMenmic Npuiady 6 mamemamuunii mooeii ésedeni dodamxosi
Xapaxmepucmuxy yux xomnorenmis. Tax, spaxosyemocs padiauitinuil menioooMin Mide 308HIUHIMU NOGEPXHAMU
npULAdy i OMOUYIOUUMU 1020 KOHCMPYKUIAMU BI0CIKY. Bpaxosyemvcst 3axonomipuicmy 3miny memnepamypu na-
BROJUWHDO20 CEPeOOBUULA 6 3ANCAHCHOCTNI 610 pedcuMmy excnayamayii npurady. Poseisdaemocs necmayionapnuil
Menio6uUil cman NPULady OUCIAHUITIHO20 BUMIPIOBAHHS 3 YPAXYBAHHAM PAJIAUTUHO-KOHBEKMUBHO20 MENI00OMINY
308HIWHIX NOBEPXOHL NPULAY 3 HABKOIUWHIM cepedosuuiem. 32i0Ho nposedenum JoCaioNceHHAM, NPpu 80X 6a-
planmax memnepamypHux ymoe excniyamayii npuiady OucCmanyitinozo eumMipioganis Oyio 6UsHAYEHO Menio-
isuuni xapaxmepucmuxy Mamepiaiie, axki 6UKOPUCmosyiomocs 6 modeii. Modeav peanizosana 6 npozpammomy
%001 STAR-CCM na ocnosi memody xonmpoaviux 06’emia. ana memoouxa cnpouye po3podky uuceivioi mpusu-
Mip1oi modeni 3 KoHmporbHUX 00°€Mi6 NPULAdY OUCTANYIUN020 GUMIPIOGANHSL 0TSt KOMN tomepHozo ananisy. ani
QoCniONCeHHS € HeGI0 €EMHOI0 CKAAO080K 8 NPOEKMYBAHHT, PO3POOUT MA BUKOPUCTNANHI NPULAOY OUCAHYIUHOZ0
BUMIPHOBAHHSL HA 0a3i ZIPOOAMYUUKIE 8 PISHUX MEMNEPAYPHUX YMOBAX.

Kmwouosi cnosa: crmpamezis 6UMIPI06ais, MOOeLb MENI0B020 CMANY, OUCTNAHYTILHE GUMIPIOBANIL, 3AKOHOMID-
HICMb MeMNnepamypu 4acy, 20MoeHiCMy 2ipo0amuuxa.
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data in the design of the device [9, 10] and the study
of temperature regimes in various conditions of use [11],
confirms the relevance of this direction. So, the object of
research is the model of the thermal state of the remote

1. Introduction

Significant results in the field of the most optimal ar-
rangement of elements at the design stage, methodological

studies and various computational and experimental ap-
proaches for building a model were made by scientists [1, 2].
Each design model of the thermal state of the device has
its own characteristics and requires further measures to
improve it. In [3], a variety of design models were pro-
posed that made it possible to determine the thermal state
of individual elements. Calculations of the heating of the
main parts of the stator and the rotor were carried out
in various machine load modes. The features of the use of
dimensional analysis to calculate tolerances with regard to
the operational error [4, 5] were also considered, which
reflected the importance of using dimensional analysis for
a given accuracy and ensuring the necessary performance.
Despite the fact that a lot of research has been done in
the last decade [6—8], there are still issues of improving
and analyzing the heat exchange processes of devices for
remote measurement of mechanical quantities. And also
repeatedly considered the problem of obtaining reliable

measurement device, determined by the operating condi-
tions and caused by the need to confirm the operation of
the device in the environment according to the require-
ments of the technical specification (TS). The aim of the
research is determination both local temperature values
and average temperature values for individual structural
elements. This allows to optimally assemble the structural
elements at the design stage.

2. Methods of research

The design of the remote measurement device (RMD)
contains the following main elements: the device case,
three accelerometers, two gyro sensors, external covers,
electronic devices under the lower case.

The model takes into account the geometric parameters
of the main structural elements of the device. In order
to optimize the computational grid during its creation,
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as well as to reduce the number of control volumes of
the thermal model, the following assumptions were made
when modeling the elements of the device:

a) in the device case there are no openings;

b) in the thermal model of the device does not take
into account the geometry of the wires, fasteners, boards.
At the same time, in order to maintain the heat balance
and the adequacy of the model, additional characteristics
(power dissipation, density and average heat capacity) of
these components — wires, fasteners, boards were intro-
duced in the mathematical model.

The following assumptions are made in the mathemati-
cal model:

1. Heat dissipation in the accelerometer and gyro sen-
sor is set uniformly throughout the volume.

2. Radiation and convective heat transfer in the upper
and lower lids of the device at this stage will be ignored.
The main type of heat exchange inside the device is con-
ductive heat transfer.

3. The radiation temperature of the surrounding RMDs
and the ambient temperature are plotted as a function
of time.

4. Heat release in the boards is simulated by heat ge-
neration in the device case.

5. Heat exchange due to thermal conductivity of the
shock absorbers neglected.

To account for the main features of heat transfer in
the operating conditions of the device, the following re-
quirements were introduced for the mathematical and
computer models:

1. The non-stationary three-dimensional temperature
field of the RMD with free-convective heat transfer from
the external surfaces of the device is considered.

2. Radiation heat exchange between the external surfaces
of the device and the structures of coordinates-measuring
machine surrounding it is taken into account.

3. The regularity of changes in ambient temperature
depending on the mode of operation of the coordinates-
measuring machine (CMM) is taken into account.

So, the non-stationary thermal state of the RMD is
considered, taking into account the radiation-convective
heat exchange of the external surfaces of the device with
the environment, the temperature of which varies accor-
ding to a predetermined law:
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where ¢ — heat capacity; p — density; T — temperature; T —
time; g, — volumetric heat release; A — material thermal
conductivity (Ay, A,, A, — thermal conductivity in the cor-
responding space coordinate); x, y, z — spatial coordinates
(Xmax> Ymax» Zmax — their maximum value is equal to the maxi-
mum dimensions of the RMD device).

Initial condition:

c=c(x,y,2); p=p(x,y,2); A =A(x,y,2),

T(ny)Z)O): t[))

where ¢y — the initial temperature.

The boundary condition on the outer surface of the device:

aT
_kgza(Tf—Tﬁec[Tf—Tq, (2)
T =f(1), )

where a — convective heat transfer coefficient; 7, — am-
bient temperature (air); € — blackness degree; 6 — Stefan-
Boltzmann constant.

Equation (1) describes the temperature regime of the
RMD elements, the physical properties of which are taken
into account by the coefficients ¢, p, A. Equation (3) is
the change in the ambient (gas) temperature according
to the graph shown in Fig. 1.
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Fig. 1. The change in ambient gas temperature during the preparation
of a remote measurement device in the coordinate measuring machine

Table 1 shows the thermophysical characteristics and
the initial data on heat release in the main elements of
the device.

Tahle 1

Thermophysical characteristics of materials used in the remote
measurement device model

C ; Thermal characteristics
m::;r;en Material

A, Wm-K | ¢, 1/(kg-K) I3
Case Aluminum alloy 16 120 890 0.84

Accelerometer Stainless steel 16 560 -

Gyro sensor Stainless steel 16 560 -
Upper cover | Aluminum alloy AMn 150 896 0.84
Bottom cover | Aluminum alloy AMn 150 896 0.84

Two options for temperature conditions of RMD ope-
ration are considered

Option 1. The initial temperature ¢;,=-40 °C; am-
bient ¢4 ao=-40 °C; the total amount of summed heat
Qx=20 W; time of the RMD preparation mode t=500 s.

Option 2. The initial temperature t;,=50 °C; ambient
temperature fump.q0=/(t) °C; the total amount of heat ap-
plied Qz=60 W in operation; time of preparation mode
and main work t=800 s.

Physical formulation of the problem describing internal
heat sources and limiting heat transfer requirements on
the RMD external surfaces.
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The model is implemented in the STAR-CCM program
code based on the control volume method. The control
volume method for the derivation of finite difference equa-
tions is similar to the integral method, but more physical
in essence. The STAR-CCM program code belongs to the
family of programs that implement the CFD (Computa-
tional FluidDynamic) approach. CFD is based on modern
computer technologies, the latest mathematical models of
transfer processes, as well as efficient and highly accurate
numerical algorithms. CFD models make it possible to
predict the temperature, pressure, and gas velocity fields at
each point in space and time, as well as the temperature
fields at any point in solids that are analyzed.

For RMD computer analysis, a numerical three-dimen-
sional model of control volumes was developed. The grid
was built taking into account the geometry of the device.
Step after time when solving non-stationary tasks was
chosen in the range of 0.5-10 s, the number of iterations
at each step was 4-7.

3. Research results and discussion

As discussed earlier, two options were considered for
the temperature conditions of the device.

Option 1 — RMD preparation mode (t=500 s), Fig. 2, 3.

Option 2 — preparation mode and main operation mode
(t=800 s), Fig. 4, 5.

Temperature graphs in Fig. 1-5 of temperature changes
over time of the elements of the VAT device for the ac-
cepted characteristic modes of operation allow to draw
the following conclusions:

1. When preparing with an ambient gas temperature of
—40 °C, the temperature of the device of the gyro reaches
50£2 °C after about 8 minutes.

2. In the main operation mode, the temperature of the
device and the structural elements increases by 25 °C (the

cover of the case), and the gyro sensor increases by 42 °C
relative to their temperature at the end of preparation.

3. In the preparation mode and the main operation
at the ambient gas temperature according to Fig. 1 tem-
perature on the supporting structures of the electronics
unit does not exceed 705 °C.

4. In the mode of preparation and main operation, the
maximum emitting power of RMD in a CMM does not
exceed 12+2 W.
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Fig. 2. Changes in the average temperature over the accelerometer volume
in time (option 1)
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Fig. 3. Changes in the average temperature over the volume of the gyro
sensor in time (option 1)
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Fig. 4. Changes in the average temperature over the accelerometer volume in time (option 2)
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Fig. 5. Changes in the average temperature over the gyro sensor volume in time (option 2)
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4. Conclusions

During the study, a model of thermal state was ob-
tained, determined by the operating conditions and caused
by the need to confirm the operation of the device in
the surrounding conditions, and which can be used for
the optimal combination of the structural elements of the
remote measurement device. The RMD structure includes
the following elements: the device case, three accelero-
meters, two gyro sensors, external covers, electronic devices
under the lower case. The simulation took into account
the geometric parameters of the main structural elements
of the device, optimized the computational grid during
its creation, as well as reducing the number of control
volumes of the thermal model. A thermal and mathematical
model of the RMD thermal mode has been developed that
allows calculations of the multidimensional temperature
fields of the device elements for various conditions of
its operation. The results obtained in this work allow to
optimally assemble an device during design and investigate
temperature conditions under various conditions of use.
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