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KOHCMPYKMUGHI PIUEHHS 3a OONOMO20I0 YUCETbHUX MA eKCHepUMEeHMANbHUX Memodis. Ha ocnoei ompumanux pesyno-
Mamie ma npoeedeHo20 aepoOUHAMIYHO20 AHANIZY NOBIMPSIHUX NOMOKIE OY1a pO3POOIEeHA KOHCMPYKYIsSL 3ePHOCYUAPKU
Hoe020 noxoninust TORNUM cepii REX. Bmpamu mucky, po3nooin nOmoky azeHma CyuwinHs ma po3nooil memnepamy-
pU 6 Kamepi eapsauoeo nogimpsi 8 3epHocymapyi b6esnepepsHoi Oil’ 31 SMIUAHUM NOMOKOM 6yu 00CTIONCeH] 3a O0NOMO-
eorw CFD (Computational Fluid Dynamics). Ilomix y cywapyi po3eni0ascs K ycmanenuil, 1amMiHaprui i mypoynenm-
Hutl. Bascauso, wjob 3epro Oyio pieHOMIDHO 8UCYUIEeHe, OCKINbKU HePIBHOMIPDHE CYUIHHA MOdtCce NPU38ecmu 00 NCY8aAHHs
KiHYe8020 NpoOyKmy nio yac 30epicanua. B epagiunux npaxmuynux mamepianiax cmammi HA8e0eHO NPOeKmy8aHHs
waxmuux seprocyuapox TORNUM REX, 3acanvhuii 6uensio pyxy nogimpsHux nomoxie 8 3eprocyuiapyi cepii REX,
enopu wWeuoKoCmi NOGIMpPAHUX NOMOKIE 6 3ePHOGII WAXMI, eniopa po3nooiieHHs NOGIMPSHUX NOMOKIE 8 CNeKMPI mem-
nepamyp 8 zeprocywapyi cepii REX, entopa ymeopenns azenmy cywinus nio u4ac 3smiuty8anus 3 peKynepayiunum nogi-
mpsam 6 3eprocyuiapyi cepii REX. Bcmanogneno, wo pizuuii po3nooin memnepamypu Ha UXIOHUX CeKYisax Modice npus3-
8ecmu 00 HENpAGUILHOZ0 CYULIHHA OO0 NOWKOONCEHHs KIHYe8020 NPOOYKMY, WO GNIUHYIO HA 3MIHY KOHCMPYKYI cy-
wapku. J{ns 3MeHue Hs 6mpamu mucky ma ni08UWeHHs PIGHOMIPDHOCMI NOMOKY, W0 HA0X00Umbs y niokamepy JiHIHO-
20 2A308020 NANLHUKA 3ANPONOHOBAHO HOBUL OU3AUH CeKYil 3MIULY68aNHs NOGIMPS MA HANPABNAIOYL TIONAMKU 6 DI3HI
KOHCmpYKYii kamep eapaqozo nogimps. Taxuil nioxio ¢ modentosanns 3 sukopucmanuam CFD moocna 3acmocosysamu
Y HOBUX MEXHONI02IUHUX NPOYecax, a MaKo*C OYIHIO8AMU 1l ONMUMIZY8AMU 8JiCe CIMBOPEHT 36UYAlHI CUCEMU.

KirouoBi cioBa: cyminng 3epHa, cymapka 3i smimanum noroxom, CFD, BuMiproBanHs1 BUTPATH NOBIT-
Psi, PO3MOALT TeMIIePATypP, TeXHOJIOTis.
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DEVICE FOR CALIBRATION OF THE PRESSURE
SENSOR OF GRANULAR BULK MATERIALS

Abstract

According to the plan for the implementation of the scientific and technical work "Experimental and theoretical studies
of the influence of the roll of a vertical deep container on the distribution of horizontal pressure of granular bulk material on
the walls of the container” (DR No. 0121U112518), which is being carried out at the Department of Mechanical Engineering
of ODABA, for further research on the pressure distribution of bulk material, a pneumatic measuring system for measuring
pressure of granular material on the vertical walls of storage models was developed. Pressure measurements are indirect —
based on the absolute value of the movement of the sensor platform, which perceives the pressure of the bulk material, relative
to the sensor body, the amount of pressure of the bulk material on the sensor was estimated. The system is multi-channel, each
measuring channel consists of a bulk material pressure sensor, a channel for measuring movement of the pressure sensor
platform and a recorder of this movement. The device for calibrating the pressure sensor is designed to obtain the calibration
dependence of the output signal (the air pressure in the measurement chamber with pneumatic sieves) from the input signal
(the value of the uniformly distributed pressure on the sensor). The device is two connected hydraulic systems filled with wa-
ter. One of them consists of a pressure chamber with a flexible membrane through which the water pressure is transmitted to
the sensor, and a measuring tube with a ruler to measure the water level above the membrane. The second one is a buffer tank
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for water, connected to the pressure chamber of the first system by a flexible tube and can move in vertical position. Hy-
drosystems are interconnected, so the both of them have the same water level. The water pressure on the sensor changes by
moving the buffer tank up and down. The sensor is made in accordance with the patent of Ukraine for the invention and con-
sists of a housing connected through an annular elastic element to the sensor platform, which perceives the pressure of the
bulk material. In order to exclude the impact on the measured pressure by arching in the loose material above the sensor plat-
form, linear displacements of the sensor platform relative to the housing should not exceed 5-8 um. Such small movements are
measured by a non-contact pneumatic gauge based on a non-differential measuring pneumatic system of the manometric type
with a working air pressure in the system of 7.5-10 kPa. Air pressure in the pneumatic system is measured by alcohol manom-
eters. The device is made in the form of a two-branch rack: one branch is a measuring branch, and the other has a screw
mechanism for vertical movement of the buffer tank. The accuracy of the pressure assignment on the sensor is + 0.1 g/cm?,

and the measurement of the output signal is + 0.5 mm.

Keywords: granular bulk material, pressure sensor, pneumatic measurement, pressure sensor calibration point.

Introduction

Vertical cylindrical containers are widely used for
storing granular bulk materials. Bulk materials storage
structures of the tank type with the installation of a cy-
lindrical shell on a ring foundation with hinged and im-
movable fastening of the shell to the foundation are
common. Reinforced concrete cylindrical silos are popu-
lar: separate as well as blocked in silo housings [1-3].

During the operation, the storages can be empty or
filled with loose materials, susceptible to environmental
influences such as wind and air temperature. There are
also cases of tilting of warehouses caused by uneven set-
tlement of the foundations under the foundations.

As part of the scientific and technical work "Ex-
perimental and theoretical studies of the influence of the
roll of a vertical deep container on the distribution of
horizontal pressure of granular bulk material on the walls
of the container” (DR No. 0121U112518), carried out at
the Department of Mechanical Engineering of ODABA,
a pneumatic measuring system for measuring the pres-
sure of loose granular material on the vertical walls of
storage models with pressure bulk material sensors with
adjustable compliance according to the patent of Ukraine
[4] and with non-contact pneumometers of small linear
displacements was developed [5].

One of the stages of this work was the develop-
ment of a device for calibrating sensors of pressure of
loose granular material, that helped to determine the cor-
relation for each sensor between the air pressure in the
measuring chamber and the pressure on the sensor.The
granular bulk material pressure sensor is a case in which,
through an elastic element, a pressure-sensing platform is
installed. The general view of the test sample of the sensor
is presented in Fig. 1.

Structurally, the sensor consists of a housing 1, a
platform 2 that perceives the pressure of bulk material, a
cover 3, an annular elastic element, which is rigidly
clamped between the bosses of the housing 1 and cover 3
at three equidistant points, and at the same three equidis-
tant points rigidly with connected to site 2 and clamp
(not visible in the photo).

Axial rotation of the platform 2 with respect to the
annular elastic element makes it possible to change the
flexibility of the elastic annular element. In this way, the
sensitivity of the sensor changes, which allows you to
adjust the sensor to measure pressure in different ranges.

Analysis of recent research and publications.

When designing warehouses for granular bulk
materials, one of the most important points is information
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about horizontal and tangential loads - the pressure of the
bulk material on the walls and bottoms of the ware-
houses. Such information can be given theoretically, for
example, according to [1], in which it is recommended to
calculate the amount of horizontal pressure of bulk mate-
rial on the storage wall according to Jansen's formula [2,
3] with an increasing coefficient. The pressure of bulk
material on the walls of the bunkers can be set according
to [6].

The theoretical approach to the application of bulk
material pressure on storage enclosure structures does not
take into account, due to the complexity of the process of
interaction of bulk material with the enclosure structure,
when forming a column of bulk material in the container,
all the features of this process [3, 7, 8]. In the literature,
there is no data on the change in pressure on the enclos-
ing structures of the storages caused by the slopes of the
buildings.

Information about the pressure of bulk material on
the walls of storage can also be obtained as a result of
field experiments, which organization and execution are
very time-consuming and expensive.

Research on large-scale models is less expensive
and easier to organize and to conduct. However, in model
studies, it is necessary to take into account the peculiari-
ties of the joint operation of the bulk material and the
enclosing structure of the storage, as well as very small
values of the pressure of the bulk material on the walls of
the models, which greatly complicates the conduct of
experimental studies [8]. The purpose, tasks, research
materials, methodology and obtained results at this stage
are determined in the article.

Purpose and tasks. The purpose of the actual
work was to develop and manufacture a device for tare
pressure sensors of granular bulk material.

In order to achieve the goal set, it was necessary
to solve the following tasks:

— among the possible options, choose a tare meth-
od that will ensure smooth loading and unloading of the
sensor's receiving platform with pressure;

— load on the sensor during taring must be deter-
mined with an accuracy of + 0.1 g/cm?;

— reliable measurement of movements under the
load of the receiving platform (the pressure in the meas-
uring chamber of the pneumatic channel must be meas-
ured with an accuracy of + 0.5 mm);

— the device must provide the ability to assess the
impact on the sensor calibration process of the simulta-
neous operation of several calibrated pressure sensors.
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Fig. 1. General view of the sensor:
a — view from the side of the platform of the sensor 1, which perceives the pressure of the bulk material; b - rear view

Research materials and methodology

The pressure sensor during taring must be loaded
with a varying pressure, this can be ensured by installing
a measuring load sensor on the receiving platform. The
disadvantage of this method is an imperative to center the
center of cargo mass with the center of the site to main-
tain the perpendicularity of the screen of the site with
respect to the axis of the air flow, and this condition is
not fulfilled if the centers are different. In addition, this
does not ensure a smooth change of load on the sensor.

The second method adopted by us is to use the
hydraulic load of the sensor platform with liquid pressure
evenly distributed over the area, which is quite simple to
implement, and a smooth change in the load on the sen-
sor is achieved by changing the height of the liquid col-
umn above the sensor platform.

The use of purified water with a density of 1
g/cm® as a liquid provides, with a height of the water
column above the sensor of 1 ¢cm, a load on the sensor of
1 g/cm?. Measuring the height of the water column above
the sensor with a ruler, that has a division value of 1 mm,
ensures the accuracy of the pressure task = 0.1 g/cm?.

The experience of using alcohol manometers in
the system of pneumatic measurements [5, 8] with a scale
with a division price of 1 mm allows to perform readings
with an accuracy of + 0.5 mm.

Research results

The schematic diagram of the developed device is
shown in Fig. 2. The body of the sensor 1 is immovably
fixed to the horizontal plane of the bed-base of the entire
device, the base of the measuring stand 2 is installed on
the sensor, in the cavity of which is located the body 3 of
the pressure chamber 4 with a rubber membrane 5 and
connected to a vertical measuring tube 6 with a ruler 7
for measuring the height of the water column h above the
membrane. A buffer tank for water 9 is connected to the
pressure chamber 4 through a fitting and a flexible tube
8. The pressure chamber 4 with the measuring tube 6
form one stationary, relative to the body of the sensor 1,
vessel, with which, through a flexible tube 8, a second
vessel is connected - a buffer tank for water 9. The water
in these connected vessels is at the same level.

The vertical smooth movement up and down of
the buffer tank 9 leads to a change in the water level in
the connected vessels, a change in the height of the water
column h and, as a result, a change in the value of the
water pressure in the pressure chamber 4 and, according-
ly, on the platform of the sensor 10 sensing.

19

The water in the pressure chamber 4 presses through the
rubber membrane 5 on the sensing platform of the sensor
10, connected annular elastic element 11 is deformed and
the platform 10 moves relatively to the sensor body 1,
translationally and parallel to itself, the gap between the
screen 12 of the platform 10 and the measuring nozzle 13
decreases, the pressure in the measuring chamber of the
pneumatic gauge increases, the column of alcohol in the
alcohol manometer rises, and the pressure value on the
sensor is fixed on it. Based on the obtained data, a tare
curve of the dependence "pressure on the sensor-height
of the alcohol column in the alcohol manometer" (ideally
a straight line) is constructed. In the future, this depend-
ence is used to convert the readings of alcohol manome-
ters into the pressure of the bulk material measured by
the sensor.

Fig. 2. Schematic diagram of the device for calibrat-

ing the pressure sensor of granular bulk material:
1 — sensor body; 2 — the base of the measuring stand;
3 — pressure chamber body; 4 — water pressure chamber;
5 — rubber membrane of the pressure chamber;
6 — measuring tube; 7 — ruler; 8 — flexible tube; 9 — buff-
er tank for water; 10 — the site of the sensor that per-
ceives the water pressure; 11 — ring elastic element;
12 — the screen of the receiving platform, 13 — measuring
nozzle of the pneumometer, 14 — a nut that fixes the noz-
zle in relation to the body 1; 15 — air flow from the
measuring chamber; 16 — channels for exhaust air.
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Fig. 3. Measuring branch of the rack:
1 — base of the rack; 2 — flange; 3 — rack profile ;
4 — ruler; 5— glass measuring tube; 6 — clamp
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Fig. 4. Screw mechanism for vertical
movement of the buffer tank for water: 1 — profile;
2 — running metric screw; 3 — elongated nut; 4 — buffer
tank frame

On Fig. 3 shows the measuring branch of the
rack, which is immovably connected to the base of the
device, and in Fig. 4 - screw mechanism for moving the
water buffer tank.

On Fig. 5 presents a general view of the tare de-
vice. The device is made in the form of a two-pronged
measuring stand, which is formed by two parallel hori-
zontal inserts connected at four points, identical thin-
walled aluminum U-shaped profiles 4, 6 with "wings"
with channels 10 mm wide and 9 mm deep. In the meas-
uring branch 4, a glass tube with a ruler on the "wing" is

20

placed in this channel for measuring the height of the
water column with a separation price of 1 mm, which
corresponds to a pressure of 0.1 g/cm? above the mem-
brane of the pressure chamber (Fig. 2), and in the other
branch 6 is a screw mechanism for the vertical movement
of the buffer tank 9. The profile of the measuring branch
of the rack 4 in the lower part has a flange 5 located co-
axially with the base of the measuring rack 3, through
which, with the help of clamping 7 bolts 11, the measur-
ing rack is immovably pressed against the base 1.

On Fig. 6 shows the screw mechanism for the ver-
tical movement of the buffer tank for water. In the
groove of the profile 1 there is an elongated nut 3 and a
running metric screw 2. the wire frame for water buffer
tank is soldered to nut 3. The nut 3 located in the groove
of the profile cannot be turned and, when the screw is
rotated, moves into the groove gradually up or down to-
gether with the buffer tank. At the same time, the water
level in the hydraulic system gradually up or down to-
gether with the buffer tank. At the same time, the water
level in the hydraulic system changes aswell as the water
pressure through the membrane to the sensor which being
tared. The device allows you to change smoothly the
amount of load on the receiving platform of the pressure
sensor, which is important for determining the zone of
linear dependence of "movement of the receiving plat-
form of the sensor on reading of the alcohol manometer
of the pneumatic measurement system" of the direct sys-
tem of measuring the displacements of the sensor plat-
form.

The lead screw with metric thread M6x0.75 is
using

‘the flywheel on the upper edge of

5 12:20

Fig. 5. Taring device as a whole: 1 — base-base
of the device; 2— sensor to be tared; 3— the base of the
measuring stand; 4— measuring branch of the rack with a
recording tube and ruler; 5- flange of the measuring
branch of the rack; 6 — branch of the rack with a mecha-
nism for moving the buffer tank; 7 — clamp; 8 — control
pressure sensor; 9— buffer tank for water; 10— flexible tube
connecting the pressure chamber with the buffer tank for
water; 11— the bolt for fastening the clamp to the base 1
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Fig. 6. Flywheel of the running screw drive:
1 —— handwheel; 2 — profile of the buffer tank movement
tank drive branch; 3 — running screw

the screw (Fig. 6), a copper frame for the buffer tank is
soldered to the elongated nut (Fig. 4).

In Fig. 7 shows a general view of the buffer
tank in the frame.

The length of the profiles ensures the vertical
movement of the buffer tank with the task of smoothly
adjustable water pressure in the pressure chamber from
2.0 to 75.0 g/cm?, which ensures with a margin the task
of water pressure in the pressure chamber when calibrat-
ing the pressure sensors of bulk materials.

Conclusions:

1. Based on the analysis of the requirements for
the system for measuring the pressure of bulk material on
the walls of a deep container, a hydraulic method of ap-
plying pressure to the sensor during its taring was select

2028825 1250

Fig. 7. General view of the water buffer tank:
1 — lead screw; 2 — container with water; 3 — pressure
chamber connection tube with water tank

ed, which allows loading the sensor with evenly distrib-
uted pressure and smoothly changing the pressure on the
sensor during taring.

2. A device for calibrating the pressure sensor of
granular bulk material with a hydraulic loading method
and a pneumatic system for registering the pressure value
was developed and constructed.

3. The manufactured device allows you to tare
the sensor with a smooth change in the pressure value
from 2.0 to 75.0 g/cm? with an accuracy of + 0.1 g/cm?,

4. The device allows you to perform calibration
of the pressure sensor, taking into account the mutual
influence on the calibration process up to four sensors of
the pressure measurement system of bulk material, that
work at the same time.
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MPUCTPIA 1151 TAPYBAHHSA JATYUKA TUCKY
SBEPHUCTHUX CUIIKUX MATEPIAJIIB

Anomauin
32i0n0 3 nianOM 6UKOHAHHA HAYKOBO-mexHIuHOI pobomu « ExcnepumenmanvHo-meopemuyuti 00CHONCEHHs 6NAUBY KPEHY
6EPMUKANLHOL 2IUOOKOT EMHOCII HA PO3N0OLIT 20PUSOHMANLHO20 MUCKY 3EPHUCIO20 CUNYY020 MAMEPIANY Ha CMIHKU emHocmiy ([P
Ne 0121U112518), wo suxonyemocs na kagedpi mawunobyoysanns Odecwvroi depoicasHoi akademii OyoigHuymea ma apximexmypu
(OIABA), po3pobnena nnesMOBUMIPIOBANbHA CUCTEMA BUMIPIOBAHL MUCKY 3ePHUCIO20 CUNYH020 MAMepiany Ha 6epMUKATbHI CIiH-
KU Mooenell cxo8uwy 01 NPo8edeH A NOOANbUIUX 00CTIONHCeHb PONOOLTY MUCKY cunydyoeo mamepiany. Bumiprosanns mucky nenpami
— 3a abconOMHOI0 GeNUNUHOI0 NepeMiljeHHs MAlOaHYUKA 0amuuKd, wo CHPUUMAE MUCK CUNYH020 MaAmepiany, GiOHOCHO KOpnycy
oamuuxa, OYiHI6AIACh GeIUYUHA MUCKY CUny¥020 mamepiany na oamyux. Cucmema 6a2amokananbHd, KOJICEeH SUMIPIOBANbHULL Ka-
HAN CKAA0AEMbCsi 3 0amMUUKa MUCKY CURYYO20 MAmepiany, Kauamy 6UMIPIOGAHH NEPeMien sl MaAUOaHYuKa 0amyuka mucky ma
peecmpamopa ybo2o nepemiwenns. [pucmpii Ona mapysanHs 0amuuka MUcky npusHaderuti O OMpPUMAKHs MAapyealbHOT 3anexc-
HOCMI BUXIOHO20 CUSHATLY — MUCKY NOGIMPS 8 KaMepL SUMIDIOGAHHS NHEEMOCUCIEMU, L0 6XIOH020 CUCHALY — 6EIUYUHU PIGHOMIDHO
PO3n00inenoeo mucky Ha oamuux. Ipucmpiil sense cob6or 08I cnoayueni ciopocucmemu, 3an06reni 6000i0. OOHa cKIadaemvcs 3
Kamepu MmuckKy 3 eHy4Koi MeMOpaHoi, uepes AKy MUCK 600U Nepeddcmvcsa Ha Oamuux, i 6UMIPIO8AIbHOI mpyoOKu 3 JIHIIKOW O
BUMIDIOBAHHS Di6HA 600U HAO MembOparoi. [Ipyea € Oygepny emHicmsb 014 800U, 3'€OHAHY SHYUKOIO MPYOKOIO 3 KAMEPOIO MUCKY
nepuioi cucmemu i MAae MONCIUBICMb NAABHO20 8ePMUKANLHO20 nepemiwjenns. 1iopocucmemu 3'eonani miswe cobor, momy 6oda 6
HUX 3HAXOOUMbCs HA 00HOMY pigni. Tuck 600u Ha 0amyux 3MIiHIOEMbCA nepemiwenuam 6ygepnoi emnocmi geopy-enu3. Jamyux
BUKOHAHO 32I0HO 3 namenmom YKpainu Ha uHAXiO Ma CKAAOAEMbCS 3 KOPRYCY, 3'€OHAH020 Yepe3 Kilbyegull NPYICHUL enemMeHm i3
MaAUOAHYUKOM OaMHUUKA, WO CRPUILMAE MUCK CUNYH020 Mamepiany. [is UKNIOUeHHs 6NIUEY CKIeNOYMBOPEHHS 8 CUNYYOMY Mamepi-
ani Hao MauOaH4YUKOM OAMHYUKA, HA BETUYUHY BUMIPIOBAHO2O MUCKY, JIHIUHI NEPeMIWeH s MAUOAHYUKA 0amYUKA WoO0 KOPRycy He
nosunHui nepesuwgysamu 5-8 mxm. Taki mani nepemiujeHHs: UMIPIOIOMbCS OE3KOHMAKMHUM NHEEMOBUMIDHUKOM HA OCHOSI HeOuge-
PpeHYianbHOI 8UMIDIOBANLHOT NHEBMOCUCEMU MAHOMEMPUYHO20 MUny 3 poboyum muckom nosimpsa 6 cucmemi 7,5-10 xlla. Tuck
NosIimpsa y NHeeMoCUcCmeMi BUMIPIOEMbCA CRUPMOBUMU MaHOoMempamu.  [Ipucmpitl guxonanuil y euensaoi 0802iIK080I CIlIKU.: 00HA
2IIKA — BUMIDIOBANbHA, 6 OpYeill PO3MIWEHUT 28UHMOBULL MEXAHI3M 8EPMUKATbHO20 nepemiwjeHHs 0ygepHoi emunocmi. Tounicmo
3A680aHHA MUCKY HA 0amyux cmarogums + 0,1 2/eM?, a BUMIPIOBAHHA 8UXIOHO20 cueHary + 0,5 ymm.
Kuio4oBi ciioBa: 3epHUCTHI cCUNY4YMii MaTepiaJl, JaTYUK THUCKY, THEBMOBUMIPIOBaHHS, MPUCTPIii 1JIA TapyBaHHH 1a-
TYHKA THCKY.
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