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THEORETICAL JUSTIFICATION OF AN AUTOMATIC DEVICE
FOR DRILLING MUD FUNNEL VISCOSITY MEASUREMENT

Abstract. It is considered an installation for automatic measuring drilling mud funnel viscosity (a patent of the
Republic of Kazakhstan), involving a rotating table, carrying a funnel with a nipple at the end. At each rotary
movement the funnel passes through four positions: filling up with the measured liquid, measuring its funnel visco-
sity, washing up and removing the traces of the liquid, evacuation of remaining water out of the funnel. Stopping the
table for carrying the measurement through and starting the time counter is affected by means of a located on the
table cam, opening a live electrical contact at the moment of the funnel running clean from under the liquid deli-
vering pipe. At completion of draining the liquid’s measured volume, a float inside the funnel, while sinking, stops
the time counter and restarts the table’s rotation. The movement of the table is controlled by time relay and starting
relay. The electrical signal of funnel viscosity is converted into digital form and conveyed to a control panel of the
drilling operator. Computer program representing a model of the funnel viscosity measurement process is worked
out. The funnel viscosity of a liquid is found as a sum of draining times of volumes of virtual cylinders, formed as a
result of dividing the liquid’s measured volume height into a certain number of equal parts, the virtual cylinder’s
diameter being taken as equal to the average diameter of the corresponding truncated cone. For each virtual cylinder
the related to the height of its position in the funnel hydrostatic pressure is represented as an equation, involving a
sum of two pressure drops: the first one, resulting from the flow contraction while moving down the funnel; the
second one, required for the flow’s passage along the nipple. On the second occasion, the accurate value of the
hydraulic resistance factor being unknown, it was determined by method of iteration, providing a stepwise
approximation to it. For each virtual cylinder the above mentioned equation made it possible to determine the
liquid’s flow rate, and by it - the velocity of its passing along the nipple and the velocity and the time of its level
dropping in the funnel. The sum of those times represents the liquid’s funnel viscosity. The model’s adequacy was
successfully corroborated by way of calculating the water index (15 s) of the standard flow meter BEP-2, basing on
its geometrical dimensions. The model was used for working out optimum values of the most important structural
parameters of the installation for automatic measurement of drilling mod funnel viscosity, including dimensions of
the funnel - considerably reduced as compared to the standard funnels, but with preservation or even raising the
accuracy of measurements. It also helped to find the minimum possible interval between the successive measure-
ments, basing on establishing the required time of each of the principal operations, performed at one full revolution
of the table.

Keywords: drilling wells technology, drilling muds’ funnel viscosity measuring instruments, automatic mea-
surements, theoretic justification, computational mathematics, programming.

Introduction. Employees of the Drilling Technology and Machinery department have worked out a
concept of drilling mud [1.2] parameters measurement automatization, basing on use of a rotating table
[4]. As applied to the funnel viscosity, the automatic installation [3,5] is presented at the figure 1

Driven by the synchronous motor 2, the rotating table 1and the funnel 3 perform one measurement at
each revolution. To do that, the rotation is interrupted and a halt made. A second halt is made for washing
up the device. Intermittent nature of the table’s motion is effected by a group of relays 9 (time relay and
starting relay). The same as at the traditional appliance, the measurement is based on the time of draining
an appointed volume of liquid 4 out of the funnel 3 with a nipple 8. Before the measurement the funnel is
passing under the liquid supplying channel 13 and filled up with it to overflow. The “measurement”
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position corresponds to the moment, of the funnel getting clean from under the pipe 13, when the
incoming flow stops and remains only the outcoming one. Atthat moment a cam on the rotating table acts
upon the relay, which cuts the power supply of the electromotor, and at the same time starts a time
counter. During the measurement, together with sinking level ofthe liquid, sinks the installed in the funnel
float 5. Atthe moment, when the appointed volume VMofthe liquid has left the funnel, the linked with the
float by the stem 6 cam 7 breaks the contact 12 and by doing that stops the time counter and resumes
rotation of the table. The signal of the funnel viscosity is supplied to analog-to-digital converter 10 and
after processing, appears on the display 11 in seconds. In a similar manner is the table’s halt effected,
when the funnel comes to the channel 14, supplying water in the “cleaning” position. The only difference
consists in the fact, that the time ofthat second halt is a constant one

For the purpose of obtaining maximal technological and economic effect from the above described
device, theoretical and experimental research has been carried out. The liquid outflow time dependency on
the funnel’s geometry has been examined. Drilling muds have wide interval of funnel viscosities [1,2] -
from 16 up to 100 s and more. For reference viscosity, the viscosity of distilled water at the temperature
20+£5°C has been taken. It is constant for any given funnel and for the standard measuring funnels equals
15 s - it is named the “water index”. The “water index” characterizes applicability of the funnel for
viscosity measuring. The task of the presented research involved studying influence of a funnel geometry
on its water index

In the process of liquid draining out of a funnel, under the hydrostatic pressure p of its column, two
kinds ofresistance are overcome with two corresponding pressure drops [6,7]:

P~ AP1+ AP2, Q)
where APL - is the pressure drop on the flow, traveling through the funnel’s nipple; AP2 - the pressure

drop, caused by flow’s contraction, while moving along the narrowing funnel.
AP1=XpL X - 2)
x d

where Q - isthe flow rate; p - the liquid’s density (1000 kg/m 3 for water); X - the hydraulic resistance

factor, depending on the Reinolds criterion and the channel walls asperity; d - the pipe inner diameter;
L - its length.
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An important circumstance in this context is the fact, that pressure drop APL is inversely proportional
to the fifth degree of d , and that diameter of the nipple 8 is very small as compared to the diameters of
the funnel itself. Therefore at the further consideration the part of AP, related to the funnel, has been
neglected; and only that ofthe nipple taken into account.

AP2=P 804 2, )

where a is the factor of resistance to the flow contraction, which according to V. Simonov [7] in case of

a tapered junction to the nozzle is varying from 0.95 to 0.99. So the funnel was considered as a tapered
junction to the nipple.
The hydrostatic pressure of a column with the height H equals

p =9.81pH , (4)
Using formulae (2), (3) and (4); the equation (1) can be converted to
802 8Q2
9.81pH:XpLQ- +p -"QrT 5)
X2d5 P n2d4az2

From that the flow rate Q can be found:

Q- 981H X (6)
8(XL i 1)
8(d 5+ad4)

In the process of funnel viscosity measurement, the column height H is continuously decreasing,
which affects Q. The same is true with relation to the measured volume VM of draining liquid, depending

both on H and on the continuously narrowing diameter of the funnel.

The problem was solved by means of computational mathematics methods [8]. A program was
compiled, whose algorithm is basing on parameters and considerations as follows:

- The initial volume ofthe liquid in the conic funnel:

V =F *H/3, )
where F - isthe area ofthe cone’s base:
F =TiO2/4 (8)

where D - is diameter ofthe base
- The volume ratio (relative value ofthe measured volume):

Kv =Vm /V, 9

- The geometrical similarity principle stipulates, that the linear dimensions of similar figures are
related as cubic roots of their volumes. Conic shape of the liquid, filling the funnel, is similar to that,
which remains there after the measured volume has drained out. Relative value ofthe remaining volume:

KR=1- Kv, (10)
In view of the aforesaid the drop of the liquid’s level H M in the process of measurement (see figu-

res land 2):
Hm =H - H 3K ), (11)

- HM (see the figure 2) was divided by virtual horizontal planes into n equal sections. Thus, liquid

in the funnel was divided into n conic elements numbed /, beginning with the uppermost element,
numbered i =0 .The height of each element (“the step”):

S=Hm/n (12)
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- Hereafter each conic element was considered as a cylindrical one, whose diameter equals mean (as
related to the element’s height S) diameter ofthe cross section of corresponding conic element:
D(i) =D(1-S/(2H)-i*S/H) (13)
The cross section area:
F (i) = TrD(i)2/ 4, (14)
The volume ofthe virtual cylindrical element:
V(i) =F (i)*$ (15)

- It was assumed, that volumes of the cylindrical elements and corresponding conic elements are
equal. Obviously the approximation error is decreasing with the quantity n ofthe elements.
- For each elementthe corresponding height of liquid column
H({)=H-S/2-S%*i, (16)

- The flow rate Q(i) inthe process of draining each liquid element is found by the formula (6)

Figure 2 - Division of the funnel’s measuring volume Wlinto n virtual cylinders

- The corresponding speed ofthe liquid’s level dropping:

& (0 = 4Q(i)/("D 2(0) a7)
- The corresponding time of level dropping within the limits ofthe element:
T(@) =S !&h,) (18)

- The funnel viscosity ofthe liquid is the result of the summing up the values, related to all ofthe n

elements
(19)
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- Initially factor 9 in formula (2) was chosen, basing on general considerations. However in the
program it is amended by iteration method. For that purpose, for each element the velocity of the liquid
traveling through the nipple 8 was found:

5(i) = 4Q (i)/(nd2) (20)
The corresponding Reinolds criterion:
Re(i) =3(i)pd /v , (21)
where v - is dynamic viscosity ofthe liquid
The amended value #AC of hydraulic resistance factor was found by the formula of F.Shevelev [7],
relating to water, passing through smooth pipes with Re < 106:
AC =0.25/R e (0226 (22)

In a program loop the amended value of AC was put into formula (6) instead of a preceding one. At

each cycle of the loop difference between their values becomes smaller and the loop ends, when it
becomes negligibly small.

For verification of the algorithm and the program, calculation of water index of the standard funnel
viscosity meter BEP-2 [2] was performed

Table 1- Description of the funnel of the BBP-2 viscosimeter

Name Value. # Name Value.
- HeightH , m 0.232 7 Measured volume Vm ,m 3 0.0005
2 Level dropH m ,m 0.079 8 Volume ratio K V 0.714
3 Top diameter D, m 0.106 9 Hydraulic resistance factor 9 0.021
4 Nipple length L, m 0.100 10 Flow contraction factor a 0.99
5 Nipple diameter d, m 0.005 n Virtual cylinders* number n o e
6 General volume V, m 3 0.0007 © Cylinder height, m 0.013

* According to fig. 2.
**\When the quantity n ofthe virtual cylinders in the program was brought up from 6 to 50, the final result did not change.
So from precision standpoint the n = 6 is satisfactory.

The data of table 1 were entered into the program, and the sum of level dropping times for all the 6
cylinders (formula 19) was found equal 15 s, - the same as in the BBP-2 certificate

As compared to the traditional manual measurement the automatic measurement device involves a
number of additional elements, increasing its size, mass, and cost. So the possibility of their reduction was
examined

Precision of measurement is expressed by its relative error [9-17]

5=A/A, (23)
where A - is an absolute error, and A - measured value.

On the occasion under consideration A is the water index, which traditionally equals 15 s. At manual
measurement the absolute error A is basically connected with subjective factors, such as timeliness of
starting and stopping the stop watch, overfilling or underfilling the measuring cylinder, correctness of
choosing the mud withdrawing place etc. In an automatic device all subjective errors are ruled out, which
sharply reduces both A and 5 . It follows from the formula (23), that the same precision can be achieved
for smaller A ifis reduced proportionally to reduction of A . So, eliminating subjective errors , makes it
possible to reduce the water index of the funnel and consequently the funnel’s dimensions, as well as
dimensions of the whole automatic installation.

In table 2 descriptions of a funnel, with water index 10 s are given
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Table 2 - Parameters of a funnel with water index 10

® @)
< : L, d, v, q a T,
- o 3 m m m3 S
0.1 0.034 0.106 0.04 0.005 0.00029 0.0002 0.714 0.021 0.96 100
43* 43 100 40 100 41 41 100 110 98 67

*Per cent of the corresponding data in table 1

The table demonstrates essential reduction in dimensions of the funnel, as compared to those of
BBEP-2. However the internal diameter d ofthe nipple and the volume ratio A are left intact.

It should be observed, that while using this funnel, it does not present a problem for the results of
measurements to be demonstrated on the display with coefficient 1.5 - that is according to the
conventional scale of funnel viscosity measurement.

Table 3 - Modification of water flow parameters, while performing measurement
by the funnel with water index 10 s (6 virtual cylinders)

W W B 0 - D MO A

m/s
0 97 10.3 83.3 47,3 953 1350 115 0.00% 2.10 57000 0.021
1 91 9.6 73.9 42,0 897 1310 112 0.0030 1.92 55300 0.021
2 86 9.0 65.1 36,9 841 1270 1.08 0.0033 174 53600 0.021
3 80 84 56.8 322 785 1220 104 0.0036 157 51800 0.021
4 74 7.8 49.1 27,8 730 1180 1.00 0.0040 141 50000 0.022
5 69 72 42.0 23,3 674 1130 0.97 0.0045 1.26 48000 0.022

The table illustrates performance ofthe algorithm, used for finding a funnel’s water index:
- In the course of the measurement the height H (i) ofwater column decreases from virtual cylinder

number i to that of number i +1 according to formula (16) by the step S - formula (12). Proportionally
to H (i) decreases cylinder’s diameter D(i) - formula (13) and hydrostatic pressure p (i)- formula (4).
Cross section areas of the cylinders - formula (14), and their volumes- formula (15) are decreasing
proportionally to H (i)2

- The flow rate Q(i) - formula (6), and the velocity 3(i) ofthe flow in the nipple - formula (20),
are decreasing in proportion to sjH (i)

- The speed 3H(i) of water level dropping is found by formula (17), which is similar to formula
(20). However if in formula (20) the diameter d ofthe nipple is constant, while in formula (17) decreasing
are both: denominator D(i) and numerator Q (i). As the rate of denominator decreasing is smaller, than
that of numerator, the value of 3H(i) (contrary to 3(i)) is growing.

- After 3H(i) is found, the time T(i), of the level dropping within the limits of each cylinder is

determined by formula (18).
- The water index T is found by summing up the T(i) - formula (19),
- The Reynolds criterion R (i) formula (21), related to the traveling through the nipple ofthe funnel

water flow, is decreasing in proportion to 3 (i), butthat did not substantially affect the values of corrected
hydraulic resistance factors AC(i) - formula (22).

Basing on data oftables 2 and 3, the optimal parameters ofthe rotating table were determined:
Its radius

R >2R¥f, (24)
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where RF - isthe outer radius ofthe funnel top.
The time ofthe table’s revolution consists of 5 components (see the fig.3):

IR=T +Tq+tTa +Tr+TH "’ (25)
where THM- is the time of halt for performing measurement; TCL- the time of cleaning the funnel, while
the table is moving; THOL- the time ofthe special halt for cleaning; TDR- the time for draining cleaning
water out ofthe funnel; TH - the time for filling the funnel with measured mud

THM conventionally varies from water index 15 sto 100 s (the scale of BEP-2 viscosimeter). For the
considered funnel it corresponds to actual interval from 10to 70 s;

TQL + THAL mast guarantee elimination of measured mud traces in the funnel and its nipple. Meeting
that requirement depends mostly on the cleaning water stream intensity. As for time, it is reasonable to

make it equal to funnel viscosity of muds of high but not extremely high thickness With relation to the
conventional funnels it can be taken for 60 s, ergo for the funnel under consideration it makes 40 s

TDR is time, needed for full evacuation ofthe cleaning water out ofthe funnel - after the cleaning has
terminated but before the filling with mud has started. The program for determining the funnel’s water
index makes it possible to find precise value of that time too. For that K V=1 is entered in the program
(formulae (9), (10), (11)).

TH. depends on diameter ofthe mud delivering pipe.

The minimal table’s rotation period (with deduction of the time of its halts for measurement and
cleaning) was found, basing on TDR time and the diagram on the fig 3.

Figure 3 - Positions of the funnel on the rotating table

The table 1 is turning clockwise (see the arrow on the top).The diagram demonstrates mud 3 and
water 4 delivery pipes positions with relation to the rotating table and the funnel 2. At the diagram the
funnel is situated at the position HM - that of measuring halt. In that position the funnel has just left the
interval FL . Directly, after the measurement is terminated and the table’s motion resumed, it will enter
the cleaning interval C L. In the middle ofthat interval the table makes a special halt for cleaning. After
resumption of rotation, the funnel passes the second half of the cleaning interval CL, draining DR and
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filling FL intervals, and finally accomplishes the revolution making a halt for performing a next in turn
measurement.
The table’s rotation period (disregarding the halts)
TRP =Td- 360, (26)
a
where a isthe angle corresponding to DR interval on the fig 3
As it follows from the diagram, that angle
a =360-4(, (27)
where angle ( is found by considering the abc triangle on the figure. Al the legs of the triangle are
found directly from the diagram
a=Rf+r, (28)

where r is radius ofthe mud and water delivery pipe (both pipes are alike).

b=Rf (29)
c=2Rf-r1, (30)

Hence according to geometrical rules

n A 2452—a2q
( =arccos(------------------ ) (31)
2¢ch

The maximal rotation frequency (rpm)

m =60/TRP (32)

Now to find the full time ofthe table’s revolution the formula (25) can be written as
TR =TRP + THM + THCL, (33)

Funnel mud filling (as well as cleaning while moving TCL) time

TR =Tdr-2 ( (34)
L 360

Table 4 —Pescriptions of the rotating table for the funnel with water index 10 s

# Name Value Formula

1 Funnel’s top outer diameter D £ , m 0.108

2 Funnel’s top outer radius R ,m , 0.054

3 Table’s diameter D t, m 0.216 24

4 Outer radius of mud and water delivery pipes r ,m 0.010

5 Measurement time TM , s, from - to 10- 70

6 Cleaning time (TQL + THAL) , s 40

7 Water draining time after cleaning TDW, s 16 6,9, 17, 18, 19
8 Mud filling time, Tfm , s 3 A

9 Angle ( between vertical symmetry axis and H M 370 28, 29, 30, 31
10 Angle a of DR interval 2120 27

u Table rotation period (regardless the halts) , Trp, s 27 26

12 Table’s rotation frequency m , rpm 2.2 32

13 Actual table’s revolutiontime Tr , s : from- to 74- 134 25
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Conclusion. At the drilling technology department of Satpajev Technology Research University a
method of drilling mud parameters measurement automatization, basing on application of a rotating table
has been proposed; worked out principal details of the installation for automatic measuring the drilling
mud funnel viscosity; according to the laws of hydraulics, and by means of the computation mathematics,
a computer model of the funnel viscosity measuring process has been created; successfully performed
verification of the model’s adequacy, by calculating the water index of a standard instrument for measu-
rement funnel viscosity, basing on its geometrical dimensions; basing on the worked out computer model,
for the purpose of reducing dimensions and costs of the installation for drilling muds funnel viscosity
automatic measurement, optimal values of its principal parameters are established.
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K. . CaTbaeB aTbiHAarbl Kasak “NTTbLl, TEXHWKa/bLL, 3epTTey YHMBeEpCMTET Anmartbl, KasaxcTaH

B¥PIbINTAY EPWHALICIHLW, T¥TK;bIP/IbIMTbIHbLL, LUAPTTbI XXATAANLA
ABTOMATTbI TYPAE sNWEY AU, I'blABIMW A3NENAEHY1

AHHOTauuMa. AiiHanmansl YCTenre opHaTbiiraH TYTIKLIeCi 6ap K¥MrbIl apKbinbl 6°prol epTHATAH L, WapTThl
TYTKbIP/bITbl e/lleHeTW aBTOMaTTbl KOHAbIPTbl KapacTblpblnagbl (KasaxctaH PecrnybnukacbiHbIL, nateHn). 3p 6ip
aiiHanbICTa K¥MrbIl TePT XaKTbl eTeAr TONTbIPbIraH efilleHeTL epiTiHAIMEH, OHbIH TYTKbIPAbITbIH enlley, epTH-
LI KanAbIKTapblH X0, K¥ArbilKa TONTLIPbIATaH CyAbl Xot. 0nweyai Xypn3y YLiH YCTengi Ko X3He yakbIT
eNWeniun Kocy K¥WrblWThIH epiTiHAI KeneTw TYTiKWeeH WbIKKaH Ke3fe YCTeNde OpHanackaH Tenkn 3pekeTke
KeNTpy HaTMXKeaHfe KanbiNTbl T AbIK 6alinaHbICTbIPrbIWL apKblibl OpbliHAaNaAbl. EPTHALW W, eneHeTIW Kenemi
asikTanraHga, K¥nroiwTarbl KafKbiMa TeMeH TYCeai yakblT ecenTeriwTi ewipegi x3sHe YCTen aHa/ibIMbIH YXaHajaH
OpblHAaNAbl. YCTen KO3rabICblH YaKbIT pefieci )X3He KOCKbIW pefne 6ackapafbl. INeKTipaik enweriw curHangap
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CaHAblK TYpre aybiCabl XX3He 6¥proiWbliHbIH Tabno nynbTbiHa Xibepineai. KMArbiW K¥pan KemenMeH LWapTTh
T¥TKbIPNbIKTbI €/1lley NpoLecCiHiH MaTeMaTKanbiK MOAeNi XacanraH , KOMMboTepnik 6argapnama k¥pacTbipbliraH.
C¥/bIKTBIKTbIH LIAPTThl T¥TKbIPALITEl BUPTYaNAblK LUAWHAIPAIH ary YakbITblHbIH YXWUbIHTbIFbIMEH aHblKTanagbl.
AHbIKTanraH TeHAel 6eneKTePAiH CaHbl C¥bIKTbIKTbIH eEHETIH KefeMiHiH KbICbIMbl apKbiibl Nainga 6onrax,
BEPTYaniblK UMAVHAIPAIH AMAaMETPi KeClureH KOHYCTbIH C3MKeCTEeHAIpinreH opaiwa gvameTpiHe TeH. Jpbip Bup-
Tyanfbl UWANUHAIPAIH OHbIH TMAPOCTATUCTUKANBIK KbICbIMbIHBIH CAAKEC BUIKTIri C¥MbIKTLIKTBIH KbICbIMbIH ekl peT
YKOranTkaH TeHMK TYpiHAe KepceTinreH: GipiHWIgeH K¥/rbiWw 60bIMEH KO3ranbiC Ke3iHAeri OHbIH KbICbINTaH arbiM-
HbIH H3TUXECIHAE >X3He eKiHLWifeH OHbIH ¥LWiblHAarbl TYTIKWeE apKblibl eTyiHAe. EH COHrbl Xargaija ruapasnu-
Ka/blK KeaepnHLw, HakTbl KO3WMULUMEHTI OHbIH LUbIHaWbl 6ENNCLI KaMTaMacbl3 eTeTiH UHepLmMs 34iCiIMEH aHbIKTa-
Nagbl. Ipbip BUPTYanabl LUAVHABIPTA afibiHraH 6acKapy C¥MbIKTLIKTbIH LbITbIMbIH )X3HE COHbIMEH 6ipre OHbIH ¥Lbl
60MbIHLLIA XbINAAMAbITbIH, K¥ArbIWTarbl AeHTeiHiH TYCYiH )X3He TYCY yaKbITblH aHblKTayra MyMKLLALW 6epdi. B¥n
YaKbITTapAblH XUbIHTbITbl C¥MbIKTBIKTbIH LUAPTThl T¥TKbIPAbITbIH 6epedi. YAriHiH 4¥pbICTbirbl BEP-2 WbIrbIH efLle-
ilWiHiH reomMeTpuanblK enllemaep Henswae XKacnraH K¥MrbiWTblH ¢y caHblH (15 C) enley apKblibl A3/€N4eHTEH.
Ynri 6¥prol epiTiHAINEPiHIH WapTTbl T¥TKbIP/bITbIH aBTOMaTThl TYPAE efWenTiH KOAbIPrbiHbIH OHTabl KOHCTPYK-
TUBTI MapameTp/epiH Xacayra KonjaHraH, enwenTl K¥ArbIlWTbIH eNLWeMiH OHbIH efilley A3NATH cakTan Kany ap-
KbIflbl KilLipeiTy KapacTblpblfiraH, COHbIMEH 6ipre YcTengiH ToNblK 6ip ailHaNbiMbl Ke3iHAe enwemaepaiH MUHU-
Mangbl MYMKIHAIr KapacTblpbliraH.

TYWin ce3fiep: ¥HrblHbl G¥prolnay TeXHONMOTMACHl, 6¥prbl epTHALWEPALW, WAaPTTbl T¥TKbIPbINLITLI, efwey
K¥pangapsbl, eflleyAi aBToMaTTaHAbIPY, TEOPUANBIK HETi3fey, CaHAblK MaTeMaTuKa, 6argapnamanay.

M. T. buneukuii, b. T. Patos, A. P. bain603

Kas3axcKnil HauMoHanbHbI UCCnefoBaTebCKuiA TEXHNYeCKUii yHmuBepcuTeT uM. K. M. Catnaesa,
Anmartbl, KasaxctaH

HAYYHOE OFOCHOBAHWE PAEOTbl ABTOMATUYECKOIO N3MEPUTENA YC/IOBHOW
BA3KOCTW BYPOBOIO PACTBOPA

AHHOTaLuA. PaccmaTpuBaeTcs YCTPOWCTBO AN aBTOMATUYECKOro M3MEPEHMUs YCNOBHOMW BA3KOCTU 6YypoBOro
pacTBopa (nateHT Pecny6nuku KasaxcTaH), BKAHOYaloLLee NOBOPOTHbIA CTON C YCTaHOBMIEHHOW Ha HEM BOPOHKOIA C
Tpy64aTbIM HaKOHEYHUKOM. TpU Kax oM MOBOPOTe BOPOHKA MPOXOAUT YeTbIpe NOMNOXKEHUA: HaNONHEHUe U3Mepse-
MbIM PacTBOpPOM, WM3MEpPEeHWe ero BA3KOCTW, MPOMbIBKA C yAa/eHMeM CMefoB pacTBOpa, YAaneHue 3anofHAoLLein
BOPOHKY BoAbl. OCTaHOBKa CTONa AN NPOM3BOACTBA M3MEPEHWS U 3anyCK CYeTYMKa BPEMEHW MPOUCXOLUT MO,
BO3/€MCTBMEM Ha HOPMA/IbHO 3aMKHYTbI KOHTAKT PacnonoXeHHOro Ha CTo/e Kyfnayka B MOMEHT BbIX0a BOPOHKM
n3-noj mofawowleid pacteop Tpybku. Mpu 3aBepLueHUM UCTEUYEHUS MEepHOro obbeMa pacTBOpa, HaxoAAWMIACH B
BOPOHKe NOnsaBoK, OMycKasacCb, OTK/OYAaeT CHETUMK BPEMEHU U BO306GHOB/AET BpalleHue cTona. [BuxXeHuem crtona
ynpasasioT pefie BpeMeHU 1 NYCKOBbIe pesie. INEKTPUYECKUI U3MepUTeNbHbIA CUrHaN npeobpasyeTcs B LUMPOBYIO
thopmy ¥ nofaeTca Ha Tabno nynbTa Oypunblinka. CocTaBneHa KOMMNbOTEPHas NporpaMmma, npejcraBnstoLias co-
60V MaTemMaTUYeCKyt0 MOJenb npoLiecca U3MepeHUs YCIOBHOW BA3KOCTU C MOMOLLbIO MEPHOI BOPOHKW. Y CNnoBHast
BSA3KOCTb XWUAKOCTU OMpefensieTcs Kak Cymma BPeMEH BblTeKaHUs 061beMOB BUPTYa/bHbIX LWAUHAPOB, 06pa3oBaH-
HbIX B pesynbTaTe [efIeHNs BbICOTbl MEPHOro 06beMa XXMAKOCTU Ha OMNpeAeneHHOe YUCI0 PaBHbIX YacTeid, npuyem
AnameTp BUPTYasbHbIX UWINHAPOB NPUHUMAETCH PaBHbIM CPeAHEMY AUaMeTpy COOTBETCTBYIOLLEr0 YCeYeHHOro
KoHyca. [N KaX4oro BMpTyasbHOro LUIMHAPa COOTBETCTBYIOLLEE BbICOTE €ro MOM0XEHUs rMapocTaTMyeckoe faB-
NeHWe MNpeAcTaB/ieHO B BUAE YPAaBHEHUSA, KaK CymMMa [BYX MOTEPb LABNEHUSA XWUAKOCTU: BO-MePBbIX, B pe3y/brare
CXXaTua ee NOTOKa NPW ABUXKEHUUN BHW3 N0 BOPOHKE W, BO-BTOPbIX, MPU ee NPOXOXAEHUIN Yepe3 Tpy6UaThblil HaKOHeu-
HVUK. B nocnegHem cnyvae TOYHOe 3HaYeHue KO3hMLMeHTa rMapaBnIMYecKmxX CONPOTMBIIEHNIA OnpesensieTcs MeTo-
[LOM MTepauuii, obecrneymBatoliM MOCNeA0BaTEIbHOE MPUOAVKEHWE K ero0 UCTUHHOMY 3HayeHuto. [ns Kax[oro
BMPTYa/IbHOr0 LMANHAPA YNIOMAHYTOE YPaBHEHMWE MO3BOIUI0 OMpPefeninTb PacXof XUAKOCTU, U M0 HEMY - CKOPOCTb
ee [BMXXEHNA N0 HAKOHEYHWKY, CKOPOCTb OMYCKaHWs ee YPOBHSA B BOPOHKe M BpeMs onyckaHus. CymMMa 3TuX Bpe-
MeH M [aeT YCNOBHYI BA3KOCTb >XMAKOCTW. AJeKBAaTHOCTb MOJENN MOATBEPXAeHa MyTeM BblYMCNEHWUA BOLHOrO
yncna (15 ¢) BOPOHKM CEepUIHO BbIMyCKaeMoro pacxofomepa BEP-2 Ha 0CHOBaHMM ee TeOMeTPUYECKNX PasMEpPOB.
Mogenb ncnonb3oBaHa AN pas3paboTKy ONTUMaNbHbLIX 3HAYEHUI BaXKHEWLINX KOHCTPYKTUBHbIX MapameTpoB yCTa-
HOBKW N5 aBTOMaTM4YeCKOro M3MepeHUs YCN0BHOM BA3KOCTM GYpOBOro pactsopa, BKAOYas pasmepbl MepHOR BO-
POHKM - CYLLECTBEHHO YMEHbLUEHHbIE, MO CPABHEHUIO C CEPUIHO BbIMYCKAEMbIMU BOPOHKAMMW, NPU COXPaHEHUN U
YBEMYEHNN TOYHOCTU N3MEPEHNIA -, & TaKXKe MUHUMaIbHO BO3MOXHBIA MHTEpPBa MeXAy Mocnef0BaTelbHbIMU 13-
MepEeHNAMU - Ha OCHOBE YCTaHOB/IEHNS HEOOXO0AMMOr0 BpEMEHU KaX oW U3 OCHOBHbIX OnepaLuii, 0CyLLeCTBASEMbIX
npu 04HOM NOSIHOM 060pOTe CTOoNa.

KntoueBble cnoBa: TeXHONOrus 6ypeHns CKBaXWH, YCIOBHAs BA3KOCTb OYPOBLIX PaCTBOPOB, U3MepUTE/bHbIE Cpes-
CTBa, aBTOMAaTU3aLMs N3MEPEHNIA, TeOpPeTNUECKOe 060CHOBaHWE, BbIYUCNTEIbHAS MaTeMAaTHKa, NPOrpaMMrpOBaHKE.
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