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AnHotanusa. OCHOBHOH 3ajiadeil 3KCIIEPHMEHTAIbHOIO UCCICIOBAHNUS BCEX IPOLECCOB SBISCTCS aHANIU3, M3ydeHHEe M OOOOIICHHE BCEX
UMEIOIHMXCSL Pe3yJIbTaTOB. B COOTBETCTBMM C Mzeel IIAaroBOro MOUCKA KCIEPUMEHT MPOBOJUICS B HECKOJIBKO ATaroB. YMCIO 3TamnoB u
JeficTBUS Ha KaXIOM M3 HUX 3aBHCENU OT PE3yJbTaTOB IPEABLAYINIETO 3Tala M KOHEYHOH Lenu wuccienoBaHuil. KoHewHOH menbro
UCCIICIOBAHUS SIBISIETCS ONPEACJICHUE ONTHUMAIIBHBIX YCJIOBMH IPOTEKAaHMS HPOLECCa MEpeMEeIIMBAaHUsS KUAKUX arperaroo MOoJydYeHHs
OJHOPORHOM CTPYKTYyphL. MccienoBaHus mponecca IepeMeBaHus ObLUIN POBEACHB! HA SKCIEPUMCHTAIBHOI yCTAaHOBKE, CO3JaHHOH Ha
kadenpe. st 00pabOTKH IKCIIEPUMEHTAIBHBIX HCClieoBaHui Obut npuMeneH nporpamMHbiii kommuieke STATISTICA 12. s nonyuenus
YPaBHEHHsI PErpecCHH MaTpUYHbIC AaHHbIC ObLIM 00paboTaHBl HPH MOMOLIM IporpaMmHoro komiiekca Microsoft Excel 2010. s
OINITHMM3AIIMH TIPOLIecca, BEIMYMHbI BEIXOAHBIX TapaMeTpPOB IpeoOpa3oBaHbl B Oe3pa3MepHyIo LIKaly yKelaTelabHocTH d. Y cTaHOBIEHO, YTO
(byHKUUS KenaTeabHOCTH D, XapakTepu3ytolias aJlekBaTHOCTb MOJIyYEHHBIX 3HAUSHUH, HMeeT 3KCTpeMyM B onbite 12 u cocrasisier 0,733666.
OCHOBBIBASCh HA MOJYYCHHBIX JAHHBIX ONTUMAIBHBIMH CIIEAYET CUUTATh CICAYIOLIME apaMeTphl P HePEMEIINBAHUN KUIKHX arperaron:
OKpY’KHasl CKOPOCTh Bajla MEIIAJIKHU B TIpesiesax 4 M/c, IPU 9TOM BpeMsl IIepeMELINBAHNUs COCTABIICT &8 ¢, a KOHLEHTpauus xjaagareHta 20%.

Kiwuessble cioBa: MOJCIUPOBAHUEC, (I)yHKI_II/ISI JKCJIaTCJIbHOCTH, IEPEMCIINBAHNC, ) KUJKHUEC arperaThl, XJ1agarcHT

Optimization of the process of mixing liquid-phase heterogeneous
products by mathematical modeling
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Abstract. The main objective of the experimental study of all processes is the analysis, study and generalization of all available results. In
accordance with the idea of a step search, the experiment was carried out in several stages. The number of stages and actions at each of them
depended on the results of the previous stage and the ultimate goal of research. The ultimate goal of the study is to determine the optimal
conditions for the process of mixing the liquid aggregates to obtain a homogeneous structure. Studies of the mixing process were carried out
on an experimental setup created at the department. To process experimental studies, the STATISTICA 12 software package was used. To
obtain the regression equation, the matrix data were processed using the Microsoft Excel 2010 software package. To optimize the process, the
output parameters were converted to a dimensionless scale of desirability d. It was established that the desirability function D, which
characterizes the adequacy of the obtained values, has an extremum in experiment 12 and is 0.733666. Based on the obtained data, the following
parameters should be considered optimal when mixing liquid aggregates: the peripheral speed of the mixer shaft is within 4 m/s, while the
mixing time is 8 s and the refrigerant concentration is 20%.
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BBenenue Ha KOTOPBIX CTPOSITCS MEPBbIE dTAIBl MOAEIUPO-
BaHUS. B Xoxe BBINONHEHHS MOCTaBICHHOH
3aJa4d, IPEABAPUTEIBHO COCTABISETCS BEChH
CIHCOK HUMeEIoIuXcs (aKTOpoB, U3 KOTOPBIX
HE00X0IMMO UCKIIIOYNTh MaJIO3HAYNMBIE (DAaKTOPEL,
HO TIPH 3TOM HEJIB3$ MPOITYCKaTh 0CO00 3HAYMMBIE

OCHOBHOH 3ajadeil JKCIEePHUMEHTATBHOTO
HCCJICA0BaHMA BCEX MPOLECCOB ABJIACTCA aHAIN3,
n3yueHHe 1 00001IeHNEe BCEX NMEIOLNXCS PE3yJib-
TaToOB. HOHy‘ICHHBIC JAAaHHBIC MOT'YT OXBaTbIBATbh
00 MaybIil Tuarma3oH 3HAYCHUH, WA OOIIMPHEIH,
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(axTopsl. Ha ocHOBE BBITIIECKa3aHHOTO 3aBEpIIaeTCs
NpenBapuTelibHasl TMOJATOTOBKAa K SKCIEPUMEH-
TaJIbHOU YaCTH.

MarepuaJibl H METOABI

B cooTBeTcTBHH ¢ HMeeil MIaroBoro moucKa
SKCIIEPUMEHT MNPOBOAMIICA B HECKOJIBKO 3TaIoB.
Yucno 3TanoB U JNEUCTBHUS HA KaXXIOM U3 HHX
3aBUCENIM OT PE3YJIbTATOB MPEIBIIYIIETO dTama 1
KOHEYHOH LieNHu uccienoBannii. KoneuHoil 11ebi0
HCCIIEOBAHUS SIBIISIETCS ONPENENICHUE ONTUMATBHBIX
YCJIOBHIA TIPOTEKaHus Tporecca (pUCYHOK 1).

B kauecTBe OCHOBHBIX (DaKTOPOB OBUIH
BEIOpanbl: X1 — OKpyXHas CKOPOCTh Bajla Me-
mrajku, m/c (1-7); X2 — Bpems cmemnenus, ¢ (2-8);
X3 — koureHTparus xiaanarenra,% (5-35). Beiopan-
Hble ()AaKTOPBI COBMECTUMBI M HE KOPPEIHPYEMbI
MeXITy co00ii.

B Ttabmume 1 mpencTaBieHBl NaHHBIE IS
OIIpEJEIIEHUs YCIIOBUN OIbITa. Pe3ynbraTsl sKcrepu-
MEHTAIBHBIX UCCIIEI0OBAHUH TIPHBENICHBI B TAOHIIE 2.
OOmee uynciao onblToB N = 18, YKHCIO OIBITOB
B neutpe mwiada NO = 6, uucno ¢pakropos k = 3,
IUIEYO «3BE3JHOM» TOUKH r = 1,682.

B xadectBe (yHKIMHM OTKIHMKA BHIOpaHO
Y1 — pa3mep *xuakux arperatos, MM (1-6).

Honksil L Goacks
PAKMOPHBI IKCAEDUMEHIT
Full or fractional fakirny experiment

aequate?,

Tocmarabxa KosmpossHexMOnsmal
dng npobepky adexbamHoc Modeny
Selting kanfrolnyhmopyfov fo
check the adeguacy of the madel

Lbuxenve k odnacmy onmurgng
Going fa fhe gptimum area

TFKERBOUMEHM 11D [IATHY
fmapazo nopacka
According fo the plan af fhe
second order experiment

The madel 15
goequale?.

Kbadpamas
nodens adexbammar

Sguare model
IS odeguale?

Jbuxenve k yoaobHomy onmumy
Going fo a condiiional gphimum

Ja Yes

TIobsnerue CmeneHy NOAUHOMAOU Beidap onmumansHsix Yeaobu U ux
Hadesy KREOUMEHMALHAS Mpobeoxa
Ihcreasing the degree of The chaice of gotimal condifians and
a polynomial model their expermental verification

Pucynox 1. CrpykTypHas cxema 3SKCIIEpUMEH-
TaJIbHBIX I/ICCHCIIOBaHI/Iﬁ C HCEJIbKO OIITHUMH3aAlNH
npoiiecca nepeMennBanus

Figure 1. Block diagram of experimental studies
to optimize the mixing process
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Tabnuma 1.
JlaHHbIE /U151 onpe/ieNieHns] YCIIOBUM OIbITa
Table 1.
Data for determining the conditions
of the experiment

IMpenens! u3MeHeHMs (HakTOPOB
Limits of change of factors
X1 X2 X3

4 5 20

YcnoBus i1aHUPOBaHUS
Planning Conditions

Hynesoii yposens (0)
Zero Level (0)
WHTepBa BapbHpOBaHUS
Range of variation
Bepxuuii yposess (+1)
Upper Level (+1)
Hwxauii yposess (-1)
Lower level (-1)
Bepxwusist «3Be3Has»

Touka (+1,682) 7 8 35
Top “star” point (+1.682)
Hwxusas «3Be3nHas
Touka (-1,682)
Lower “star” point

2,658 3,568 17,836

4,784 6,784 28,918

2,216 3,216 11,082

(-1.682)

OKCTIEpUMEHTATbHBIE FICCIIEIOBAHKS TTPOBOIN-
JICh HAa YCTAHOBKE, TIPE/ICTABICHHOM HA PUCYHKE 2.

r’

Pucynok 2. VYcraHoBKka i IPOBEICHHS
9KCTICPUMEHTAIBHBIX UCCIICTOBAHUH

Figure 2. Installation for experimental research

Jns  o0paboTkM  9KCTIEPUMEHTAIBHBIX
UCCIIEZIOBaHMN ObUI TPHUMEHEH MpOrpaMMHBIN
kommiekc STATISTICA 12.

JIyis omy4eHusl ypaBHEHHUsI PErpecCcuy MaT-
pUYHBIE TaHHBIE ObUTH 00pa0OTaHbI MPU TTOMOIIN
nporpamMmHoro komruiekca Microsoft Excel 2010.

VpaBHEHHE perpeccuu B (pU3NYECKHX Iepe-
MEHHBIX HMEET BUJI:

Var_1 =-0,322866 — 0,820732 X1 + 0,949876 X»
+0,425811 X3+ 0,0891186 X412 — 0,0237339 X4
X+0,00824515 X1 X3-0,11633 X522 0,0157137 Xo
X5-0,00754096 X3
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Tabnuna 2.
Martpuia miaHupoBaHUs U pe3yIbTaThl IKCIIEPUMEHTANBHBIX UCCIEIOBAHUM Mpoliecca nepeMenInBaHus
Table 2.
Planning matrix and the results of experimental studies of the mixing process
O6macTh (hakKTOPHOTO IPOCTPAHCTBA BrixoaHble mapaMeTps
The domain of the quotient space Output parameters
Konuposanueie duznyeckue DKCIIepUMEHTATBHBIE Pacuérnsle
No Coded Physical Experimental Calculated
h Pasmep xunxux Pasmep xuaxux
arperaTtoB, MM arperaTtoB, MM
X1 X2 X3 X X X3 Size of liquid Size of liquid
aggregates, mm aggregates, mm
1 -1 -1 -1 2,216 | 3,216 | 11,082 3 3,414
2 -1 -1 1 2,216 | 3,216 | 28,918 4,2 5,053
3 -1 1 -1 2,216 | 6,784 | 11,082 13 1,843
4 -1 1 1 2,216 | 6,784 | 28,918 2,1 2,482
5 1 -1 -1 4,784 3,216 11,082 2,5 2,947
6 1 -1 1 4,784 | 3,216 | 28,918 45 4,964
7 1 1 -1 4,784 | 6,784 | 11,082 14 1,159
8 1 1 1 4,784 | 6,784 | 28,918 18 2,176
9 | -1,682 0 0 1 5 20 57 4,761
10 | 1,682 0 0 7 5 20 4,3 4,392
11 0 -1,682 0 4 2 20 5,5 4,596
12 0 1,682 0 4 8 20 11 0,860
13 0 0 -1,682 4 5 5 1,2 0,899
14 0 0 1,682 4 5 35 4,1 3,257
15 0 0 0 4 5 20 3,8 3,775
16 0 0 0 4 5 20 3,8 3,775
17 0 0 0 4 5 20 3,8 3,775
18 0 0 0 4 5 20 3,8 3,775

L, mm = 7,6853+0,0188"x-1,3999"y-0,0784*x*x+0,0247*x*y+0,1521*y*y

XXX Gi“v“b&‘v";‘ 2
R
‘0’0‘0.0.%:0,:::;21
AKX

Pucynok 3. 3aBUCHMOCTBH pa3Mmepa >KUIIKUX arperaTtoB
OT OKpY>KHOH CKOpOCTH Bajla MEIIAJIKH M BPEMEHHU

nepeMEIIMBaHusA

Figure 3. The dependence of the size of liquid
aggregates on the peripheral speed of the shaft of the

mixer and the mixing time

L, mm = 3,4811-1,5388"x+0,2342"y+0,1354*x*x+0,0191*x*y-0,0058*y*y

-

Il ->6

<525
Bl <425
[ <325
[1<225
<125
Il <025
Ml <-075

Pucynok 4. 3aBucMMOCTH pa3Mepa >KUAKHX arperaToB

oT

OKPY>KHOM  CKOpOCTH

KOHIICHTPAIIUH XJIaJareHTa

Balia MCIIAJIKH u

Figure 4. The dependence of the size of liquid
aggregates on the peripheral speed of the mixer shaft and
the concentration of refrigerant
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L, mm = -1,6885+0,4358"x+0,9692*y-0,0081*x*x-0,0086"x*y-0,1472*y*y

-
. <4
M <2

| <0
<2
W<

Pucynox 5. 3aBucHMOCTD pa3mepa XKHIKHX arperatoB
oT BPEMECHU nepeMenIMBaHusd nu KOHIICHTpalun
XJlagareHra

Figure 5. The dependence of the size of liquid
aggregates on the mixing time and the concentration
of refrigerant

PesyabTaTel 1 00cyxneHne

N3 pucynkoB 3—5 BHIHO, YTO Ui TOTO
4TOOBI 00ECTIEYUTh TPEeOyEeMbI pasmep >KHIKHUX
arperatoB HeoOXOJUMO YCTaHOBHUTH OKPYKHYIO
CKOpPOCTh Bajla MEIIAJKH B mpeaenax 3-5 m/c,
IpU 3TOM BpeMsl CMEIIEHHUs cocTaBisieT 7-8 c,
a KOHIIeHTpanus xnanarenra 17-23%.

Y4uThIBas, 4TO BCE UCCIEAyeMble (PaKkTOphI
OHO3HAYHO BJIMAIOT Ha BEJIMYUHY O KUIKHX
arperaroB, OBIIO TPOBENEHO WCCIIEOBAHUE TIO
OTIpeIeTICHUIO ONTHMAJBHBIX YCIOBHH Ipoliecca
(meTomom Xappunrrona) [8—10].

Jng onThMu3anuM TIporiecca BEIWIHHBI
BBIXOJIHBIX MTApaMeTPOB NpeoOpa3oBaHbl B Oe3pas-
MepHyto mkany jkenateiabHocTH d (di— BBIXOJ
rOTOBOT'O MPOJYKTA).

Jiig  ONEeHKHM TONydYeHHBIX PacUYEeTHBIX
JaHHBIX BOCIIOJIB3yeMCsl KOJIMUECTBEHHBIM, YHUBEP-
CaJbHBIM IIOKa3aTelieM KadecTBa — OOOOLICHHON
¢yukmmei xxenarensaocTr D. [lo MmakcumansHoMy
3HAYeHHUI0, KOTOPOTO MOXKHO OMNPEIENUTh OMNTH-
MaJIbHBIE TTapaMeTphl IpoLecca.

CornacHo gopmyie:

Y=b0+Zbi +Zb,kxxk+z X2 (1)

rae Do — cBOOOMHbIN UlieH ypaBHEHUSI, KOTOPBIA Mpe/-
CTaBJISICT CPEIHIOI BEIHYUHY OTKIHMKA MPH YCIOBHH,
YTO HCCIeLyeMble (aKTOPhI PACIIONATAOTC Ha Cpell-
HHX, «HYJIEBBIX» YPOBHSX; I, K — HHIEKCH ()aKTOpOB;
bi — koadhpuimenTHI Mpy TMHEHHBIX WieHax; bik — koad-
(hurMeHTsl ABYX(aKTOPHBIX B3aUMOJICUCTBHUA, KOTOpPHIC
MOKA3bIBAIOT N3MCHEHNE CTCIICHU BIIMSIHHS OJHOTO (ak-
TOpa Ha BEJIMYNHY U3MEHEHHUs Apyroro; bii — kosddurm-
SHTBI KBAAPATUYHBIX IP(PEKTOB, KOTOPBIE MOKA3BIBAIOT
HEJIMHEHHOCTH BBIXOJHOTO TapaMeTpa OT paccMaTpHBa-
eMBIX (haKTOpOB.
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Cucrema ypaBHEHUH 1Jis1 onpeaeneHus bg U
D1 1S BeNMUYMHBI )KUAKMX arperatoB MPUMET BUJ:

1,51 = b, + 0,86b,;
- 0,46 = b, + 5,053b,,
rae 0,86 — myumiee 3navenue aust Y1 (%); 5,053 —
xyauree 3HaueHue i Y1 (%).
~0,47 ub = 1,91.

B paccmaTpuBaeMoM citydae JaHHOE ypaB-
HEHUE MOKHO OTPaHHYHTH BBIXOJHBIMH ITapaMer-
paMH CIEOyIOWEro BUAA Y <Ymax wimm Y > Ymin -
IIpenmourutensHoll popmoii mpeobpazoBanus Y
B 0 CITy)KUT IKCTIOHEHIIUAIbHAS 3aBUCHMOCTb:

d =exp[-exp(-Y )], 2
rae Y =b,+bY.

Orcrona b, =

YacTHbIe PyHKIMH UMEIOT CIIEAYIOIINI BUI:
d, = exp [— exp (0,47 -1, 913/1)]. (3)

3HaueHUs YaCcTHBIX (DYHKIUI jKeIaTelbHO-
CTH JUTS BCEX TOUEK TUIAHA, OTPEICICHHbIE 10 3TUM
¢dopmynam, mpuBeieHb! B Tabnwmie 3.

Tabauna 3.
3HaveHus yacTHBIX QyHKIMH 1 0000IIeHHON
(YHKIMH KeTaTeTbHOCTH KaXK0T0 OIbITa

Table 3.

Values of particular functions and the generalized
desirability function of each experience

Ne X1 Xs X3 D

1 -1 -1 -1 0,997645
2 -1 -1 1 0,999897
3 -1 1 -1 0,953769
4 -1 1 1 0,986137
5 1 -1 -1 0,994264
6 1 -1 1 0,999878
7 1 1 -1 0,839490
8 1 1 1 0,975228
9 -1,682 0 0 0,999820
10 1,682 0 0 0,999636
11 0 -1,682 0 0,999753
12 0 1,682 0 0,733666
13 0 0 -1,682 0,750317
14 0 0 1,682 0,996823
15 0 0 0 0,998818
16 0 0 0 0,998818
17 0 0 0 0,998818
18 0 0 0 0,998818

Harnsanoe npencrasnenue 3HaueHUH 0000-
HICHHON (DYHKIMH KETATEIbHOCTH TPEJICTABICHO
Ha pUCYHKe 6.
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1200000

3akiouenue
R I e e B Xome TPOBEOCHHBIX HCCIEIOBAHMI
- \ MOYHO CJI€JIaTh BBIBOJ, YTO (DYHKIIHS JKeJIaTeb-

Hocth D, xapakrtepusyromas aJeKBaTHOCTb
NOJTYy4EHHBIX 3HAUYEHHH HMeEeT OHKCTPEeMyM B
- oneite 12 u paBuo 0,733666. B ocHoBaHuu
JAHHOTO pe3y/lbTaTa ONTUMAIbHBIMU CIEAYET
CUUTATh MAapaMETPhl: OKPY’KHasi CKOPOCTh Baja
oot +—+ - S — MeEIIaJKyd B Ipenenax 4 M/c, Ipu 3TOM Bpems
e HepeMEeLINBaHusI COCTABISET § C, @ KOHIEHTPALHS
xnazgarenTa 20%.

0,600000

Pucynok 6. O6o01menHas GpyHKus xenareapHocT (D)
Figure 6. Generalized desirability function (D)
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