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AzoTtanus. B cratbe paccMOTpPeHO IIPOBe/ieHre MOJTHOTO (akTOPHOTO 9KCIIepUMEHTa TUIIA 2 B CTEIICHN <K».
IKCMEPUMEHTHBIN TITaH GBI PETUTUIIMPOBAH MTPOBEIEHNEM IBYX TTapa/lIeIbHBIX OMBITOB. [IpoBepeHa Tumore-
32 BOCIIPOM3BOANMOCTH OIIBITOB, KOTOPasl MOATBEPANIA (HAKT OTCYTCTBHSI HEOOXOAMMOCTH MIPOBEIEHNUST T10-
BTOPHOTO 3KcIiepuMeHTa. lIpejicTaBieHa SMUTAIIMOHHAS MOIesib. MeTOIOM HAaMMEHBIIMX KBaJAPaToB ObLIK
Haiizensl Koaddumentsr ypapuenus perpeccun. Koaddurmentsr ypagHeHus GblM NPOBEPEHbI HA CTATUC-
TUYECKYIO 3HAYNMOCTD, 2 MOZIEeJIb Ha a/IeKBATHOCTb. AHAJIN3 MOJEJIN TT0Ka3al 3HaYMMOCTDb He TOJIbKO JIMHEMH-
HBIX 9¢(}eKTOB, HO W TTAPHBIX B3auMOJeHCTBHUI (akTopoB. BelTa ycTaHoBIeHA COBMECTUMOCTD 3(h(eKToB.
JList IOy IeHusT IOTIOTHUTETLHON WH(MOPMAIINHT O Pe3yIbTaTaX dKCIepPUMeHTa OBIT TIPIMEHEH METOJT JTNHE -
HOIl MHTEPTIOJISIIUY KCIIEPUMEHTAIbHBIX [aHHbBIX, OblJIa TOCTPOEHA MOBEPXHOCTh OTKJIMKA, a TAKXKE [BYMEp-
HBIE CEYEHHS MOBEPXHOCTH OTKJIMKA.
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AnHoTamis. Y cTaTTi PO3IJISTHYTO MPOBE/IEHHST MTOBHOTO (DAaKTOPHOTO €KCIEPUMEHTY THUILY 2 B CTYIEHI <K».
ExcriepuMeHTHUIT T71aH 6YJ10 PEIUIIKOBAHO MTPOBEAEHHSAM ABOX MapaebHuX A0caiaiB. [lepeBipeHo rimoresy
BiZITBOPIOBAHOCTI ZIOCIIIB, SIKa MiATBEpANIIA (HaKT BiZICyTHOCTI HEOOXiMHOCTI MPOBEAEHHS MOBTOPHOTO €KCIIEe-
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Abstract. The article considers the conduct of a full factorial experiment. The hypothesis of the
reproducibility of the experiments was verified, which confirmed the fact that there was no need to conduct
arepeat experiment. The emitting model is presented. By the method of least squares, the coefficients of the
regression equation were found. The analysis of the model has shown the significance of not only linear
effects but also of paired interactions of factors. The response surface is constructed, as well as the two-

dimensional cross sections of the response surface.

Keywords: factor experiment, furnace arch, least squares method, model adequacy, linear interpolation.

Before the development of the experiment plan on
the basis of a priori information, the factors influ-
encing the strength of the archway (P, kN) were
identified, such factors include: coefficient depend-
ing on the temperature under the roof in the reac-
tion chamber of the furnace (k), the span of the arch
(B) and the ratio of the boom lift (f) to the span (B)
(fig. 1).

The frameworks of the furnaces of glassmaking
production are calculated on the basis of the spacer
efforts created by the arch [ 1—4]. Calculation of the
arch spaceris based on the most difficult case, when
thearch becomes exposed under the influence of the
temperature expansion of the inner layers (fig. 2, 3).

The most crucial moment of redistribution of
forces in the elements of the metal frame system of
glassmaking furnaces falls on the period of putting
theminto operation [5]. The rise in the temperature
regime leads [6] to the appearance of an additional
growth of the lining and an increase in the expan-
sion of the arch of the furnace [7-10]. The maxi-
mum coefficient of thermal expansion isinherent in
the dinasrefractory, which forms the arch of the fur-
nace and lies within 11,5-13,0-1061°C [11,12].

It is believed that with a mass of the arch g, a
load equal to half the mass of the arch, applied to the
middle of the rod, will act on each rod [13]. Then
from the equality of the twisting moments with re-
spect to the support point A it follows that:

g1_p ,whence p— 8%, (1)
2 4 8h

where % —arrow of the arch in m;

L —span of the arch in m;

g —massof thearch between the postsin t;

P — expander of the arch.
As can be seen from equation (1), the expansion of
the arch is greater the greater the relative value of
theboom and the smaller the central angle. The heat-
ing casing expands and creates additional pressure
on the heels. To take this pressure into account, the
calculated value P at the temperature under the roof
of the furnace to 900 °C is multiplied by 2, up to
1 000 °C multiplied by 2.5and up to 1 300 °Cby 3,
and to 1500 °C by 3.5.

To obtain statistical data, more than 30 glass-
making furnaces were inspected. On their basis,
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Figure 1. Cross section of the reaction chamber: B —
chamber width, m; H — chamber height, m; f — arch

lifting boom, m; R — boom radius arch, m; a — the
central corner of the arch, m.
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Figure 2. Arch spacer.

regression dependences of the constructive deci-
sions of glass furnaces have been constructed. Graphs
of regression dependencies are presented in figures
4—6. The position of the center of the arch circumfer-
ence can be found by the formula (2):

1

R=gp (B ear?). @)

The central angle acan be expressed by the for-
mula (3):

2f
TFar)  ®

Cross section of the arch:

a =4arcsin

Tah
S =—-=.(2R+h
LT R L) (4)

Main part

These factors are characterized as quantitative, since
they are given by numerical values that determine
possible areas of change of the parameter under con-
sideration [14—17].

When constructing amathematical model, a tran-
sition from the actual (natural) value of the factor
to the coded (standardized) oneis made.

In constructing a mathematical model, a transi-
tion from the actual (natural) value of the factor to
the coded (standardized) one was carried out, ac-
cording to the formula (4):

A 4
X, = )
' Ax; )

J

where x, — the normalized value of the factor;
x. — the natural value of the factor;
Xy — the main factor level;

Ax,— the factor variation interval.
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Figure 3. Scheme of calculating the arch spacer.

The designation of the relevant factors, as well as
their coding, are presented in table 1.

The implementation of the full factorial experi-
ment (PFE) with the variation of all factors at two
levels required 23 experiments. In order to evalua-
te the pure error of the experiment, the plan was
replicated. According to the Cochran distribution
table, with a significance level of &= 0.05, the crit-
ical value of the Cochran test was determined, and
Ger = 0.6798 was obtained. Since Gp <Ger, the hy-
pothesis of homogeneity of variances is adopted,
thus, there was no need for a re-experiment.

After carrying out the experiments, an imitation
model was constructed at all points of the factor
space and the coefficients of the regression equation
were found, for which the least squares method was
used.

The simulation model is presented in the form

)
k k k
Y(,00,2) =by + 2 bx, 42 D byxx;, (5)

i=1 j=itl
where b, — free term;

b, — factor with linear terms, reflecting the in-

fluence of the i factor on the response function;

b, — coefficient of the terms that represent the

pairwise linear interactions,

k — the number of input parameters.

The resulting coefficients of the regression equa-
tion are presented in table 4.

The importance of regression coefficients was
checked. A variance of reproducibility was prelim-
inarily determined (dispersion of the response), =
44,05. The variance of the coefficients of the re-
gression equation (6) was:

2

S
S} === 2.753153, 5, =S =1.659263, (6)
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Figure 4. Dependence of the width of the chamber (B) on the height of the furnace chamber (H).
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Figure 5. Dependence of the width of the chamber (B) on the boom lift (f).
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Figure 6. Dependence of the boom of the arch (f) from the boom radius (R) and the central angle of the arch ().
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Table 1. Coding of FFA-2k factors

Ne Code The physical meaning of the factor Interval Levels of factors
-1 0 +1
Coefficient k, depending on the
! X temperature under the arch 0.75 2.00 275 3.50
2 X, Span of the Arch, B, m 2 4 6 8
3 X5 f—ratio of boom lift to span B, m 172 1/10 1/8 1/6
Table 2. Value of coefficient & depending on temperature
The temperature under the arch control under from 900 to from 1 000 from 1 300
thermocouple, 7, C 900 1 000 to 1 300 to 1 500
Coefficient k 2.0 2.5 3.0 3.5
Table 3. The matrix for planning the experiment of the FFE with allowance for the interaction of factors
State variable
Factors (response, R), kN
Ne (coded values) } )
Experiment 1 | Experiment 2 Average
X0| X1 | X2| X3 | X, Xa| X3 Xs| Xo X3l Xi Xo X5 Y, Y, Yav
1| + + + | + + + + 160.570 142.731 151.651
2 |+ - + | + - - + - 91.755 81.560 86.658
3 + - - + + - - + 46.887 41.677 44.282
4 | + + - |+ - + - — 82.052 72.935 77.494
5 1 + + - | - - - + + 128.860 123.706 126.283
6 | + + + | - + - - — 254.100 243.943 249.025
7| + - + | - - + - + 145.200 139.396 142.300
8 | + - - | - + + + — 73.634 70.689 72.161
Table 4. Coefficients of regression
by b; b, bs by b3 bas D123
118.73 32.38 38.67 -28.71 10.54 -7.83 -9.54 —-2.60

where n — the number of experiments (variants);
m — the number of parallel experiments.
The value of the confidence interval for the regres-
sion coefficients was found. According to the Stu-
dent’s distribution table with the significance le-
vel = 0.05, the theoretical value of the Student’s
testisequal to 7, s = 2.31, whence Ab. = 3.832 897.
From the comparison of the confidence interval
Ab; with the absolute values of the model coeffi-

cients it follows that the coefficient is insignifi-
cant and since all the coefficients of the equation
were evaluated independently, the elimination of
the coefficient Ab,,, from the equation does not
lead to a change in other estimates and their vari-
ances; therefore, it can be excluded from the equa-
tion, the remaining coefficients are significant.
Thus, the final regression equation can be written

in the form (7):
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Pmoay = 118.7322+32.38152x, +
+38.67675x,28.7106x, + )
+10.54821x,x,7.83016x,x,9.54353x,x;.

The results of calculating the output parameters
from the equation of the obtained model are given
in table 5.

The adequacy of the obtained regression equa-
tion to the experimental data was verified with
the help of the Fisher test, for which the deviation
of the output quantity predicted by the regression

Table 5. The results of calculating the output parameters
from the equation of the obtained model

average model
-)_}L]? Ymod
151.65170 154.2538
86.65813 84.0548
44.28252 46.8846
77.49441 74.8908
126.28320 128.8862
249.02580 246.4232
142.30040 144.9034
72.16183 69.5592

equation from the results of the experiment at var-
ious points was estimated. According to the Fish-
er distribution table, with a significance level of
a=0.01, the critical value of the Fisher criterion
is found to be F_, =5.32. Since F, <F_,, the hy-
pothesis of the adequacy of the model obtained is
accepted [17-20].

Figure 7. The response surface for k=0.

Anatoliy Yugov, Anna Ihno, Tatiana Zhmykhova, Sergey Titkoo

To record a mathematical model in real physical
quantities, a reverse transition from a standardized
scale toa natural one ismade, thus, the final form of
the model (8) is obtained:

oty =118.7322432.38152 k(-)27.25 +38.67675% x

f£1/8

«28.7106 k-275B-6
172

+10.54821
0.75
k275 f1/8 (8)
075 1/2
B-6f1/8

x9.54353 ————.
2 1/2

x7.83016

To record a mathematical model in real physi-
cal quantities, a reverse transition from a standard-
ized scale to a natural one is performed, thus ob-
taining the final form of the model (9):

b =7.1575475+3.59252k +1.19289B +

mod.y (9)
+57.25998 f +7.03214kB20.88kf 9.54353 Bf .

Figures 7-9 show the response surfaces, where
Y (R) is the response function.
The response function will then have the form
(10):
$(B, )="7.16+1.19B+57.26 9.54Bf. (10)

The response function will then have the form
(11):

Sk, )=7.16+3.59k +57.26 £20.88kf.(11)

The response function will then have the form (12):

Sk B)=7.16+3.59k +1.19B+7.03kB. (12)
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Figure 8. The response surface at B=0.

Figure 9. The response surface at f=0.

Conclusions

The hypothesis of reproducibility of experiments
is checked. She confirmed the fact that there was
no need to conduct a repeat experiment. The analy-
sis of the model has shown the significance of not
only linear effects but also of paired interactions of
factors. Moreover, the span of the arch B exerts a
stronger influence than the coefficient k, and the

ratio of the boom lift of the arch fis even less signif-
icant, compared to the previous 2 factors. Signifi-
cant were 2 coefficients from three joint factors.
Compatibility of effects was established, with the
strongest joint influence of factors (X, and X,). It
was revealed that the joint influence of the 3 factors
on the response function does not influence.
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IOroB Anatosmii MuxaitioBu4 — OKTOp TeXHIMUECKUX HayK, mpodeccop; 3aBexylomuil Kabeapoil TEXHOJIOTUN U
opraruzanuu crpourenabctBa TOY BIIO «/[oHb6accKas HallMOHAJIbHASI aKaJleMUsl CTPOUTEIBCTBA U aPXUTEKTYPbI».
Hayunsle nHTepechl: IPOEKTHPOBAHUE, MOHTAX, HKCILIYATAIUs, TEXHITUECKasT AUAaTHOCTUKA, OIleHKA TEXHUIECKOTO
COCTOSTHUSI, PEKOHCTPYKIINS, YCUIEHIE M JeMOHTX CTPOUTEIbHBIX METALINYECKUX KOHCTPYKIUH, TEXHOJIOTHUS 1
opraHuzanysi paboT MPU CTPOUTETHCTBE W PEKOHCTPYKIINY 3aHUN U COOPYIKEHHIA.

Nxno Anna BraaumupoBHa — accucTeHT KadeApsl TexHOJIOTNN U opranmsanuu crpoutenscrsa [OY BIIO «/lon-
Gacckasi HAIMOHATBHAST AKA/IEMUsI CTPOUTEJBCTBA U apXUTEKTYPbl». Haydnble HHTEPECH: IPOEKTUPOBAHNE, MOHTAK,
9KCILTyaTalus, TeXHUUECKasl ANArHOCTHUKA, OI[eHKA TEXHUYECKOTO COCTOSIHUSA, PEKOHCTPYKIUS U YCUJIEHUE CTPOH-
TeJIbHBIX METAJIMYEeCKUX KOHCTPYKIMIA, TEXHOJIOIUSI U OpraHu3aius paboT MpU CTPOUTENbCTBE U PEKOHCTPYKIMU
3/1aHUH U COOPY>KEHUI.

/Kmeixosa Taresaa BaagumupoBHa — KaHauAAT GU3NKO-MaTeMaTHIeCKUX HAayK, OIEHT kadeapsl BBICIIEN MaTeMa-
tukn 1 uadopmaruku [OY BIIO «/lonbacckas HAMOHATbHAS aKaJeMusi CTPOUTENTbCTBA U apXUTEKTypbi». Hayd-
HbIe MHTEPeChl: aKTyapHas 1 (pUHAHCOBasI MaTeMaTHKa, cToXacTndeckue auddepeHIatbHble yPaBHEHUS U UX TIPU-
JIOKEHUS, TPUHSTHE PeleHIH B YCIOBUSIX HEOTIPeIeIeHHOCTH, MO/l (DyHKIIMOHNPOBAHMS CTPAXOBBIX KOMIAHWH €
(bmHAHCOBBIM WHBECTHPOBAHUEM.

Turkos Cepreii OneroBny — acrpanT kadeapbl TEXHOJIOTUU U opranusainuu crpouteibersa [OY BIIO «/lonbac-
CKasl HAIIMOHAJIbHAS aKaJIeMUs CTPOUTENBCTBA U apXUTEKTYPbl». Hayunble nHTEpECH: BO3Be/IeHIIE T PEKOHCTPYKITHS
MIPOMBITIIIEHHBIX COOPY KEHHIH.

IOroB Anaromiiit Muxaii;loBuY — JIOKTOp TEXHIYHUX HayK, podecop; 3aBisyBayu Kadenpu TexHosorii i opranisarii
6ynisauirea JJOY BITO «/lonbachka HarioHaIbHA akazieMist OyAiBHUIITBa i apxiTekTypr»>. HaykoBi iHTepecn: mpoex-
TYBaHHS, MOHTK, eKCILTyaTallisl, TeXHiYHA JiaTHOCTUKA, OI[iHKA TEXHIYHOTO CTaHy, PEKOHCTPYKILisl, MTOCUJIEHHS Ta
NEeMOHTaK Oy/IiBeJbHIUX METAJIEBUX KOHCTPYKILiii, TEXHOJIOTIS i opraHisaiist po6iT mpu OYAIBHUIITBI i PEKOHCTPYKIILT
GyIiBEJIb i CIIOPYIL.

Ixno Tanna BoaoaumupiBHa — acucteHT Kadeapu Texuosorii i opranizariii 6yaisuuirsa JOY BITIO «/lonbachka
HaIlioHaJIbHa aKkajieMis OyAiBHUIITBA i apXiTekTypu». HayKoBi iHTepecH: MPOeKTYBaHHs, MOHTasK, EKCILTyaTallis, TeX-
HiYHa JIarHOCTUKA, OIliHKAa TEXHIYHOTO CTaHy, PEKOHCTPYKIIisI Ta MiICUICHHs OYIiBebHIX METAaJIeBUX KOHCTPYKIIi,
TEXHOJIOTisI Ta OpraHisallist pobiT mpu GyIIBHUITBI Ta PEKOHCTPYKIIii Gy/IiBEJb Ta CIIOPY/I.
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Kwmuxosa Terssna BonogumupiBHa — KaHauaaT Gi3nKo-MaTeMaTUYHUX HAYK, JOIEHT KadeApy BUIIOI MaTeMaTHKU
ta indopmaruku [[OY BIIO «/lonbacbka HalioHasbHa akajeMist OyaiBHUITBA i apxiTexkTypu»>. Haykosi iHtepecu:
aKkTyapHa i (piHaHCcOBa MaTeMaTHKa, CTOXaCTUYHi AuepeHIlianbHi PiBHAHHS Ta X 3aCTOCYBAHHS, IPUIHATTS PillleHb
B YMOBaX HEBM3HAUEHHOCTI, MOZiesi (GYHKI[IOHYBaHHS CTPAXOBUX KOMIIaHIH 3 (PiHAHCOBUM iHBECTYBAaHHSIM.

TirkoB Cepriit OneroBuy — acripant Kadenpu textosorii i oprauizaiii 6yaisauirrsa JOY BITO «/lonbacbka Haiio-
HaJIbHA aKajeMist OyiBHUITBA i apXiTeKTypu». HayKoBi iHTepecH: 3Be[IeHHS i PEKOHCTPYKILSI IPOMUCJIOBUX CIIOPYL.
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