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Abstract

This article aimed to improve the operating conditions in drying aluminium holding furace in which cracks occur
by evolutionary operation. The 22 Full Factorial Designs were performed with a center point which was used as the
starting point for the experiment at 760°C for a 48-hour holding period, and then gradually changed the factor level
while continuing normal production. The results showed that the optimum operating condition was at 780°C with a
holding time of 56 h. This was better than that adjusted by the production department at 820°C with a holding time of
24 h because mass of drain water from the furnace increased from 52 kg to 74.8 kg and relative humidity inside the
furnace reduced from 10% to 4.20%. Moreover, it was better than the original operating condition before improvement
at 700°C with a holding time of 72 h because the holding time was reduced from 72 h to 56 h and no crack problem
was found. Mass of drain water was close to the standard at 76 kg and relative humidity inside the furnace was not

more than 7%.
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wvasudasanigluaiomde auaziviedeainufiam
Wamasulnenss 2) siesia3oatdu (Cold chamber
casting) i maoxlildAndatuiniomdeda Tangazgn
vasumadegluilugnesnainiedomasin lanzivan
RN uiesiaiduifaicmensyule (Ladle) [3]
dmiumvasuiiuisny waaliiugnén Aeten
vaouildfuiaiomaednviinvioundoaduildlninly
nslimwsouguihegiifien (Holding) warldnssuae

lunsanuregiliies (Figure 1)

Figure 1 Aluminium holding furnace
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Figure 2 Internal crack of furnace
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Figure 3 Fish bone diagram demonstrating possible

causes of cracking in furnace
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Figure 4 Why-Why Analysis for finding the actual

cause of cracking in furnace
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Figure 5 Furnace drying operating conditions modified by the production department
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Figure 6 Mass of drain water and relative humidity

reference standard
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HauLa5a¥anialu (Conventional Castable) & 13
waalfeuegiiiunduudiludiussaiundn (Based
Binder) ApunIanulvnauiadausznoudlvdiunas
seninadiningueu (Aggregate) 79 wt% ABUNIRST L
15 wt% hagCA14M (Calcium Aluminate Cement) 6
wto dnlnanfutiaudnsdiuiiguantmunlily
Turfundndaidielinisinasifuasiresenisnde
ADUNIA

2.1.2. gunsal

gunsaillun1s39e Téun

~wwaeu Iannsuauaeunianuliiui
warthlumaslunuunasimirasu (Furnace formwork)
LaUNABUNIA (Concrete curing) ﬁqm‘wqﬁ 80 93"
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wanaanidusveviiasyana 1y (Figure 7)

Figure 7 Furnace formwork (a) and Concrete curing (b)
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Figure 9 Thermocouple and heater
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AW NayuRddieaNdSIRen1uaRIAUARLY
Taglifmuaanuzsmihiia (8] islvideyaiBsdnlunis
auuiamany tnefidmaneieaniialuniseuuis
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NFIDINBAAIAMUAALTAULAYITUNITOUIA

o o

wivaeuud asulaindadenidmasdeniseuuianvasy
unfigeil 2 Yadufe gungil (Temperature, Te) fu
svezalumsound (Time, T) Tnefinanouiio wat
#9a1nmvany (Mass of Drain Water: Alan¥u) fuan
PTG (%RH) flgaumgdl 100 esrnwalTea
Table 1 wansgasvastladeiildluniseuuis
nsivunAEaReusazilady uazdrveiladely

Asaiunseg1 R TN sAfnualaefiua EVOP

Table 1 Process factors

Factor Range Baseline EVOP
setting Range

Te (°0) 700-820 760 750-770
Ti (h) 24-72 a8 44-52

910 Table 1 azwiuldiudazdadedl 2 szdu
Tnodmuslidgnisogiianinatmesastafeilily
n1seuwtis fadu Seldnisvaassunave Seaauysal
2 5eéu 2 Yadesamgeananansunainsununisveaes lag
$ruseunsneassiieliliindinsasuuasdeuly
asaiunuegrefidediny aunsauszunalameiuu
N19A1L8UN1998193TUINT (EVOP Worksheet) & 5
daufie 1) n1sFuaALads (Average Calculation) 2)
MsAUINNANIENU (Effects Calculation) 3) N1SAIUIN
ﬁhlﬁmwummgwu (Standard Deviation Calculation)
4) N15AUINTATIAAAITIURANAIA (Error Limit
Calculation) 5) n156 adula (Decision Making

Procedure) [10]
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INADUANAINUNLIBLAY 1, 2, 3, 4, 5 (Figure 10) Iy
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Figure 10 Experimental order given by Box [11]
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AoAAdedtY Innocentini et al. [12] #ildna il Ay
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Figure 11 Temperature and relative humidity
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A1sneasskazUssunuNansenullssuiisuiulndinng
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é’hﬂizmu‘mﬁﬂﬁvﬁﬂmﬁqqmmqﬁ 20 - 1300 996"
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msdsuladusiuunnideliiandgm 2
Usen13he 1) n1suanszilaniengnseurednouninly
FEVINMIDUWAL 2) iaanmsuansziinvsengasouss
iiAnYesinseurdnnsgnuIAiLazyiivigadeaiu
udauss (141 adifidvadluluduudagviliaany
Arununisianseulazauudawsmaauiou (Hot
Strength) anas Inglusznineiiviiniseunianziinnis
LﬂﬁﬂuLWaﬁuideﬁqumﬁ 538-982 aeANALTYA
aurlianuudausadanaanas [15] fadulusewingag
gumgiifana1n SemsifiuanusesiasyTluniseuuis
Taonsifisgumiiedsdeeidudely
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Wngaungiogisnnuassiuiivivla fiunusdidumsedis
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a
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Tagrmuslsifinsiasundasszivvesdadeluiiazdes
Fefunsdiiunsesnaifaninissoud 1 wad
1 Fsimuadeulvnsdidunuiigumgd (Te) 760 aaen
walsauazszeziailuniseund (T 48 Falusliieg
nueay 1 §09ugaRNA1IILHLN1TNARBILUY
wiavaivaauysal 2 seavu 2 Jade lnesaunimaass

%ﬁuqmLﬁam"wmwmaaqlﬂmwmaLam 1,2,3,4,5

Ay TufinAwanaunlatnfanmnasy (Mass
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uErdeetuinAranududuing (%RH) fgamad 100
osneaifsandiunougrendluidudaly
Bunnnstuiinuaneuiatfisannnvastas
TuwdunsiifiunisedadTanisseuusnivail 1 deu
(Figure 12) Tnefivaneseunsnazhifimsfunadudeauy
1MS1U [13] dUNANTENULALBURTATENTENINNQUNN
LAEITHTLIAINITOULTAIUINNIDUNITNABDILUU
wiAnaSaauysal 2 sz 2 Yady
Wlesnniivanesevusniles feldfinnsusyana
HansEMUUSBUT B URUTRsnRnLRanan 95% sty
Fedslianunsadadulasniiunisegslaedramieiu
Geulunmsanfiuauld Sademeassielulusoud 2
dlevinismaassluseudi 2 wiadi 1 HAdzgN
Yuiinasluurunisafiunisegradiaunnissnadmils
(Figure 13) fvaneseviiiannsafinzUsyanarnii
RANAIAYDINANITNAADILATUTTUIUNANTENU
Wiguileuiuladinvesnnuianain 95% auad
iosanuansenunSunsisenseningsesian
fugamgiiluniseuus (Ti x Te Interaction Effect) 3iAn
Wuuan (0.77) 67@14mnﬁmmL’JaWLLazqmuqﬂumiaU
windouiu einavilvinatieanmvaeiindu el
wnhinathieanmvasy Avuiinldmumneay 1,
2,3, 4,5 laun 70.9, 70.6, 71.8, 69.5 wag 70.0 (Figure
13) lWwWSeuiisuiuan 52 Alansu (Figure 5) aziiula
Fnfidmnnituratiieannmnaeuaiuiioulunis
AnHuur s uNEs
yenaIndnansznuainn1sasunlans
Aade (Change in Mean Effect) fiianduau (:0.23) &4
wanslfifiudndruldsvesiuiananauiduuuuain
(Convex Surface) uifasvuafilngninveswanseny
w&n (0.38, 0.52) l§5liAuIAgegaueautathiiaan
wvaeudsnseginsaniteulunmsindunuiimngas
Wesnlddnansznulaiunindadifaainy

] 1

Annatnvesiu Julululinnasssasdidndugud [13]

4 '

wzAnudagn1eluyie 0.38+0.85 way 0.52+0.85

U
o

(Figure 13) sredudsldsndudpauvdsunlaadoulunis

sdunukalivinisveassisllluseuit 3
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770°C 5) @)
760°C ty
Js0c o2 @)

44hr 48hr 52 hr

Phase: 1
Cyce: n=1
Response: mass of drain water (kg)

Calculation of
Calculation of Averages Standard Diviation

Operation Conditions

T @ TR @ TG

(i) Previous Cyde Sum
(it) Previous Cycle Average
(iif) New Observations
(iv) Difference [(i) - (ii)]
(v) New Sums [(i)+ii)]
(vi) New Averages [ = (v)/n]

Previous sum 5=
Previous average 5=

70.6 70.2 70.8 70.5 70.3 NewS =range X fon =
Range of (iv) =

70.6 70.2 70.8 70.5 70.3 Newsum5 =

70.6 70.2 70.8 70.5 70.3 New average 5=

New sum §
n—1 N
Calculation of Effects Calculation of Error Limits
Time effect = %1(373"'?4‘?:‘.?5} = 0.4
Temperature effect =5{'_}_=3:ri5—372—}_=4) = 0.2 For New average 3 %s:
Ti X Te Interaction effect= - (¥2+73-7-7s) = 01 For New effect = 5=
Change in mean effect= é(?z+?3+}_’4+375—4371) =-0.12 For Change in mean = %s:

Figure 12 EVOP Worksheet Cycle 1 Phase 1 when the response was the mass of drain water from furnace

770°C 15 B
. (1)

760°C ®

7500c &2 )

44 hr  48hr 52 hr

Phase: 1
Cydle: n=2
Respond: mass of drain water (kg)

Calculation of
Calculation of Averages Standard Diviation

Operation Conditions

WT@TEe "M@ o

(i) Previous Cyde Sum
(it) Previous Cyde Average

70,6 70.2 70.8 70.5 70.3Previous sum 5=
70,6 70.2 70.8 70.5 70.3 Previous average 5=

(i) New Observations 70,9 706 71.8 69.5 70.0MNewS =range X fzn = 0.60
(iv) Difference [(ii) - (ii)] 0.3 04 1.0 1.0 0.3Rangeof(iv) = 2.00
(v) New Sums [(i)+(ii)] 141.5 140.8 142.6 140.0 140.3 New sum S = 0.60

(vi) New Averages [¥; = (v)/n] 70075 704 713 70 70.15 New average 5=
New sum § 0.60

n—1
Calculation of Effects Calculation of Error Limits
Time effect = (Fs+¥sF27s) = 0.38

Temperature effect:—l{}‘=3+j5-jz-§4) = 0.52 For New average H %S: 0.85
Ti X Te Interaction eﬁ‘zect = %072+j3-i,-§5) = 0.77 For New effect = 5= - 0.85
Change in mean effect = §(§2+§3+f4+?5—4371} = -0.23 For Change in mean = ;,—?S =0.76

Figure 13 EVOP Worksheet Cycle 2 Phase 1 when the response was the mass of drain water from furnace

Figure 14 WAAINANIZNUVDITOUN 3 tWafl 1 &9 Louds Tnedmananiazsunisaniun1sed1a3imuinig
a a Ila a o o ' a v & = £ a
finansznuannawazauniiluniseuudiiuindiin walvdsaugai 3 Aauuiad Te = 770 serwaildoa
anufanarnvewiuudy Judululifinasseazliiandu way Ti = 52 HlundugaiinasnsInisaaswuy
Aud insrzagudliognieluyis 0.50£0.48 uay wiaveiFuaauysel 2 szav 2 Jadelumadaly (wa 2)

0.80+0.48 Aatiudpulyn1sanfiuaudealsiudsundas
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F70°C @) N @)
260°C o Cycle: n= 3
750°C 2) @)

44hr  48hr 52 hr

Phase: 1

Response: mass of drain water (kg)

Calculation of

Calculation of Averages Standard Diviation
Operation Conditions "wTE@ T3 TE Te

(i) Previous Cycle Sum 141.5 140.8 142.6 140.0 140.3 Previous sum S= 0.60
(1) Previous Cycle Average 70.75 70.40 71.30 70.00 70.15 Previous average S= 0.60
(iit) New Observations 71.2 705 726 70.6 71.2 NewS =range X fon = 0.42
(iv) Difference [(i) - (ii)] 045 0.1 -13 0.6 -1.05Range of (iv) = 1.20
(v) New Sums [()+(ii)] 212.7 2113 215.2 210.6 211.5Newsum S = 1.02

(vi) New Averages [V; = (v)/n ] 70.9 70.43 71.73 70.2 70.5 New average S=
New sum 5 0.51

n—-1

Calculation of Effects

Calculation of Error Limits

Time effect =2 (Fs+FisF2-Fs) = 0.50

Temperature effect =2 (Fat¥s-Va-¥y) = 0.80 For New average < %S: 0.48
Ti X Te Interaction eﬁ‘éct = é@z’fﬁrﬁrﬁs] = 0.73 For New effect = 7= 0.48
Change in mean effect =§(372+§3+f4+§5—4§1) = -0.15 For Change in mean = %S =0.43

Figure 14 EVOP Worksheet Cycle 3 Phase 1 when the response was the mass of drain water from furnace

idlennasuniaseud 3 wadl 2 wudimanszny
1NJURIATEITENIIATUgUNIluNITRULY (1.45)
LagnansENUANNsIWABLLUADIALRAL(-0.89) Tl
WINNIMENTENUTENUAALET (0.28, 0.75) Wagindadn
Tndqngegn msznsdsuudasaadesidnduau [11]

Ty

(Figure 15) Faanunsalussydumisieimuadeuly

a

nsddunuivsnzanldfefioumgll 78 ssrnwaidoa
syevaeuLt 56 $alu Inedfldwaneumatifiainmm
nasu 74.8 Alaniu
nanouTidsanisanudaluAsrududuing
fgumnd 100 semwaldea luviuesaidsafudu
MsAnwIRanautnIaInmrasuiildnaluudadnedu
azisuannasvuiinataslundunisaiunisedns
Faurnisluseud 1wad 1 Samvuadoulanis
suiunuruinufunsAnRane e snatinn
wvaey TngiFusuiigumgdl (Te) = 760 ssrnwaidoa
wagsraznatlunIsauwd (T = 48 Halus fivaneian 1
s'z’iaLfluagmﬁmmwaumumwmamLLUULLWW@L’%%
auysal 2 sedu 2 Jads lnwseunismaassazdugaiiie
VARDIAIUMINELEY 1, 2, 3, 4, 5 ALY F9n1sun
nansenuuarsunsiselumausnilduans3luid msne

wilauiuNana Ul AN Vel

dleneasawnaudseud 3 wad 2 nuding
Winduvesgumpiinarsrezinatluniseuut agvinliian
AuTuduinsanas uaziiiesarnnansenuainduns
MRyrszninszezianiugumgiluniseuuy (-0.38) uae
HansznuIInMsiUasuamesrede (0.53) finnunnnii
HansENUNaNuAassa (0.05, 0.02) (Fisure 16) Wiafansan
nswWasunlasradsfidanduuinayldindnldmes
Hufmaneuiduuuunag (Concave Surface) uazids

wWlndgaman [11] daduisaunsadmanisnaassly
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a

ﬁ’mumqaulsuﬁmmxauﬁaﬁqmmﬁ 780 perLwaITud
svuzateund 56 $alue FeliAnanauiedininudy
FUiNS 4.20% gennaneiu Poblano-ojinaga et al. [16]
fuansimansenuansunsisensyninauseiulothfu
nantumsteuleth (3.5) uasranssyuanmsasuudas
Ay (3.0) fanunnimansenundnuraz s (1.833,
2.833) lngldiAmanauaiuudiussnanisanlag
(Flexural Strength) #1 48 N Faifudrsiigausiiirlndein
Wanuredt 47.5 N Fevirldaruisavmanisvaassll
fvuadoulunssiunuiivanzauls uass@enadasiu
Ginting et al. [10] 7l aysahmanseniun150 619
Wannmsluimuateulviimanzaulunisuanefug
wuvIRAefiszezIAatlunsNIL 20 Ui gungiiouuis
65 peAwalTed uayszezianlun1Teunre 130 Uil

TngiuSu1atng 6.90% FadrlnaAMuuisaun 7%
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780°C
(5) (3) Phase: 2
(1) Cydle: n=3
770°C
* Response: mass of drain water (kg)
7600c L12) (4)
48 hr 52hr  56hr

Calculation of Averages

Calculation of
Standard Diviation

Operation Conditions

AT@TeT@

" (5)

() Previous Cycle Sum 146.6 145 1455 142.1 142.1 Previous sum 5= 2.55
(it) Previous Cycle Average 73.30 72.50 72.75 71.05 71.05 Previous average 5= 2.55
(iif) New Observations 733 722 748 716 73.0NewS =range x f5,, = 0.82
(iv) Difference [(i) - (ii)] 0 03 -21 -0.5 -1.95Range of(iv) = 2.35
(v) New Sums [(i)+(ii)] 219.9 217.2 220.3 213.7 2151 Newsum S = 3.37
(vi) New Averages [¥; = (v)/n] 73.3 724 73.43 71.23 71.7 New average G=

New sum S 1.69
n—-1
Calculation of Effects Calculation of Error Limits
Time effect =3 (Fstie-Fa-s) = 0.28
Temperature effect:l{faws-jz-ﬂ) = 0.75 For New average 3 %S= 0.95
Ti X Te Interaction eﬁ%ct = %@2+ﬁ3-f4-fs) = 1.45 For New effect = we= 0.95
Change in mean effect = §(§2+§3+§4+?5—4§1} = -0.89 For Change in mean = %S =0.85

Figure 15 EVOP Worksheet Cycle 3 Phase 2 when the response was the mass of drain water from furnace

780°C

(5) (2) Phase: 2
770°C {P Cycle: n=3
Response: %RH
[ (4)
48hr  52hr  56hr

Calculation of Average

Calculation of
5 Standard Diviation

Operation Condiions T TE T T
(i) Previous Cycle Sum 10.80 11.70 12.30 13.30 13.20 Previous sum S= 1.59
(it) Previous Cycle Average 540 5.85 6.15 6.65 6.60 Previous average 5= 1.59
(iit) New Observations 420 460 420 430 4.30NewS =range x fen = 0.40
(iv) Difference [(ii) - (ii)] 1.20 1.25 1.95 2.35 2.30Range of(iv) = 1.15
(v) New Sums [()+(ii)] 15.00 16.30 16.50 17.60 17.50 New sum S = 1.99
(vi) New Averages [¥; = (v)/n] 5.00 543 550 587 5.83 New average 5=
New sum § 1.00
n—1
Calculation of Effects Calculation of Error Limits
Time effect = 2 (Fa+PsFas) = 0.05
Temperature effect:—l(ﬁaws-ﬁz—ﬂ) = 0.02 For New average = %S: 0.46
Ti X Te Interaction eﬁ‘éct = é@zﬁz-ﬁ,-ﬁs) = -0.38 For New effect = 5= 0.46
Change in mean effect = %(§z+3?3+§4+§5—4371} = 0.53 For Change in mean = %S =0.41

Figure 16 EVOP Worksheet Cycle 3 Phase 2 when the response was relative humidity from furnace

Table 2 Comparison of various operating conditions

Operating conditions Te Ti Mass of Relative Crack
(°Q) (h) drain water humidity
(kg) (%RH)
before improvement 700 72 76 <70 not found
Improved by production department 820 24 52 10 found
Improved by EVOP team 780 56 74.8 4.20 not found

10
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4. unagy
unanuiiunisussgndldnisduiunisedis
Wannsiteuuussdeulunsdndusulimngay
dwmfuniseuuiunvastegiileulagyiliialung
puwsanasiazlivilimavasuunning n1sandunis
a8193TmuInsitunoussiife 1) fasefiuau Evop
2) a$raununisnaass 3) iudeya 4) Iinsiendeya
5) fndule nan153denudn deulalunaseiuaud
WaNzaulniu EVOP Aegumngil 780 avAnwaliyd
szezalunITouRy 56 93lue Tnsmnuieuiisuiu
FouluAnnouviuusuasfouluiiviuuglaginendnas
lansuansly Table 2
sniulgindeulafimunzaudaimuidulag
fiugu EVOP azldszazinataunina 56 4alusuiunda
Reoulafivsudsulaediandniildszoziaan 24 $alus
Tagldvlmmivasuunninn @ennassiu Pongdet [15]
find1ni1 nseuneiildsrpznauuertieandeanis
wAnNd1Larn1suansEidale WANMININITELLIABULAY
(56 H2lus) andeulunssiliveuesiivay EVOP U
Wisuifisufusyeznateuwiandeulunisdiiveny
Wudeuuiuuse (72 Falus) aziiuldinteulynis
adunuandineu EVOP Tdssezinarluniseulitsilos
1 Tneflnathfisannnvasy (74.8 Alandy) Indides
funauainmsgu (76 Alandu) uazdidnnnududusing
(4.20%) Ll AuLnaueimTgIuTl 7% (Table 2) Fandsan
Pideulunisandusuainiiuau Evor luldeu na

Unngidslinudeseaiouangniingduin

URIGIRINIEEE!

1) mrsinan1sifeilddouaslunszaiula
U4 (Table 3) l@ussioUszsuNITUNSEIANTIRBYE
oydialunisimvindugiionsujiauielvwidnaulaly
dmsugnedslunisufifaussly

2) msthnsanfiunisegaiimuinislunaass
lgiun1seuniamviaeslugegumngil 950-1000 4m1
wadea Wosniivisgamgiifanaldaamgiiluniseu
wilndiAafuiteuluduneuuiuuss (950 ssmiwaldea)
wildszezinanluniseuuddiosniteulufuain 3 Ju
wide 1 5u (Figure 5) Fsunvzdinavilildndaalnily
nseultisdoras fifu mnanunsnthnisdudunsesha

o

Tiwunsludssandlaazgis useny Ysendandaenu
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T luniseuuislddie uazarsnuwaldinefianas
wdeanandunisudladgminisuanidiufuie
WiauesialsesunNTIuNISEInNTealy

3) dielinsAufiunsegnaiamnninduisiig
wnzdmundnauntiion Simsdsuannisduin
Aeilauu EVOP worksheet 1nsevineagludiuves MS
Excel worksheet lngwins1uiiiesuddoudayandly
TUsunsa MS Excel 9miulusunsymzuaninaniseuam

s 9 fegagniessinga

Table 3 White board

Ph:2 Response: Response:

Cy:3 Drain Water (kg) (%RH) 100°C
Ti (h) Ti (h)

Te (°0) 48 52 56 48 52 56

780 73.0 748 43 4.2

770 73.3 4.2

760 72.2 71.6 4.6 4.3

Stdev. 0.82 0.40

E.limit 0.95 0.46

Effect

Ti(hr): 0.28 0.05

Te (°0) 0.75 0.02

TixTe: 1.45 -0.38

Stdev=Standard deviation, E.Limit = Error limit

5. AnAnssuusznia

VYBUDUAM AMATIIE AN JUIeRIAN1HIe
Nin nasnIudImAdaLarninaulenan uSEn Inu
widlve s Aldanutemdslunisnaaswazifiv

Jaua
Y
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