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ABSTRACT

M odels of foam propertiesin terms of raw material mix that formsthe thrust
of this paper isuncommon in thefoamindustry. Eighty sets of data onfoam
formulation and physical propertieswere collected fromfour certified com-
paniesusing central composite design (CCD). To verify datareliability, ten
of the mixeswere randomly selected, physical properties value determined
and compared to the existing formulation using t-statistics. Density (P));
compression set (P,); elongation (P,); hardness-index (P,) and tensile
strength (P,) were formulated as functions of the raw materials (toluene-di-
isocynate, water, amine, silicone-oil, stannous - octoate and ethylene-chlo-
ride.) using regression analysis. The mean density, compression-set, elon-
gation, hardness-index and tensile strength of the data verification sample
were 23.40kgm®, 8.46%, 170.01%, 150.13N and 117.54kNm?, respectively,
while 23.26kgm?, 8.49%, 169.26%, 150.14N and 117.48kNm?for theexisting
foams. Both setswere not significantly different (p<0.05). ThefunctionsP,,
P, P, P,, P, withrespective standard errorsof 0.539, 0.097, 0.989, 0.987 and
0.513 were not significant (p<0.05) while the coefficients of determination
were 0.983, 0.898, 0.997, 0.976 and 0.896 respectively. These models are
useful for making optimal decisions under variouseconomic conditionsfor
foam production. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Thebehavior of most chemica processesisgener-
ally indicated by the states of output variables, which
are dependent on the operating conditionsand the ad-
justments madeto the process*?. However, the pro-
ductivity of such processmay be quantified by asubset
of these output variables, normally the specifications
uponwhichtheproduct issold, e.g. purity, physical or
chemicd properties. Theseareusualy theprimary vari-
ablesand are often difficult to measure on-line. The
other outputs, liketemperatures, flows and pressures

arecalled secondary variablesand theseare easily mea
sured on-ling*3, Inferential measurement systemsare
thus designed to overcome such measurement prob-
lems. The model thus generated can then be used to
generate estimates of the difficult to measure primary
output at the frequency at which the easily measured
inputs and secondary variablesare measured. If suffi-
ciently accurate, theinferred states of primary outputs
can then be used as feedback for automatic control
and optimization®4,

Inferentiad measurement systemsessentialy mimic
what experienced processoperators and engineersdo
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daily in running process plants, but are more advanta-
geous as they can alleviate the problems of process
complexitiesthat |ead toinconsd stenciesin humanjudg-
ments'. Theprocedure of building aninferential mea-
surement systemisessentidly that of devel opingamode
that relatesaprimary or quality variableto other, more
easily measured secondary variables. Thusany model -
ling concept may beemployed, including the devel op-
ment of firg principlesmodd sor adatisticd modd which
isdatabased modelling methodg34.

The production of flexible polyurethanefoamin-
volvesstronginterrelationship of chemicd reactionsand
process variablesthat are consequential on thefinal
properties of foam>8. Coping with thesecomplex in-
terrelationshipsof variablesinvolvedintheproduction
aswell asmeeting therequired product qualitiesina
most profitableway has aways been the dream of its
manufacturers. Flexible polyurethanefoamsare pro-
duced by the controlled expansion of agasduring the
polymerization process. They are designed to be open-
celled which alow thefreemovement of gaswithinthe
foamcdls. Thepropertiesof flexiblepolyurethanefoams
depend onboth, the e ectrometric character of the poly-
mer comprising thefoams, aswell asthe geometry of
the cellswhichisafunction of the production condi-
tiong®12,

The polyurethane technol ogy isaone-shot system
using new catalystsand silicone-based surfactants. In
theone-shot process, theisocyanate, polyol, water, and
other ingredientsarerapidly and intensvely mixed and
immediately poured to carry out thefoaming**2. Sub-
sequent foaming reactionslead to the polymerization of
thereacting mixturewhich givesthefoamitsintegrity;
and al so rel ease carbon-dioxide, which hel pstheen-
trained air bubblesto developintofoam cells. Thefor-
mation of flexible polyurethanefoamsrelieson acom-
plex interaction between physical and chemical phe-
nomenawherethere are no independent chemical or
processvariables**¥, Therefore, theeffect of atering
asinglevariable such asafoam component or apro-
cesscondition cannot betaken inisolation, sincechang-
ing aparticular parameter will affect the strong inter-
play which exists between the different variableg617,
Several researchers have worked on the structure —
property rel ationships of foam and have been widely
reported in literatures*®22. Villworcks?! in hisown
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TABLE 1: Classification of set of quantities

Type Description

Symboal Units
Raw materials
Quantity of polyol A kg
Quantity of toluene di isocyanate (TDI) W,  kg/kg polyol
uantity of water W3 kg/kg polyol
Inputs Q y 3 kg/kg poly
Quantity of amine W4  kg/kg polyol
Quantity of silicone ail Ws  kg/kg polyol
Quantity of stannous octoate We kg/kg polyol
Quantity of ethylene chloride W7 kg/kg polyal
Physical Properties
Density P, kgm’®
Compression set P, %
Output )
Elongation Ps %
Hardness index Ps kN
Tensile strength Ps kNm’®

work presented some mathematical modelsfor pro-
duction of foam fortified with recycled foam particles.

Inthispaper, development of statistical model s of
thephysical propertiesof foamin termsof raw materia
mix was executed. Thiswork isof paramount impor-
tanceto thefoam industry asmanufacturerswill havea
basi sfor foam formul ati ons based on acombination of
propertiesingtead of formulation based on densty which
isthe present practice?.

Development of polyurethane foam production
models

| dentification of theflexiblepolyurethanefoam pro-
duction quantities

Foam production processeswere cons deredin four
I SO- certified foam companiesfor the purpose of iden-
tifying the production inputs, outputsand parameters.
After thoroughinterviewsof the production personnel
and review of relevant literatures, theinput variables
arethequantitiesof raw materiad swhilethe output vari-
ablesarethe physica properties of foam. Theclassifi-
cation of thesevariablesispresented in TABLE 1.

EXPERIMENTAL

Experimental design

Thedesgnwasbased onthefact that physicd prop-
ertiesarefunctionally related to the specific raw mate-
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rial mix. For thisstudy, acentre point for the design
was sel ected with raw material mix at alevel of me-
dium- dengity foam having qudity standards. TABLE 2
liststheraw materialsmix for the centrepoint. Inmul-
tiplefactor analysis, theseraw materia s (using the no-
tationsin TABLE 1) weretransformedto ratios, which
can be varied independently. Equations 1 to 6 were
ratiosselected asthex variableswhiletheincrement of
thevariation for each variabl e spaced around the cen-
tre point ratiosare presented in TABLE 3.

—-— W2
=W, @
W3
2w, @)
1
W,
=T w, ®)
1
W5
X4 =W, @
1
WG
=W, ®)
1
W7
%o =W, ©)

[N

wherethex and the coded Y, ratios arerelated by the
followingequations:

Y, = % @
it

Y, = % ©

v, = (20089 (12)

By substituting these equations, compositionswere
coded for solution of the multipleregression equation.

Data collection

Production dataon flexible polyurethanefoam pro-
duction of diversegradesfrom thefour |SO-certified
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TABLE 2: Formulation at thedesign centrepoint

Raw materials Weight (g)
Polyol 100.00
TDI 45.40
Water 3.70
Amine 0.13
Silicone ail 1.20
Stannous octoate 0.24
Methylene chloride 4.55

Source: Field Survey, 2006
TABLE 3: Experimental increments, valuesof coded levels

Raw + Y; coded levels
materials Increment o 1 0 +1 )

X1 +0.1000 0.2540 0.3540 0.4540 0.5540 0.6540
X2 +0.0100 0.0170 0.0270 0.0370 0.0470 0.0570
X3 +0.0005 0.0016 0.0021 0.0026 0.0031 0.0036
X4 +0.0010 0.0100 0.0110 0.0120 0.0130 0.0140
Xs +0.0005 0.0014 0.0019 0.0024 0.0029 0.0034
Xg +0.0200 0.0055 0.0255 0.0455 0.0655 0.0855

TABLE 4: Descriptivegtatigticsof raw materialsand physi-
cal propertiesof foam

Raw materials N MinimumMaximum Mean Standard deviation

Polyol (kg) 80 8500 500.00 363.1250 202.1844
TDI (kg) 80 3341 268.00 192.8025 110.3172
Water(kg) 80 252 2200 15.7242 9.1052
Amine(kg) 80 0.9 440 12828 1.0867
Silicone oil(kg) 80 078 600 27879 1.9206
Stannous octoate(kg) 80 0.18 1.00 0.6773 0.3487
Methylene chloride(kg) 80  0.00 3.60 0.3000 1.0392

Physical properties N MinimumMaximum Mean Standard deviation

Density (kgm®) 80 17.90 3240 22.9917 41677
CompressionSet (%) 80 400 1552 85133 3.1616
Elongation (%) 80 139.00 27400 167.0533 36.0811
Hardnessindex (kN) 80 9770  168.00 150.9917 19.1242
Tensile strength(kNm®) 80 106.94 12600 117.4314 47545

Source: Field survey, 2006

companieswere gathered for examination. Datacol-
lectedincluded foam formulations, costsof raw materi-
as and physical properties. Using Karunakaran!?®
method, eighty (80) data setswere selected based on
the experimental design (Central Composite Design
(CCD) principle). Thisdesign was used to select data
inorder to minimizetheeffectsof unexplained variabil-
ity in the observed responses due to extraneous fac-
tors. A descriptive statistics of the dataset selected is
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Raw materials

Experimental foam formulation ( kg)

1 2 3 4 5 6 7 8 9 10
Polyol 500.00 500.00 500.00 500.00 500.00 500.00 500.00 500.00 500.00 500.00
TDI 270.00 270.00 27000 270.00 270.00 265.00 29500 305.00 185.00 190.00
Water 22.00 22.00 22.00 22.00 22.00 21.00 23.25 25.30 14.00 14.28
Amine 1.25 1.25 1.25 1.25 1.25 1.50 1.00 2.59 1.50 1.60
Silicone Qil 6.00 4.00 2.00 1.00 3.80 5.00 573 6.00 4.35 4.40
Stannous Octoate 0.90 0.90 0.90 0.90 0.90 1.00 0.96 1.18 125 125
MC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 20.00
Physical properties
Density(kg/m? 20.14 20.35 23.59 24.03 20.40 22.40 21.80 17.90 32.40 29.60
y (20.10) (20.40) (23.60) (24.00) (21.00) (22.60) (22.00) (18.00) (32.30) (30.00)
Compression Set (%) 6.89 6.89 13.10 15.52 6.89 7.14 7.10 9.60 4.00 7.80
Pres (6.90) (6.90) (13.15 (14.80) (6.90) (7.20) (7.20) (9.80) (3.90) (7.90)
Elongation (%) 160.10 160.00 147.00 140.00 160.04 189.00 162.00 139.00 274.00 161.50
9 (160.50) (160.10) (147.00) (141.00) (160.00) (190.10) (163.40) (138.90) (278.20) (162.50)
Hardness Index(K N) 161.80 160.00 143.00 138.00 161.70 16140 161.80 97.70 168.00  148.00
(161.80) (160.00) (143.20) (140.00) (161.80) (162.00) (162.10) (98.20) (170.00) (150.20)
Tensile Strength(KN/m?) 11944 11844 11389 10694 119.10 11910 119.60 11250 126.00 119.80
9 (119.50) (118.40) (114.00) (107.10) (118.90) (119.40) (120.00) (114.00) (128.10) (120.00)

NB: Values in brackets are the experimental verification values for the physical properties

giveninTABLEA4.
Dataverification experiment

Foam samplesof ten (10) production dataselected
by stratified random sampling from the datacollected
were prodcuced and their physical properties were
tested in oneof thecompaniesto verify therdiability of
the data obtained which is in agreement with
Karunakaran®. Theresultsobtained fromthisverifica:
tion experimentswere compared with thosefrom the
datausingt-statisticsto test for significant difference
usingthefollowing hypotheses:

Null hypothesisH

Thereisno sgnificant differenceinthetwo samples
H, B,=B,
AlternativehypothesisH,

Thereissignificant differencein thetwo samples,
H,:B,#B,
Model development by regression analysis

Aspointed out by Karunakaran® and Jouhaud et
a ®, regression andysisprovidesaconceptualy smple
method for investigating functiond rel ationshipsamong
variables. Regress on mode swereformulated for each
of thefivephysical properties of foamsasafunction of

theraw materiasmix using the datacollected fromthe
companies. A statistical package SPSSversion 11.0
wasused for thisanalysis. Inmultipleregressonasin
the present case, R?, which is the square of the ad-
justed coefficient of determination and standard error
aretheindices. F gatisticsshowsthesignificanceof the
overal modd whilethet Satisticsteststhe significance
of each of thevariables of themodel. All thesix inde-
pendent variables were included dueto reaction re-
quirementsand theoretical consideration aspointed out
by Chatterjeeand Priceg? and Argyrous?. It wasas-
sumedthat dl the production processvariableslikeraw
materia sand operation conditionswere consistent.

RESULTSAND DISCUSSION

Experimental verification of foam production data

Tenfoam sampleswere produced using theformu-
lation of therandomly sel ected dataand physical prop-
erty test were carried out on the foam samples. The
foam formulations, itsaccompanying physical proper-
tiesfrom the companiesand theresultsof the physica
test conducted on thefoam samplesproduced are pre-
sented in TABLE 5. The bracketed valuesindicatethe
experimentd verification resultsof thephysica proper-
ties. Thesummary of thet-test at 5% level of signifi-
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TABLE 6: Summary of t-test for experimental verification of
thefoam production data collected

TABLE 7: Estimated coefficientsof thefitted model for prop-
ertiesbased ont-statistic

Sour ce of t-value t-value p-value

variation _calculated critical  (2tail)  RemaK
Density 2007 2262 0076 NosSignificant
difference
Compression set  2.147* 2962 0.073 No signi ficant
difference
Elengation -2.251*% 2262 0.051 NO.SI gnificant
difference
Hardnessindex -2.165* 2262 0062 NOS gnificant
difference
Tensilestrength  -1.962* 2262  0.081 No significant
difference

*Significant level at p < 0.05

cancefor experimental verification of thefivecritical
physical propertiesas compared to the data collected
ispresentedin TABLE6.

Thet-value for the comparison of density was -
2.007 whichindicated no significant differenceat p <
0.05 between mean experimental validation value
(23.30kgm®) and data (23.27 kgm3) samples. The
corresponding t-va uesfor compression s&t, elongetion,
hardnessindex and tenslestrength were2.147, -2.251,
-2.165 and -1.962, respectively, indicating no signifi-
cant difference at p < 0.05 between experimental
(8.46%, 170.10%, 150.93kN and 117.94kNmr2) and
data (8.49%, 170.08%, 150.87kN and 117.86 kNm
2) samples. Thet-test showed that therewereno sig-
nificant differencesin the setsof dataobtai ned thereby
upholding thenull hypothesi swhich confirmed therdli-
ability of thedatafor mode formulationand anaysis. It
isgenerally expected that reliable dataset should lead
toreliableconclusons.

Estimation of themodel parameter sand adequacy
test of the models

TABLE 7 showsthefactors of the models, their
parameter estimatesand the statistics of the estimates
for the best functions adopted, bearing in mind there-
activity of the system among other factors. Analyses
were conducted to eval uate the adequacy and consis-
tency of themodelsand theanaysisof variance onthe
moddsarepresentedinTABLE 8. Theanadyssof vari-
ance cal cul ated assessed how well the model repre-
sented the data. As shown on the TABLE 8, the F-
vauefor thedensity modd is693.303 that issignificant
a 95%leve implying good modd fit. Smilar Sgnificant
valueswerea so eva uated for compression set, el on-

CHEMICAL TECHNOLOGY

f'\gc?grds Cosfficients Vaﬁ ues vaqu&s
Constant -585.622*  -19.220  0.001
X 59.150* 4701  0.003
Density (Xo)? 1.305* 5011  0.000
) X3 -111.452*  -4.834  0.002
exp(-Xa) 475.808*  17.691  0.002
Xs 6632.265*  3.250  0.002
exp(-Xe) 61.600* 8.166  0.001
N =80 R?=0.983
Constant -82.212*  -7.121  0.002
X1 -214.419* 2933  0.001
X2 3247530 3366  0.002
Compression -283.371* 3198  0.002
(Sét) (xq)* 0.023* 20.829  0.000
(x5 -0.077+ 2.808  0.000
exp(Xe) 103.561*  7.068  0.002
N =80 R®=0.898
Constant 758.664*  12.094  0.004
(xq)? -55.380*  -3.406  0.002
Xo -7024.813* -7.291  0.003
Elongation  Xa -602.856*  -5.981  0.002
(Pa) (xa)* -0.052*  -23.453 0.000
(X" -0.326  -17.756  0.000
Xs -2812.097* -99.182  0.003
N =80 R?=0.997
Constant -9709.406* 11.094  0.047
exp(xy) -97.065*  -4.559  0.002
exp(xa) 1266549 -3.432  0.001
Hardnessindex Xs -1430.642* -19.604 0.004
(Ps) (Xq) 2707.739*  19.072  0.003
exp(Xs) 8183.550* -13.345 0.002
exp(-Xe) 492.117¢ 12426  0.003
N =80 R?=0.976
Constant 6364.025*  3.094  0.004
X 14.636* 3436  0.003
(Xo)? 1.225* -4.726  0.001
Tensle . -49511*  -6.897  0.038
strength
(Po) exp(Xa) 1172.897* 16262 0.042
exp(Xs) -7594.094* -7.301  0.003
exp(-Xe) 142.906*  7.056  0.001
N =80 R?=0.896

*Significant at p value < 0.05 at 95% confidence interval
gation, hardnessindex and tensilestrengthon TABLE
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TABLE 8: Analysisof variancefor physical propertiesmodels

Physical properties Sourcesof variation Sumof squares d.f. Meansquare F-value Adjusted R? Standard error
Regression 1306.062 6 217.677 692.303* 0.983 0.539
Density Residual 22.953 73 0.314
Total 1329.015 79
Regression 621.517 6 124.303 130.839* 0.898 0.097
Compression Set Residual 70.304 73 0.950
Total 691.821 79
Regression 98482.919 6 16413.820  4150.345* 0.997 0.989
Elongation Residual 288.701 73 3.955
Total 98771.620 79
Regression 27185.286 6 5437.057 613.333* 0.976 0.987
Hardness index Residual 655.993 73 8.865
Total 27841.279 79
Regression 1442.358 6 240.393 105.032* 0.896 0.513
Tensile strength Residual 167.080 73 2.289
Total 1609.438 79

*Significant level at p < 0.05

8. Thedensity, compression set, elongation, hardness
index and tensile strength curves respective standard
errors of estimate were 0.539, 0.097, 0.989, 0.987
and 0.513, and were not significant (p < 0.05) while
the coefficentsof determination (R?) were0.983, 0.898,
0.997, 0.976 and 0.896.

Responseequation for physical propertiesof flex-
ible polyurethanefoam

Following the adoption of theaforementioned stan-
dard procedures, equations 13, 14, 15, 16 and 17 were
obtained for density, compression s&t, elongation, hard-
nessindex and tensilestrength respectively.
59.15x, + 1.31x," — 111.45x, + 475.81exp(-x,) + 6632.27x_+
61.60,,,(-X,)-585.62 = P, (13)
-214.42x, + 3247.53x, — 283.37x, + 0.023x,* — 0.077x,* +
10356, (x,)-82.21 =P, (14)
-55.38x,1 — 7024.81x, — 602.86x, + 0.05x,* — 0.33x," -
2812.10x, + 758.66 = P, (15)
-97.09, (x,) + 1266.55, (x,) — 1430.64x, + 2707.74x, +
8183.55, (x,) +492.12, (-x)-9709.41=P, (16)
14.64x, + 1.23x,* — 49.51x, + 1172.90, (x,) — 7594.09,, (x.)
+142.91, (-x,) +6364.03= P, 17

Generdly, inany processinvolving chemical reac-
tions, it isalways necessary to compute the massbal -
ance of components of the reaction around the pro-
cess. In order to obtain the actual mass of foam pro-

duced in any batch operation, the massbalance can be

taken around the processbox asfollows:

-0.018P, + 0.010P, + 0.001P, —
(18)

X, = 1.441;{2 + X+ X, X =
0.001P4 + 0.005P5 +0.325

CONCLUSION

Inthisstudy, mathematica moded sof foam proper-
tiesintermsof raw material mix were developed as
non linear multi pleregression modeds. Themathemeti-
ca functionsdevel oped for physical propertiesinterm
of raw materia mix for polyurethanefoam production
adequately compared with conventional formulation
practicewith each having high coefficient of determina
tion and insignificant standard error of the estimate at
5% level. Thevadidity and sengtivity of themode over
awiderangeof changesin physical propertiesrequire-
ments show that the model swill be useful for making
optimal decisionsunder variouseconomic conditions
for foam production. Therefore, theapplication of this
framework by thefoam manufacturesishighly recom-
mended.
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