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Abstract

A new variance estimator for estimating the population total has been proposed
under unequal probability sampling without replacement in the presence of nonresponse.
The new variance estimator does not require the joint inclusion probability in the
estimation under the reverse framework where the sampling fraction is negligible and
equal response probabilities for all units. The efficiency of the new estimator is compared
with the existing estimators via a simulation study.

Keywords: variance estimator, response probabilities, reverse framework, joint inclusion
probability

Introduction

Lack of complete information in sample surveys effects planning, decision making in
business and industry. Ignoring missing data can lead to bias in estimation and may lead to
incorrect conclusions by drawing the results based on available incomplete data. In the case of
full response, Horvitz & Thompson (1952) proposed a well-known population total estimator for
unequal probability sampling without replacement. The Horvitz & Thompson's
estimator (1952) is given by,

y/-/r:zﬁi (1)

ies 77,'

where 7z, is the first order inclusion probability of unit / insample s, z,=P(/es).

The variance estimator of v, ,V(v,,) is given by,

~~ A 1-71x. 2 . — T, ;
Vy )= / ‘4 4TIy, 2
( HT) /E( 72'/.2 ]y/ /é j\{/Z;es{ ”/j”/”j Jy,y/ ( )

where 7z, is the joint inclusion probability of units / and jinsof sample size n,
m; =P(/,j es). The joint inclusion probability is not always known and therefore later Hajek

(1981) suggested an asymptotic approach to estimate the joint inclusion probability of the

-1-
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variance of the population total estimator. However, Berger (1998) stated that the Hajek
approach can be used to estimate the value of z, only for high entropy sampling and it

requires =, forall /ev.

When nonresponse occurs, Sarndal & Lundstrém (2005) proposed a new
population total estimator created by adjusting the Horvitz & Thompson estimator
using the inverse of the response probability under a two-phrase framework. The estimated
value of the variance of the new estimator was also proposed. However, the joint inclusion
probabilities are usually unknown in practice. The Sarndal & Lundstrém estimator is
given by,

Fo=2 2o, ®)

ies 71'/,0/-

where r, is the response indicator variable of y, and p, is the response probability.

The variance of v, |/()7SL) is given by,

2
V()’/;‘L) —22 > (m7, ﬂ,,-)(%—%)ﬁzﬁ(i—l). (4)

ielU j\ielU J J I 77",' p,‘

Lawson (2017) proposed a new estimator for estimating the population total along with
a variance estimator for estimating the population total under unequal probability sampling with
replacement when nonresponse occurs. A Taylor series is considered for estimating the
variance of the population total estimator under the reverse framework when the response
probabilities are uniform, p.=p for all units / in the population ¢ and negligible sampling

fraction. The response probabilities are not required to estimate variance in the Lawson’s
estimator. The Lawson (2017) estimator for estimating the population total is given by,

Fop =NV =N E 210 [ 5 [0 ®)

jes 7T; jes 7T;

where)f Zry 2

jes 7T; jes 7;

The variance of ¥, is given by,
_ 1 z
V(Vye) * Y, EL(07)P, - E( > Eﬁ(o,)/zj
=) =

p/sUﬂ jeu 7T, i

Ayl Y)P—[z v, V)Pj, ®)
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where o, = Zf ’(y Y YN’?:/Ezir.' E.() is the expectation operator respect to
/
iel iel

nonresponse mechanism and £ is the probability of the selection of unit /thin the population

at any given time and it is defined by, 2, :% , Where K =3k, .

=

The estimated variance of v, is defined by,

N? n r, = |2

= 2 5 %(yiinR)’ @)

[Z r/.] n-licsr;
/ES”/'

I =
where 5 = ﬂ—{(y,—)%)
AR
E,T

Recently Ponkaew & Lawson (2019) proposed a new variance estimator for estimating
population total following Sarndal & Lundstrom (2005) in the presence of
nonresponse under unequal probability sampling without replacement under
a reverse framework. The Ponkaew & Lawson (2019) estimator is a linear estimator
defined by,

"(1) 2 / j (8)

/ESﬂ:p

The estimated variance of the Ponkaew & Lawson (2019) estimator is considered in
two situations where p is known and where p is unknown. The estimated value of the

Ponkaew & Lawson (2019) variance estimators are defined by,

o 1 1-z,)
V(V}”)={z ryiey > D,,rryy] (9)
P |ies ﬂ'/. ies j\{i}es
2
Yy =
~ : ) 1—7
ooy =| S0 | s ET s s by, (10)
zi jes 7r,. jes j\{i}es
/esﬂ-/
_ D, rm,-mnr,
where D,].:—”:Q.
7 T

However, the Ponkaew & Lawson (2019) estimator requires that the joint inclusion
probabilities z, which are usually unknown in practice, be known (Berger, 2003).
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In this paper, a new variance of the population total estimator under unequal
probability sampling without replacement is proposed following Lawson (2017) by using an idea
of Ponkaew & Lawson (2019). The proposed variance estimator does not require that the joint
inclusion probabilities under the reverse framework when the response probabilities are uniform
and sampling fraction is negligible to be known. A simulation study will be used to compare the
efficiency of the new estimator against the existing estimators.

Methods
Suppose that a sample s of size n is selected with a probability proportional to size
sampling without replacement (PPSWOR) from a finite population U ={1,2,...,N#} of size N.

Let ¥ =3 y, be the population total of study variable y . Let r, denote the response indicator
iel
variable of y,where r. is equal to 1 if y, is observed; otherwise r,=0 and let p, denote the

response probability, p,=P(r,=1) . Let Y = >. o, denote the population total estimator where

ies
o,is the function of y,, o, =7(y,).

Under the reverse framework with unequal probability sampling with replacement when
the response probabilities are uniform and the sampling fraction is negligible, Lawson (2017)

showed that the variance of Y=Y o, , V(f) is defined by,

ies

ieU eV

2
V)~ EV, (_z o, Rj ~nY E.(0))P, —%(z ER(ol.)P,.j , (11)

where o,=f(y;), P. k. is the size variable, R =(r,r,,....,r,,)) and EV () is the

k/‘
Z k/’ !
=
expectation of variance operator respect to nonresponse mechanism and sampling design
respectively.

Lawson (2017) proposed a new variance estimator for estimating the population total,
V() is defined as follows.

2
V) ~ n’zl{zs 52 _%(255] } , (12)
where &, is the estimator of o, when o, contains an unknown parameter and where otherwise
0,=0,.

The Ponkaew & Lawson (2019) variance estimator requires z; in the estimation. We
can see that the Lawson’s (2017) estimator in equation (12) does not requirez;. In this

section, we propose a new variance estimator following Lawson (2017) using Ponkaew &
Lawson’s (2019) estimator under PPSWOR when the sampling fraction is negligible. The new
variance estimator does not require the joint inclusion. The details are shown as follows.

From the Ponkaew & Lawson (2019) estimator in equation (8) we can write )7r(1) in
the following form.
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o

"(1) 2/1_2/, (13)

ies 71',,0 ies

ny,
.

The variance of Y@, v (@) is defined by,

):ERVS(ZO/'

1es

where o, =f(y,)=

V()’/;(l)) ~EVs ( ’;

Rj . (14)

Following Lawson (2017), V(Y™") in equation (14) is given by,

2
V) =nY EL(0))R, —%( > E,?(o,-)P,-j : (15)
iel iel

where o,:f(y,):% and P"_ﬁ
i

=

Consider £,(0,) and £,(o?) in equation (15),

E (0)= E(yJ M:y/p:ﬁ ) (16)
”/'p ”/'p ”ip 7T
2
Let o = r,.zy,.z , r’=r,. Then
p
2 2
ry,; Y,
E(o) E[ J— . an
©=p’ ) 7’p

Substitute £,(o0,) in (16) and Eﬁ(o,.) in (17) into (15), a new variance estimator is
given by,

2 2
V) xny L P.—l{zy’f’,] =QZ}7,-2P,-—£(ZJ7,-F§J, (18)
/eUpﬂ' n el 7t p/sU n el
where )7,:%.

/

The estimator of V(¥®) is shown in (19).

LGB _1{2"2—(20” , (19)
where 5.=o.=m
/ / ﬂ-/p

when p is known and 5, =r"—J;5" when p is unknown. Then we are able to
v

i

estimate p by 5 —% or p 2 Z - (Shao & Steel, 1999).

ies /bty ies ,
We can omit the term n/(n-1) in equation (19) when it is closer to 1, then we can write
V(7 ®) in the following form.
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vy~ Y 6 - [z 0, jz. (20)

/€S =e

We can write the proposed variance estimator in Theorem 1 as follows.

Theorem 1 Suppose that a sample s of size 7 is selected with probability proportional to size
sampling without replacement (PPSWOR) from a finite population v ={1,2,...,N} of size N . Let

Z(l)denote the population total estimator under the reverse framework when the response

probabilities are uniform and sampling fraction is negligible.
(1) Assume that pis known, the estimated variance of )7,(1’ is defined by,

2
|

@(f}”r% S —[ny” when 1,

ies =e

b

Yi

/

where y, =

(2) Assume that pis unknown, the estimated variance of )7,‘1’ is defined by,

2
PSP n .

A A I {Zry —(ZWM -y /32,

n- l ﬁ /€S 1es ies ﬂ— ies 7[/
1 1 :
V.y®y~ — r.v?——( r, ] = and —~1
6(r ) ,62 ies ,y/ n /gg‘ y p /és'ﬂ-/ /gs
where y,_ﬁ
7
Proof
(1) Assume that pis known,

Substitute 8, =0, i
T

2 2

% n 1Y 1 1Y
V7@~ n_l{/ S[MJ _n[lg ”‘p} ]
2 2

n 1 ny; 1 1Y
=,7_2[ 3 —,,[ZM

P | ies T, jes 7;

i3z ]|

into (19) , we can write V(¥®) with v, (¥®)
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Then

l71(>7,(1’)~"112{2 ry; ——[Z ryj } (21)

n P |ies ies

where y, :% . We can find V,(¥¥) by replacing ﬁ in (21) with 1.

i

(2) Assume that pis unknown, the proof is similar to (1).
n

Note that when n>2 then n>n-1 and 71 When pis known then V,(¥®) <V, (¥®)

and when pis unknown then V,(¥®)<V,(®) and v,(v™) <1, (") .

Results and discussion
A simulation study has been conducted to see the performance of the new variance
estimator compared to the Ponkaew & Lawson (2019) estimator. In both situations; p is

known and p is unknown, however Ponkaew & Lawson’s (2019) estimator requires z; which is

usually unknown in unequal probability sampling therefore we can apply the Hajek (1981)
method to estimate unknownz; when z; is known for all /eU, the estimated value of 7 is

given by,

7y~mal--x)A-7,)d ], (22)

Vi
where d =) z,(1-7,).
=

Substitute 7z, from (22) into (9) and (10), then the Ponkaew & Lawson (2019)

Vi
estimator is given by,

SN [ a- .
|/00()/,(1))=i2 Z( )ry +y 3 D,/rryy } when p is known , (23)
p _ies ﬂ'l. ies j\{i}es
1 2
770y = e Q-7 h ) K )
L) = > ry’+y Y D,/rryy , when p is unknown , (24)
Zi ies 72'/ ies j\{i}es
ies ﬂ-/‘
. —T.T
where D =4 i
7[//7[/7[/

We compare the efficiency of the new estimator with the Ponkaew & Lawson (2019)
estimator via simulation study using the relative bias as a criterion following Thompson et al.
(2010) where y, =k.B +¢,. The simulation steps are shown as below.

Step 1 In order to generatey,, we generate k. [) Gam(4,5), ¢,[1N(0,0.7) and g =0, g =1
/i=1,2,...,N where N~ =10,000.

Step 2 A samples s of size n=25, 30, 50, 100, 300and 500 is selected using Midzuno (1952)
scheme.

L]
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Step 3 In each sampling and sample size n, nonresponse is generated using a uniform
response mechanism with probabilities of response p=0.7.

Step 4 Compute the new variance estimators and the existing estimators.

Step 5 Repeat steps (2) to (4) for 5,000 times (M=5,000).

Step 6 The simulation relative bias of the variance estimator |7()/,(”’)) is computed,
ESIM [|7()’/;(m))] _ VS/M (),/;(m))
&™)

o~ o~ o~~~ M -~ ~ . .
RB,,, IV (7™)] = where £, [V(7™)] =% >.V[ 7] is the simulated
=

r0)
|/SIM

o~ M A T 2 .
expectation of the variance estimator and Vv, (V™) -3 [Y('"’ E W(Y,""))} is the

M-1 = r(J)

simulated variance of the estimator ¥, m=1,2. £

(7™ is defined by £., (7)== §* pm
sm\'r sim\"r =} r(j) *

The simulation relative bias for the new estimator and all other existing estimators are shown in
Table 1 where p is known and in Table 2 where p is unknown.

Table 1. The simulation relative bias (%) of V(¥‘™) when p is known

n Simulation Relative Bias (%)

Vo) AZD) AZR
25 18.56 18.76 18.27
30 17.65 17.73 16.29
50 16.36 16.14 15.72
100 6.82 5.34 3.23
300 6.53 6.46 6.02
500 6.38 5.42 4.37

From Table 1 we can see that the new variance estimator, V,(¥’)when n/(n-1) is
omitted performs well when compared to the Ponkaew & Lawson(2019) estimator, 1/, (¥'®)
when p is known. The 171()7,‘1))also gives smaller percent relative bias when compared to

V,,(Y®) except for n=25 and n=30.

We can also see similar results in Table 2 when p is unknown. All new variance
estimators perform well when compared to the Ponkaew & Lawson (2019) estimator when
n/(n-1)is omitted. Some new variance estimators only give slightly higher percent relative

bias when compared to the exisiting estimator for n=25 and n=30. The variance estimators
when p is unknown give higher simulation percent relative bias when compared to the variance
estimators when p is known. Therefore, it is an alternative useful variance estimator with free
joint inclusion probability.

Conclusions

An alternative variance estimator with free joint inclusion probability for estimating the
population total has been proposed under unequal probability sampling without replacement in
the presence of nonresponse. We considered it under the reverse framework where the
sampling fraction is negligible and the response probabilities are uniform. A simulation study
was employed to see the performance of the new variance estimators compared to the existing

-8-
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estimators in both cases where p is known and where pis unknown. We can see that the new
variance estimators performed well, especially when n/(n-1)is omitted and only gives slightly

higher percent relative bias when compared to the existing estimators when n/(n-1)is not
closed to one.

Table 2. The simulation relative bias (%) of V(¥™) when p is unknown

n Simulation Relative Bias (%)

™) AZR) AR AR AZR)
25 225.85 232.30 227.01 226.39 217.34
30 201.56 208.38 196.04 202.29 190.20
50 159.24 157.53 156.67 156.93 156.08
100 130.50 123.33 118.87 121.59 117.16
300 105.52 101.83 101.16 101.55 100.88
500 104.61 97.91 95.93 96.56 94.60
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Abstract

The underlying assumptions play an important role in the linear regression analysis.
Non-validity of assumptions can cause the estimators of regression coefficients no longer
possessing the properties of best linear unbiased estimator (BLUE). This research focuses on
parameter estimation in regression model when random errors are correlated with intraclass
correlation and followed heavy-tailed distribution simultaneously. Alternative to searching for
techniques to remedy the problem of violation, hierarchical Bayes approach is implemented to
estimate model parameter, in which prior knowledge about parameters is incorporated to
reduce the effect of violated assumptions. Its performance is then compared to the classical
approach, maximum likelihood (ML), through Monte Carlo simulation. The study indicates that
hierarchical Bayes with informative priors yields the estimators more efficient than ML.

Keywords: intraclass correlation, maximum likelihood, hierarchical Bayes, heavy- tailed
distribution

Introduction

Multiple linear regression analysis is extensively used in many fields. Its assumptions
about random error, independent and normally distributed with constant variance, are of
importance for statistical inference, especially in estimation and hypothesis testing. The
accuracy of parameter estimation plays a significant role in prediction. In practice, we
occasionally encounter various problems when dealing with real world situations. Outliers or
influential observations may lead to nonnormal distributed data or heteroscedasticity or both.
Data, especially in science, business and economic area, are usually collected over time,
causing the violation of independence among observations, called autocorrelation or serial
correlation. Consequently, statistical inference based on the traditional least square estimators
is not efficient and does not possess the property of best linear unbiased estimator (BLUE)
(Montgomery et al., 2012). Furthermore, violating the underlying assumptions of a model also
has the effect on established relationship. One structure of correlated random errors is called
intraclass correlation. Intraclass correlation describes the same degree of relationship between
observations. If this occurs, traditional statistical methods that assumes independence cannot
be utilized, due to incorrect estimates of variance for parameter estimators and hence p-values.

Several techniques have been proposed to account for between-observation correlation
in model parameter estimation. Paul (1990) introduced the estimate of intraclass correlation in
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generalized linear model using the estimating equation approach which can be solved iteratively
and then the model parameters were estimated using maximum likelihood method. The
proposed method was also applied to familial data with multivariate normal distribution.
Tanizaki (2003) compared the maximum likelihood estimator with Bayes estimator in linear
regression with the presence of first-order autocorrelated errors in small samples. The results
showed that Bayes approach provides less biased and more efficient estimator than maximum
likelihood approach. Farrell & Ludwig (2008) considered parameter estimation in multilevel
response time model based on maximum likelihood and Bayesian approaches, which assume to
be ex-Gaussian error distribution. Babatunde et al. (2014) performed bootstrapping
experiments to estimate parameters in regression model with autocorrelated errors. The study
also revealed that the estimated parameters were affected by the levels of autocorrelation,
leading to biased and inefficient estimators.

In addition to correlated error components, lots of studies have contributed to tackling
non-normal data, especially in longer and heavier tail than normal distribution, such as ¢
distribution. Ravi & Butar (2010) utilized the maximum likelihood method to estimate
parameters in stock-market data based on heavy-tailed distribution. Nadarajah & Kotz (2008)
provided a review of methods for estimation and simulation in multivariate ¢ distributions.
Lange et al. (1989) illustrated robust statistical inferences in general linear model with
multivariate ¢ distributed errors and applied to various data, using both linear and nonlinear
regression. Fernandez & Steel (1999) considered the likelihood-based parameter estimations in
multivariate linear regression model with independent Student-¢ distributed errors. Rahman &
Khan (2007) demonstrated the use of Bayesian method to derive predictive distribution for
multiple linear regression models when error components followed multivariate Student-¢
distribution.

Various techniques have been proposed to solve for violation of the underlying
assumptions under formulated model in an attempts to improve the properties of parameter
estimators. However, most studies usually focus on one problem at a time. Unfortunately, when
one problem is remedied, another problem possibly occurs. Only a few of them have tackled
several problems simultaneously. Ayinde et al. (2014) examined performances of four
estimators; Ordinary Least Square (OLS), Cochrane-Orcutt (COR), Maximum Likelihood (ML)
and Principal Component (PC) based estimators in linear regression model under related
regressors and error terms for prediction. Instead of seeking remedial approaches, this
research focuses on parameter estimation techniques that can mitigate non-validity of the
underlying assumptions when random errors in regression model are simultaneously correlated
and follow heavy-tailed distribution. We incorporate prior knowledge about parameters into
estimation process using hierarchical Bayes approach. The result is then compared to the
classical approach, maximum likelihood (ML). Bias, variance and mean square error of
maximum likelihood and hierarchical Bayes estimators are examined through Monte Carlo
simulations. Gibbs sampling is performed to obtain the parameter estimates due to computer-
based process in hierarchical Bayes.

The outline of this paper is as follows. Multiple linear regression model with intraclass
correlation is described in the next section, accompanying with parameter estimation methods,
including maximum likelihood (ML) and hierarchical Bayes (HB), and Gibbs sampling procedure.
Simulation result is provided in the third section. The conclusion is drawn in the final section.

Methods
1. Multiple linear regression model with intraclass correlation
Consider the multiple linear regression model
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y=Xp+e, €

where Y is an nx1 vector of response variables, X is an nx p matrix of regressors, S is a

px1 vector of the regression coefficients, and & is an nx1 vector of random errors. The
underlying assumption about ¢ is assumed to be independent and normally distributed with
zero mean and constant variance, ¢~ N(0, o°l), where 1 is the nxn identity matrix.

Consider the form of intraclass correlation. Let X =0°Q be an nxn positive definite
matrix, where Q denotes an nxn intraclass correlation coefficient matrix (Donner & Bull,
1983; Press, 2005) and p denotes intraclass correlation coefficient, written as

1 p cee p
1
T = o = o2|P ] A @)
|

where _t <p<l.
n-1

Alternatively,
T =0'Q = o’ [(1—p)|n +pgg'],

where e is an nx1 vector one and |, is the nxn identity matrix. The determinants of QO and

In
2 are then obtained as following:

9 = (@-p)" [1+(n-1)p),
and

3 = o™ @-p) [1e(n-1)p]. [5]>0.
Also, the inverse matrices of Q and X are

ol-_t _ ee’
(1-p) (1_p)[f+(n_1)p]

g1 - pee

ot (1-p) o (1-p)[L+(n-1)p]

In this paper, we consider regression model when random errors are correlated and
have heavy-tailed distribution. The errors in this case are assumed to follow multivariate ¢

distribution, denoted as ¢ ~t(v, 0, X), where Y =c%Q. Thus, the random variable Y also

follows multivariate # distribution, Y ~t(v, X B, Z).
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Joint probability distribution function of Y can be expressed as

2
(o

4

2. Maximum likelihood estimation (ML)

The principle of maximum likelihood method is to find the estimate values of
parameters that most likely to occur by maximizing the likelihood function, which is a joint
function of all parameters and observed values. In practice, the likelihood function is usually
replaced by the log-likelihood function for convenient in calculation. The estimations of

parameters ,{3 and o can be demonstrated as follow.
2.1 Estimation of parameter ,lj’

Consider the likelihood function

Then, the log-likelihood function is

(v+n)

InL(/j) = InF[L;r'j—ganﬂaz—lnF[gj —%In\Q\f 5 In{l+7iz(y—xg)’9*l(y—xg)}.

Next, differentiate the log-likelihood function with respect to the parameter £ and equate to
zero, the maximum likelihood estimator of £ is thus derived as
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B = (xaix) xaly. (5)
2.2 Estimation of parameter o’

Similarly, differentiate the log-likelihood function with respect to the parameter o’ and
equate to zero, the maximum likelihood estimator of o, after replacing g with Z? , Is resulted

as.
6= ~(y-xg) 2 (y-x4) ©

3. Hierarchical Bayes estimation (HB)

Parameter estimation with classical approach, such as least squares method or
maximum likelihood method, considers a known probability density function consisting of
constant, but unknown parameters, while Bayesian approach consider parameters as random
variables with some probability density function, called prior distribution. The form of prior
distribution is defined by its own parameters, called hyperparameters. Hierarchical Bayes
approach (Gill, 2008) is involved when the form of probability density function of

hyperparameters are known.  Let Y,Y,,..,Y be random samples from a population with
probability density function f(y;0)=f(y|@), where parameter ¢ is a value of random
variable ®and f (yi |9) is a conditional density function of random variable Y when defined
©®=0. Leth(@]Y,Y,,...Y,) be a conditional density function of random variable © given the
observed values V,,Y,,..,Y . Suppose Y =vy.Y,=y,,.,Y =y then h(¢9|l) is the posterior

density function. 7r(9) is a prior density function of ®. For continuous random variable @,
the posterior density function can be derived as following.

o« L(6) 7(9). @)

Likewise, the integral sign in equation (7) can be replaced by summation to obtain the posterior
density function for discrete random variable .

In this research, the derivation of parameter estimators is divided into two cases as
follows.

3.1 Noninformative priors for  and o’

Assuming independent noninformative priors for both # and o as ”(/j) o« ¢, where

. ) 1
C is constant, and ﬂ(o )oc —
(o2

Consider the joint posterior density functions of g and o’
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_(v+n)

h(g, 0" |y)= F(V X{1+i[(y—xé)'91(¥—x )+(@—§A)'X'Q1X(@—é)}} 2 (8)

N

T

Then, the full conditional posterior density function of g with squared error loss function is

obtained as

(1o )= ety xf oy xi) 2| (K22 | o)

Thus, the posterior density of parameter g is resulted as multivariate ¢ distribution

, . (xatx )
Blo*, Y ~t[v,ﬂ,( : J J )
(2

Solving the joint posterior density functions of g and o’in equation (8), then we obtain the

full conditional posterior density function of o’ as

(10)

Since, the full conditional posterior density function of o’is complicated and cannot rearrange
into a known closed form. Hence, numerical procedure, such as Gibbs sampling, is applied to

find the estimate of parameter o’
3.2 Informative priors for [ and o’

Suppose parameters S and o’ are independent and assume informative priors for

p and o’ as follows. ,B~N(y, mazlp), and hyperparameter ,u~N(,uo,v0Ip), where m,

u,and v, are known values. o ~ IG(«@,y) and hyperparameters « and y are distributed as

inverted gamma, o ~I1G(f,e )and y ~1G(r,m ), where f,e,r ~ and m, are known

values.
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The joint posterior density function of 3,0, 4, and y are expressed as

2

r(””) o A - -t
h(p.0" marly)= (mz)gr(;jpﬁ X{“mz [(y-xp) @™ (y-xp) +(5-4) xo X(@—@)]}

1 / ,
1 o (B-u) (B-1) T i(/f‘%) (1)
L L
(22mo”): (27v,):
e My
) “ (0'2 )*(a+l) e7 O_z € o ( ) (f0+l) m, o ( ) (r0+l) ;/0.
r(a) (1) F( )
Then, the full conditional posterior density function of B is obtained as
_(v+n)
1 N - - . - 2
(810 ) o] (y-xB) @ (y-xB)+ (-3 x'2'x (5-5) |
1492
J— 1 — ' J—
) g U L Vo)
(11)
and the full conditional posterior density function of o’ is
_ (v+n)
1 A ~ ~ ~ 2
(o 18, y) e e (y-xB) 0 (y-xB)+ (58 ' x (2-5) |
Vo
1 '
1 () -
e .
(02 )T+(a+1)
(12)

Next, the full conditional posterior density function of u is yielded as

) A )

hs(/f”él ola, Y) o« e ? ,
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where A? = i+i and 7 = A L+ﬂ .
2 ﬂ 2 Vv
mo VO mo 0

Thus, the posterior distribution of x follows normal distribution,

ul B, o', v, Y ~ N(i, A). (13)
Finally, full conditional posterior density functions of «, y are resulted as

& y
(a) e« (o), (14)

1
m_ r
2

h3(a|§,0'2,7/,y)oc

r(a)

h4(7/|ﬁ,02,a,y)oc(;/)_(r“l_a) e_ roooe, (15)

Similar to noninformative priors, full conditional posterior density functions of g and o’ are

complicated and cannot be simplified to an explicit form. To ease computation, Gibbs sampler is
used to obtain the estimates of parameters by alternately generating parameters from marginal
posterior distributions. With large enough sample, a sequence of simulated parameter which
approximately follows a specified probability distribution is obtained and therefore its
characteristics, such as mean and variance, can be estimated.

4 Gibbs Sampling Procedure
4.1 Gibbs sampler for noninformative priors

The estimates of parameters using hierarchical Bayes method with vague priors can
obtain via Gibbs sampler as following steps.

2(t)

-1
~ [ X'Q'X
1) Drawing B“? from A" |s"V)y ~ t| v, S, (—J ,
~ ~ ~ (o2

2) Drawing (cr2 )(M) from 0'2(‘”>|g(‘”>,y ~ 1G6(0.01, 0.01).

4.2 Gibbs sampler for informative priors

The conditional posterior distribution of B and o’ are constructed according to the
following steps.
1) Drawing g from g“ o™, 0",y y ~ t(v, u, o ) where 22~ N (x,,v,) and

¥~ IG(a, 7/),

2) Drawing " from o 18Ya" 7"y ~16(a, 7), where a ~1G(f,,€) and
7y ~1G(r,m,),

3) Drawing 4" from ;f(”l) |/j(”1),crz(”l),y ~N (&, A), where
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(t+1)
; 1 1
Al | ———+=| and 4 = A| —=— 4 £o |,
2\ Y 2\t V)
m(O' ) m(a )

t+1) +: + + +
4) Drawing o' from ot |ﬁ(t 1),0'2(t 1),;10 1), y(t), y ~ IG( fo,eo), where
f =0.01 e =001,
5) Drawing 7™ from 9| gt G2 0D 50y 16 (1, m, ), where

r =0.01, m, =0.01.

Results and Discussion

In this paper, the multiple linear regression model with two regressors is considered
with the presence of correlated random errors with intraclass correlation structure and
multivariate ¢ distribution, Both regressors are constructed from standard normal distribution.
Data are constructed on three correlation coefficient levels as low(p=0.1), moderate

(p=0.5) and high (p=0.9)with the sample size of 60, 100, 250 and 350. The simulation is

repeated 1,000 times and Gibbs sampler is implemented for parameter estimation. For each
situation, three estimates of parameter obtained from maximum likelihood (ML), hierarchical
Bayes using noninformative priors (H#BN) and informative priors (HB/) are compared. The bias,
variance and mean square error (MSE) are considered as criteria for comparison.

Table 1. The MSE, bias and variance of three regression coefficients (3,,5,,5,).

MSE Bias Variance

n p
ML  HBN HBI ML HBN HBI ML HBN HBI

0.1 4705 6.089 0.572 2.005 2507 0.011 0.260 0.006 0.156
60 0.5 5.131 5331 0916 2.013 2464 0.031 0.652 0.019 0.571
0.9 4225 4596 0.138 2.022 2.293 0.034 1.044 0.072 0.915

0.1 4617 4.094 0.540 2.004 2.141 0.021 0.210 0.013 0.138
100 0.5 5165 2.093 0.870 2.004 2.009 0.001 0.601 0.058 0.540
0.9 4178 1.087 0.119 2.057 1.326 0.055 0.934 0.334 0.867

0.1 4543 0.773 0.512 2.007 1.019 0.009 0.150 0.048 0.119
250 0.5 5.137 0.910 0.971 2.001 0.723 0.016 0.537 0.250 0.511
0.9 4180 0.603 0.110 2.035 0.173 0.042 0.998 0.880 0.970

0.1 4550 0.603 0.485 2.013 0.736 0.016 0.128 0.062 0.110
350 0.5 5.064 0.865 0.905 2.014 0.736 0.024 0.495 0.062 0.484
0.9 4705 6.089 0.572 2.035 0.124 0.038 0.922 0.849 0.904

The MSE, bias and variance of three regression coefficients obtained from ML, HBN and
HBI can be found in Table 1. On overall, MSEs for HB/ are smallest in most cases, except for
p =05 and n=250, 350. In all situations, HB/ also yields the least bias while HBN yields the

least variance. However, the bias of HBN seems to reduce for larger sample sizes. It is also
observed that MSEs of three methods tend to decrease with increasing 7.
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Table 2. The MSE, bias and variance of the estimated error variance (o‘z)

N o MSE Bias Variance
ML HBN HBI ML HBN HBI ML HBN HBI
0.1 4.664 5.744 0.068 2.069 2.231 0.067 0.383 0.767 0.063
60 0.5 15.146 34.943 0.066 3.775 4767 0.038 0.896 12.217 0.064
0.9 380.125 1221.248 0.070 19.114 24.738 0.048 14.769 609.294 0.067
0.1 4.825 3.408 0.042 2.141 1.675 0.033 0.241 0.603 0.005
100 0.5 15.294 20.921 0.040 3.842 3.322 0.036 0.532 9.887 0.038
0.9 387.047 736.790 0.041 19.451 13.107 0.034 8.724 564.987 0.040
0.1 4.865 0.235 0.015 2.184 0.401 0.017 0.094 0.074 0.015
250 0.5 15.637 1.400 0.015 3.925 0.506 0.017 0.234 1.144 0.014
0.9 388.775 5.716 0.016 19.622 0.145 0.015 3.765 5.695 0.015
0.1 4.902 0.067 0.012 2.199 0.202 0.002 0.068 0.026 0.012
350 0.5 15.867 0.066 0.011 3.964 0.202 0.013 0.158 0.026 0.011
0.9 384.836 0.015 0.011 19.794 0.033 0.008 3.053 0.014 0.011

Table 2 displays MSE, bias and variance of the estimated error variance obtained from
ML, HBN and HBI. The results reveal that AB/ produces the smallest bias, variance and hence
MSEs in all situations. The variance of three estimators tends to decrease as the sample size
increases. In addition, the bias and MSEs for HBN and HB/ are likely to be lower as an increase
of n.

Conclusion

Several applications of regression model involve prediction which requires good
estimates of model parameters. When the assumption of regression analysis is violated, it can
influence the quality of parameter estimates and then prediction performance. This research
focuses on parameter estimation method when random errors in regression model are
correlated with intraclass structure and follow heavy-tailed distribution. Instead of seeking for
techniques to resolve the problems, we choose to include more information, both informative
and noninformative priors, into the estimation method, called hierarchical Bayes approach, in
order to lessen the problem and then compare the result with the classical approach, maximum
likelihood.

For regression coefficient estimation, the simulated study indicates that ABN yields the
smallest variance while HB/ yields the smallest bias and MSEs. For error variance estimation,
HBI yields the smallest bias, variance and thus MSEs in all situations under study. As a result,
HBI tends to produce the estimators for regression coefficients and error variance more
efficient than ML and HBN, which is benefit for prediction performance.

As seen that the parameter estimation based on hierarchical Bayes approach performs
rather well when error components violate the model assumptions, specifically correlated errors
with intraclass structure and heavy-tailed distribution. Hence, informative priors incorporating
into the parameter estimation method can abate the mentioned problem of violation which is
useful in practice.
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Abstract

This research focused on the isolation of Arthronema africanum strain BKP-Sansab. Samples were
collected from the Sansab canal in Bangkok, Thailand to study the hydrogen production. Results showed that 4.
africanum strain BKP-Sansab required various enhancing factors for hydrogen production. The cells were able to
adapt in BG-11,, (modified Blue - Green Medium) containing 46 pM iron, 0.8 gram sodium carbonate and pH 7.5
under continuous light for one week. After that, cells were harvested and cultivated by agitating at 160 rpm at
room temperature under a light condition of 2,500 Lux for 24 hours. It was found that the accumulation level of
hydrogen production increased to 55.42 umolH,/mgChl/h after 24 hours incubation under light condition in BG-
11, comparing to BG-11, (Blue - Green Medium without nitrogen source) which the accumulation level of
hydrogen production was 42.09 pmolH,/mgChl/h. Besides, cells were incapable of producing hydrogen in BG-11

(normal Blue - Green Medium).

Keywords: Arthronema africanum, hydrogen production, cyanobacteria, Sansab canal
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Abstract

Currently, the dye is used worldwide due to its benefits. But everything has both advantages and
disadvantages. The chemicals in each dye are dangerous, such as carcinogens, and can cause serious harm to
aquatic organisms and consumers. The emission of dyes into water resources without treatment, can affect human
and animals, and also the environment. Therefore, it needs to treat the contaminated water before releasing into
the environment. The agro-waste such as eggshell, is a good choice for a water treatment because of its low cost,
easy to find, household use and waste material that can be eliminated by landfill. Many researches have chosen to
use egg shells due to porosity. This research would like to compare the adsorption of methylene blue dye with the
activated carbon, which is the best absorbent, but the process of production resulting in pollution, and causing
global warming. To compare the efficiency of eggshell and activated carbon in reducing the amount of methylene
blue dye, UV-Visible spectrophotometer was employed, and the toxicity was analysed by using brine shrimp
bioassay. We used brine shrimp as experimental animal because this animal is not complicated, small, easy to
obtain and able to see the whole structure. It was found that the eggshell can be used as an adsorbent for
methylene blue dye as well as activated carbon, but must be used in greater quantities. The use of eggshell as a
dye absorbing does not cause cytotoxicity than activated carbon. Thus, eggshell is another alternative choice for

water treatment.

Keywords: carbon, cytotoxicity, dye, eggshell, histophatology
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Abstract

This study investigated the adsorption ability of methylene blue dye by the zeolite Na-A synthesized
from water treatment sludge and the standard zeolite 4A. The effects of contact time, adsorbent dosage, initial
methylene blue concentrations, solution pH and optimal experimental conditions were investigated. The
adsorption isotherms were analyzed by using Langmuir and Freundlich equations. The experimental results
recommended that the optimum contact time and adsorbent dosage of synthetic zeolite Na-A were 60 min and 1 g,
respectively. At the optimum conditions, the adsorption percentages of synthetic zeolite Na-A and zeolite 4A were
more than 90 and 18 percent, respectively. Adsorption capacities of each zeolite in range of pH 3-9 were similar.
It was also found that the experimental data of isotherm followed the Langmuir isotherm model was better than
the Freundlich model. The maximum adsorption capacities obtained from Langmuir isotherm of synthetic zeolite
Na-A and standard zeolite 4A were 40.67 and 7.85 mg/g, respectively. Therefore, the synthetic zeolite Na-A

synthesized from water treatment sludge could be a good adsorbent for methylene blue dye removal.

Keywords: zeolite, methylene blue dye, adsorption, isotherm
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Abstract

Currently, native rice is important and has a high nutritional value, but also the lack of development of
products in various forms in the three southern border provinces. The native jajo products were unique in
consumption during the housewarming, harvest and raise home. This research aimed to study Majanu and
Seribugantan varieties of rice, the ratio of rice flour and tapioca starch to sensory acceptance, the type and
quantity of colored and flavored with herbs on properties and sensory acceptance. Effects of rice varieties, the
ratio of rice flour and tapioca starch were observed. Native Jajo products were tested for sensory quality. The
results revealed that Majanu rice variety and the ratio of rice flour and tapioca starch was 4 : 1 (by weight) gave
the highest preference score of 7.45 (like moderately) when compared with Sibuguntang rice variety. The Jajo
product using three types of herbs, pandan leaves, butterfly pea and chrysanthemum at concentration of 10% and
20%. Sensory testing showed that 10% pandan leaves gave the highest average preference score. In addition, the
estimation of shelf-life of product in aluminium foil exhibited that samples could be stored up to 1 month at room
temperature, the detected bacteria were not excess the standards prescribed dose of 1x10° cfu/g. Therefore, the use
of rice flour Majanu native variety to produce the native Jajo and pandan juice to customize the color and smell

was recognized by a sensory panel.

Keywords: local jajo, herb, sensory testing
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Abstract

Nowadays, consumers pay more attention to healthy food consumption. Consumption of crop sprout has
been increasing in popularity. The crop sprouts provide higher nutritional value than seeds. Sunflower sprout is
considered a favored sprout due to its rich nutrition and phytochemicals such as phenolic compounds, vitamins
and various pigments, especially antioxidant activity substances, the important roles in human health care and
disease prevention. This research aimed to investigate three sunflower cultivars to select the proper cultivar and its
age period for harvesting to receive the highest antioxidant capacity. Three different sunflower cultivars
(Helianthus annuus L. cvs. Jumbo, Pacific and Artuel), that consumers prefer in Thai market, were elucidated by
four harvesting time: 5, 7, 9 and 14 days. The studies of growth, the amount of important substances in relation to
antioxidants including total phenolic compound, chlorophyll, carotenoid and antioxidant capacity were carried

out. The results revealed that within 14 days of cultivation, cv. Pacific sprout showed the highest growth rate,
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followed by cvs. Jumbo and Artuel (0.20, 0.18 and 0.16 g fresh weight per day, respectively). An antioxidant
capacity by DPPH free radical scavenging assay and total phenolic content analysis also indicated that 5-day-old
cv. Pacific sprout had the highest antioxidant capacity (14.38 milligrams equivalent of ascorbic acid per 100
grams of fresh weight) with high total phenolic content to 73.09 mg equivalent of gallic acid per 100 grams of
fresh weight. In the analysis of chlorophyll content and carotenoid content, cv. Pacific sunflower sprout for 14
days showed the highest of chlorophyll a, total chlorophyll and carotenoid contents at 0.37, 0.12, 0.57 and 7.4 mg
per gram of fresh weight, respectively. To obtain the most antioxidants from sunflower sprout, cv. Pacific
sunflower sprout of 5 days was suitable for harvesting. This study confirmed that genotype of sunflower seed
affected an antioxidant capacity of sunflower sprout. Probably, the dominant substances in antioxidant capacity by

DPPH free radical scavenging assay are total phenolic compounds.

Keywords: sunflower sprout, antioxidant capacity, phenolic compound, chlorophyll, carotenoid
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Abstract

The objectives of this research were to study the optimum condition for extracting oil from carrot peels
using supercritical carbon dioxide and find mathematical equations to predict the percentage of oil yield, oil
extraction efficiency, and beta-carotene content. Central composite design was performed for 2 factors,
temperature (32, 39, 56, 73, and 80 °C) and pressure (14.2, 16.5, 22.1, 27.7, and 30.0 MPa), to determine the
optimum oil extraction condition based on the highest value of oil yield, extraction efficiency, and beta-carotene
content. It was found that the optimum condition was at 80 °C and 14.2 MPa and when comparing the oil yield,
oil extraction efficiency, and beta-carotene content obtained from the experiment at the optimum condition to the
values obtained from the prediction with the mathematical model, it was revealed that the deviation value (%D)
was less than 10 percent, indicating that the obtained mathematical models could predict the percentage of oil
yield, extraction efficiency, and beta-carotene content well. In addition, it was found that the oil from the carrot
peels obtained from the experiment was orange with L* a* b* C* and h* at 33.35 26.08 42.28 48.53 and 57.99°,
respectively, beta-carotene content iodine value and oil acidity value were 0.27 mg/100mg db, 116.75 mg
iodine/100 g oil, and 2.43 mg KOH/g oil, respectively and antioxidant properties based on the ferric-reducing

antioxidant power assay was 529.08 uMFe%/g.

Keywords: acid value, supercritical carbon dioxide, edible oil, B-carotene, carrot peel
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Abstract

The objective of this article is to discuss on rheology properties used in 3 types of conventional
extension flow experiments; uniaxial, biaxial and planar elongational flows. These standard flow experiments can
be tested in either steady extensional rate é‘o which is called steady elongational flow, and unsteady extensional
rate & (t) such as extensional oscillatory, stress growth, stress relaxation (or some time called step elongational
strain) and creep experiments. To synchronize these standard test properties and symbol notations, the society of
rheology (SOR), United State of America, has declared those properties and symbol notations for its rheologist

members from time to time.

Keywords: rheology of elongational flows, oscillatory elongation, elongational stress growth, elongational creep,

elongation relaxation.
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° ' ] - . . I o ~ o ~
duisvesdouveslualunuany i naz j awdduile i, j =1,2,3 sasuaseavesiaaluaunsi
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J v a o a 4 - . '
positions) YOUNUIFOTOATUATHA LAZINADATINIFEFUIFA (angular deformation) 1110 | # j Fevzoguon
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ALK UINUBIYY (off-diagonal position) VBUNULEDIOATUATEA WWGlﬁ)ﬁUJﬁﬂLH]ﬂ!.l%\iﬂﬁ%!.ﬂ'i/lsll@\iﬂﬁvlﬂﬁ
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X, /vl‘ =0 i
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51N 2. nermams lvauuuiBeued 19918 (simple shear flow) Tudiemie X, dreamss V
FEHINFDWAUNTANUGI h

'
A =

onsegruruluns lnan hiawsonada’la (incompressible) oz ligangiined (isothermal) VD4

a = = A ' 1 a o P ' 3 a [
Tranuuiia Tndleungnideuszrinegewnuluiians X, hldlinadanuss V fnnwge h dweaaa
Tuzif 2 vglinnuduion 7,, uilsiuasenudananussoaiRen 5, Ao (White, 2003; Munson et al.,
2002)
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A o LA = A . v A a a < o J
MU 7, SanwlsAuiusanANuIAIsAmReY 7, uamanuriaueuinIndisw 77 wuilenduainais

AIRIVDIBATUATEA ¥ (scalar invariants of strain rate) AILAATUANNIN (5)
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Kolitawong (2018) 3 U38NEUNITN (5) 'mJqusﬂﬂiinmi"lwaﬂé'mu’ﬂmuau (generalized Newtonian fluid)
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(4) 1z (5) NAUMTUAAINGANTTH (constitutive equation) (Bird et al., 2015)
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ﬂ\u!’ll'.]']ﬂﬁf‘ﬂﬂﬁ@UUﬂﬂ\?Glu"llfNllﬁaﬁ]%ﬂ1ﬂﬂ31ﬂ1§ﬂﬂﬁﬂﬂllﬂﬂlﬂ@u L‘LlfNﬂ1ﬂﬂ1§ﬂﬂﬂﬂﬂlﬂ\11ﬁaw‘mﬂ\1
a & o, ) ' o oA Yy Y A Yy o~
ﬂﬂuuﬂ']llﬂﬂ']ﬂﬂ'ﬂ (Barroso et al., 2003) !L@@fﬂ\ﬁﬂﬂﬁ']'JUl'.]"lﬂQﬂu'J']'ﬁﬁiiJG]ﬂﬂ"Uﬂﬁﬂ1§vlﬁﬁﬁ]$ﬁﬂﬂu°ﬂ\1ﬂ'ﬁllﬂa
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u‘uumauuazﬂﬁhlwaﬂﬂmmugﬂu“lﬂ 3@]Qﬂi$ﬁﬂﬂﬂ]®ﬂﬂﬂﬂ?1uuﬂﬂﬂfﬂi’f)‘ﬁ‘]ﬂfli]\n‘l/lﬂWﬂi%LLﬁiuﬂﬁ‘ﬂﬂﬁ@‘U

-119 -



The Journal of Applied Science Vol. 18 No. 2: 116-140 [2019]
MsaFInedaasdseenst doi:10.14416/j.appsci.2019.09.002

=

dane (theology of elongational flow experiments) UULAN Ntlon1d 15u auﬁﬁ?mmsmamaﬁaﬂuaz
v v Ea
wgAnssums luatadefianiauded aesirniaazluszuivildnamsnageouiu unanuiiazaainde
v Y 1 v
auiiaIneInszuaInmMInaasu s an luvusunadaliumieimsnaasudananadd luvaeing

A & A2 Vo . A =
Vlﬂﬁﬁ]ﬂﬂ1ﬁ'hlﬁaflu 9 Lﬂullllll‘ﬂﬂ]u'ﬁ]ﬂﬂﬂﬂa? (unsteady flow) (BU ﬂ”liﬂﬂﬁﬁ]ﬂflﬂﬂﬂ!ﬂui@ﬂ NITNATDUNIT

]
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51 3. degemsasludianaferves (n) 1dule (Anna & McKinley, 2001) t1ag (v) tHUNAN () FUIUE1

A9z UUIATEINATOUANUIA LIS IRIAINLIATFIU ASTM (D 412 — 98a) (ASTM International, 2003); 113 ()
v 1
FUNUBNAF VAT OINATOUMITAAWUUWIMYUE (dual windup extensional rheometer) (Sentmanat, 2003;

2004)
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M3 lMaunyudafe (elongational or stretching flow) 1Huns InanlalinsiNeu (shear free flow) 3¢
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V=2 Yoy =2—=, Yoy =2— (®), (9), (10)
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& o v o Ao oy ve 9 o < A L.,
uenantims nadmsutagnoadd i lddignatuguaiengouiniurand1nfio (Rézanska, 2017)
YtV t7=0 (11)
@ ?,'/ o A ~ ~ = A 3 <3 a = Y =2
aaiumsnnminaassnieigalumslvai hiimsdeuziilumsauauanui lufianiudoadienisds
o : =3 1 a = v o A g
TAANATOUHUITONIINTOARINANIUAYY (uniaxial elongational flow) wziuiaanagouiudule
v
(filament stretching) (Torres et al., 2014; McKinley & Sridhar, 2002) w’?aﬁvumﬁaummgmmu ASTM (D
~ [ o A g ] @ Aa
412 -98a) (9319 3) SwTagnadeuTunAUIZHINZAUMINATOUMIIARITDINANIY (biaxial stretching
flow) (Wangchai, 2005; Wangchai et al., 2008; 2011) aauaaslugii 4 uazgamerznannimsoansluszuiy

. I H ' . . ¥ o v
(planar elongational flow) dz1flumsnageumstanan lulinsvyu (irotational flow) luiiioTag (9317 5)

a

ANOANINAUEA

(M) ()
51 4. Avd1anmsnadeuNs8ARIA09AifMI4 (biaxial stretching flow) 828 (1) 35NABA (lubricated squeezing
flow) (Song et al., 2007) ttag (v) 3518 ur1 a1 NeIaY (bubble inflation method)

]
=t 1o

v Y
M319h 1. A18AT10ARAS (elongational rate) £ (t) uazdwla b MvuegrugUuuumstads

siuuumstang dasdans £(t) b

=KX A a = . . . .
MIANYANANIUAYI (uniaxial elongational flow) S(t) >0 b=0
M3ATATDINFN N (biaxial stretching flow) £(t)<0 b=0
miﬁaﬁﬂcluizum (planar elongational flow) E(t) >0 b=1
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a A Y c?

a o A= v = A o s Iz
ETJTI 5. maawmwmﬂuizumma (n) 35 ﬂﬂQﬂ?ﬂgﬂﬂaﬂﬁ@n‘ﬂﬂ%'ﬂﬂimﬂi (Taylor’s four-roller apparatus)

nyuiluveunaodnAondI5aza10MaINogaIINaIN (Taylor, 1934; Sharma et al., 2014; Brimmo &

. a0 & Y A N . .
Qasaimeh, 2017) 4ag (V) ITAIUHUTUINUAWATOINATOUNITUAA (tensile test machine)

wa a Ay v A R 1 dy (=) 1 o Y

auianszuaInen ldeinmanagevdaaaartiunuee: lulinnuvanagyiin Tuanunsaii 1o 14

“luaummﬁquﬁmm (constitutive equations) (Petrie, 2006; Khan & Larson, 1987; 1990) o1 19 uns
4
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v _T(1+b)xl
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g(t)X3 123
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1¥msiamandeunvesiaaaindrilinmuendasluilofaq (fow birefringence) lunaazs1anar vio 1435
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A = A a a o A A o A =R a ' A a Y]
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11NN 7 ve9 Macosko (1994)

A15199 2. uamnﬁmmm’fagmiﬁ-aaﬂ (Input and Output) lumsnaaesdafaien1u@e (Uniaxial

clongation) HUDAUANGATIBARINIGT € NFIIATNADINS

(n) () (M) Q)
A =R o A I 2 Y A = o Y A =
YAAIFANA ﬂﬂﬁﬂlﬂui'ﬂﬂ NMTLNUANUIAUYARN N1TAANYNIVDIAITUIAUIAAN
(steady elongation) (oscillatory elongation) (elongational stress (elongational stress relaxation)
growth)
& Input & Input & Input £ Input
&
0 i £(t)=¢,cos(at)
& &
A
70 t S(t)ZSOSin(a)t)
< output Output
9o
0 t o(t)=o,sin(at+05)

Frlsuazauiaineinszualuns Inadadeluunanui sreseaunuine nszuanms
A130IUTN (society of rheology, USA) AlduAsnanaenssunsIAnuanass i lums 1fauiaine
ﬂimmmzﬁmﬂiﬁ"lﬁ'ﬁ]mmim’daummgmmdwﬁ (Dealy, 1984; 1995; Ad Hoc Committee on Official
Nomenclature and Symbols, 2013) taz 1405z maldmuindseiivaumediinenszualdlddulsuay
amnfainenszuai idnnmanageulufiemadondu fudhluunanuiszs s mniainanszuauos
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EoXs 123
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. A A A R A = . A R a .
nnome 77 (&, ) Aoanuwiladadaiamafe, 17, (&,) Aenrnuniladadsaosiionia uag e, (&) uaz

1, (£,) AoAnmmiladadaluszinuddui 1 uag 2 awdidy

A = U
MINATOVIAAINIA
vy
TumsnaaoudnfandI9iAN191Re7 (steady uniaxial clongational flow) FunagouIzgnInaalu
A X, awdaslugzin 6 Tasszaruguoasunseataasliasiiume
é(t)=¢, (14)
Y o o a A = Y A R o ~ A 9
uanhimsdamsaeuaueIveInNUIAI BAtAREANMALEaRR A luA13 190 2 () iledpuEYNIA Y
Qy 2K a = =2 9 [ A R A . a o g’./ <3 a 2 A
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Tuaumsa (12) fie
dx,
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naglinNuTIveTaquaslanFuveTaaNinenn 7, — 7, 1A 7,, —7;, IHAITNATOVIARIAIND

(steady clongational flow) 1UDA19 9 fandaslua1seh 3 Taem liudrnnuniladadsisamafen 7. 0
o A o A g ' A Ao A < 7 . . Ay v
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1 1 Yy H v Y 1
sUnuuhdehganomsiu (Wiea) FunadouiodizrIiItTuFunagouu-asll-u1 (quni 3 vos
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fﬂ‘ﬂillWﬂﬂlu@iﬂuﬁuﬂﬁlﬂuﬂl@ﬂlﬁlﬂ (solid polymer) fﬂiﬂﬂﬁﬂﬂﬂﬂﬁﬂlﬂui@ﬂuﬂ“ﬂﬂﬁﬂﬂﬂ?ﬂﬂ?'i
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gasuATAgARLaz IanNUANTARIA A A1 199 2 (V) Taemsmrualioas uassaganaveIidgne
£(t)=¢,cosmt (20)
. I I o = 2~ =
Tae &, Wuvnauvuavedns uATeadaa (clongational strain rate amplitude) FILANNIATEATAR
< a
dullaweaumsh (13)
t )
g(O,t)=.[ &, cosat’ dt’ = g, sin wt @1
0
A < a A =R . . . A g = v o
e &, WUYUIAYDIANUIATEABAA (clongational strain amplitude) AN UVIN (+) tarue tazlANNTURUT
@ % ~ A R A
AUVHIAVDIOAT AT HATANIAD
&y = W&, (22)
F
Aa A o a I a =
TaguinmsnadeusiailiniziounaaenlugluuvdanailusounaAn19@e (oscillatory  uniaxial
I a [ ] <
elongation) (Kee & Fong, 1995) uazdanatluseuaeananIg (oscillatory biaxial stretching) HADE13 15N
I S 4 o
msnaaevdanailuseuluseu (oscillatory planar elongation) Niimsnageutiie 141na lnmsuendives

a 14 1 a o 1
NYAN1TAL YN ALNDT (breaking of polymer solution droplet) (Li & Sarkar, 2005) L4ANITAAANTHUINISLUANA N
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A I a = a nmy = d‘dy dysl [
NnMInaaevdanailuseuiamudsiazaesnamauas 1uldnandalunil vennniidrvuiavessni
= I ° . . =
13 uAdAY A UTO UM (small amplitude oscillatory elongational flow, SAOE) aumIaNuAudanavziinmy
1 a v W =) 1 o =) I
vguniiaudunusasuaiondaa (linear viscoelastic behavior) AR IIUIAYDITAT UATBATANAITIUTOUFA
(large amplitude oscillatory elongational flow, LAOE) @uminnuidudaasas liulinnuvguniiaiaduny
8@3UA38A0ARY (nonlinear viscoelastic behavior) tagauiiamenszuanm lavinminageudrominiugu
Yy A K Y @ ~ A R 1 [ ~ A =R Y @ Y A
ANUAUIAAIAIIANNUIATIATAAIIZUANA NDINMINATOD TABAIUANOAT AT BATAAILEITAANNAUDA
d'g 1 J A o =) I ° ] gﬂ o [
a1 luntlvenanduamsnageunivuIaveIdnIIATsadanAilusa UM (SAOE) 111K d1mSumsnaasy
= @ ~ <] 1 A a
mmﬂmmamnmaﬂﬁwmﬂuiauqa (LAOE) ansameiiuay lden Bejenariu et al. (2010) {tag Dessi
etal. (2017)
) o A I a 2 . . . . 4 <
dmsumsnaaovsarialluseuNANILAL) (oscillatory uniaxial elongation) namasaNus lums
A g a = 3 A v ¥ ¢ v 4 '
naaevganaiusouiiamuded aziulUawaunmsh (12) Aniumugessasimsulasunilasgisn (rate

. A I a = A
of deformation tensor) lumsnagevsanalluseunaniufeIne

—&, Cos at 0 0
7(t)= 0 —&, cos wt 0 (23)
0 0 2¢,cosmt ) .
' 4 Y A = =~ v v Jdu a oA
HAZAUNULEDIANUAUIAAISUANNTUNUTANTUNITN (24) HUAD
o 0 0
=0 o 0 (24)
0 0 20

123
Y A =R ~ A 1o = o ~ A = = a
IﬂﬂﬂjWHLﬂuﬂﬂﬂﬂﬁﬂUﬁuﬂQ (stress response) "l]gllﬂmllﬂﬂ/lhlﬂﬂﬂ'ﬂllﬂsll't‘]\'ii‘)ﬁi“ﬂiﬂﬂﬂﬂﬂﬂllﬁuigﬂglv‘IﬁW

UANAIAY (phase difference) NA1IAD
o(t)=o,sin(wt+5) (25)
Tav & uszoznlaiiunne1adiu (phase difference) sz A ulaRazsnT UATOATAR A2 0, 1T
YUAVBIANUAUTARIAD VAU (elongational stress response amplitude) «T}qmmmﬂuﬁmﬁ @Ellﬂillmﬁ
ANNTOHIA Ty — T3y 191N
Ty — T, =—20—0 =-30 (26)
@mmaﬂanmiﬁ (26) §10 -1 nazunumAYM TN (25) 9218
—(743—71) =30, sin(wt+6) (27)
1Hondnvains Tnaes 14

—(743 =731 ) =30, (Sin wt cos § +cos wtsin 5) (28)
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§ a o ' o &
et WA AAYATgUYEIEIT (Young’s elastic modulus) 7D

Ton—T
E=- 33 11 (29)
&(t)
Taesanuasendana e(t) M Idnnaumsi (13) Weunuaraunmsn 28) asluaumsn 29) a2 1d
Ton—T .
—M: E’sin wt + E" cos wt (30)
&
Ia ﬂﬁuﬂ@ﬁvﬁ Azantang (elongational storage modulus)
KToz
E'(w)=—2c0sé G1)
&y
uazuenangdedafY (clongational loss modulus)
30, .
E"(w)=—Lsins (32)

&

o I 1% [ 1% 1 o o =)
Taguogaaazautanuiluanuawnsavesiaglumsgadundsnuszninmssuvaauaz venddgyde
A R J = 1 o @ [ Y k) a 1%
gaduilumsgades (Janilasey) wasnunnmsiulvasdaasimuarsmsnfseumeudumsnszaou
vosgninuiialuzln 7 uazueadaazaudanwuasneqaagy dedaniduiusiuuendaazauuazuondd

= A <3| . A
guyaslumsnadeunauiluson (oscillatory shear) Ao

E'=3G’ (33)
E"=3G" (34)
Lf}i‘)
G’(a)):ﬁcow (35)
7o
G”(a)):&siné (36)
Yo

o o = < Y
Tag G' Aowenaddzeaw (storage modulus) way G” Aoweadagayde (loss modulus) vz ldmsnaden
A < A a A . a Y v o
Mewiluseu ansadaldnangdnssuanudanguiasngdnssuveuratesninlanien q du lae 7,
3 ~ < Y . = A
Wuvmannuaion uag 7, 1JUIUIAYEIANVAUABU AU (stress response  amplitude) FUTUAIAIN
~ I J =l I a =t

Tuyaziminaeasznianuuganuazanuaseatan lumsnageudanaiusouzinaesoudmne
aa . @ A X < A = 1 1 4 A Y o ~ wvaa a a
5%a (hysteresis  loop) aanaaalugiln 8 sudunuigydeasritsiundiagliauiadalndaradn

(viscoelastic property) ﬁuﬁa
AW = (ﬁ ode (37)
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a Y 1w A ' P . v YA 1 a = A A
aun1sn 37) Llﬁﬂ\jiwlwu’)T}]ﬁﬂ‘ﬂﬂﬂunﬁuu‘liﬂJ (purely elastic) Lﬂ1uuﬂﬁ]3llulﬂﬂj\1§'ﬂuaﬁl‘ﬂﬂj‘;ﬂﬁ

a

=

< ' o A 1o oA = Y < ~
(hysteresis loop) HufovzdnslFusspaazlasendumnunszezdamediy msnagevdanadluseviims

S a 4 ° & T o ] ' A4
Ilansugadoumesslumssamiioulumsnaseunesuwiusouuiuuaaz lunanneluni

I

S :

£
vagadgady
1, +Ar

_Y
A

(Loss modulus)

£
v w_ d
woaaanniny

(Storage modulus)

k4

d‘ = v a A ' Y 1A
31]71 7. UEAIMI LAY (storage) L1AZMIFYLAY (loss) WA UVBIgRINUtangnilaseliangiu

|
|
|
|
|
|
|
AW !
|
|
|
|
|
|
|
|
|

& &

~ = A . = < < I~ = dy I~
3‘1]7] 8. LLAAINIDUITNOINA (hysteresis loop) 1uﬂ1iﬂﬂﬁ@'ﬂfJﬂWﬂL']J1!iﬁlﬂlﬂuﬂ‘LJﬂQfglﬁﬂﬂﬂﬁu'JﬂWUﬂ

lﬁﬁNi]1ﬂﬁ'ﬁﬂﬁﬁnﬁa§ﬁ1ﬂ§mﬁaﬂ (viscoelastic property)
a Y A =
NIINATOUMIINHNAINIAHEAN

A Y A R . o o o ~ = A
NTNATDUNITIWNANULAUYAA (elongatlonal stress growth) ‘1/]WHl@Sﬁﬂﬂﬂﬁﬂ"l‘ﬂuﬂﬂﬁi%ﬂiﬂﬂﬂﬂﬂﬂ

o . ' v A o o A o A
UUUANA 80 ’E‘)En\jWuﬂﬂuiﬂﬂ\jllﬁﬂ\jiuﬂ131\1ﬂ 2 (ﬂ) UHUND
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t<0

37)
t>0 (

3 o J o o { a A v
Lms‘ﬁflﬂ’ﬂlﬂ’i]ﬂ]ﬂﬂ’f]ﬁﬂuﬁzﬁﬂﬂ"lfuéllﬂﬂ’flﬁﬂﬁmﬂiﬂﬂ Ty~ Ty Uas 7,, =744 Glumima'emmsmummmu

LRGN (elongational stress growth) HUVAN gl aaaaslunisei 4 (O & Sridhar, 1999; Wang et al., 2011;

Bhattacharjee et al., 2016)

3 3 o 7w o { a 2
3190 4. agUanuEivesiaquazsifanTuueITagNnANIN T, — 7y, UAE T,, —7;; TWMINAABUMIIAN

mmﬁuﬁﬂﬁa (elongational stress growth) BISIERN d|

< o
Mg ANITIVOITAR T3 — Ty Ty — Ty
fnant>0 o o
(M MINUANUAUTAR :
_Z0
IGURNEIE 2
o,
.. . = . E + .
(uniaxial elongational V= _ ﬁ X __g} =1 (t, 6‘0) 0
2 0
startup) 2
) &, X
[b=0uaz & >0] 078 /123
) MINUANUAUTAR :
0
ADINAN 2
_ . o .
(biaxial elongational V= B &, X __,g" =1, (t, 80) 0
A 2 0
startup) 2
. E X
[b=0uaz & <0] 073 /123
@  mamvanususanely
EEATRM —EX,
_ P . P .
(planar elongational V= 0 —= 7];1 (t,é‘o) ——= 77;2 (t,é‘o)
. &y &
startup) 80X3 123
[(b=1uay & >0]
+ . A A A = oA = + . A A A a o
NINemg 77, (t,go) ABANUNUABARINANINALY, 775 (t,go) ADANUKUATAAITDINANI LAY

+ . + . A A AR o v A 2 Y A
e (t,go) g 1y (t,go) AoaNMurUATaAslusZIIUAIALN 1 uay 2 TuUMINATOUMINNANUAUER
1 2

=
AN
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A < '
MINAABUMINUANUAUTARS (clongational stress growth) 1HumMInagevitiloumsnageums
v v v
INUANMAUIR DU (shear stress growth) NA1IABMINATBUMINNANWAUTART eIsad 1@ Tasmsaam
. Y A
8as1daRInedn &, edviuiiulamenszmnniunadevuazithgmsaouaussvesnnuduluiiotagain
7o Aa gy 9 = 2 A Y A = .
gilnsaldausanaa lidndunilsvesiunaaon TuvaziinsnaaeunsanasuenuALEAAY (clongational
] o Y a a wua d' ] Y a [ ~ =S A
stress decay) Tiamnsosildas slumalfiid iieson iawsoniuguldinansanasvesdasuaseanta
o . Y A K Y o S =3 12 o Jya
HUUAIAD &, lumsnadeumsanasvesanuaubadeld duiudlitianusuiulunmsddewns

nAFoUMIaNadveIANNIALTARLABE19 1A (Morrison, 2001)

MINATOUMIAMAIVDIANMAUEAN
@ Y A = A =2 A I H . .
MINATOUNIAANAIVDIANIAUIAAINITONTAITAIT UATU (elongation stress relaxation or step
v 9 v
elongational ~ strain) 9%11A8N15AIAI1OATUATIATAAIAIAD & Tugsraardu 9 t, avuusuUnaaoy
2 Y o A A = o . H ' H o A o q v
(NIEHINFUNATDUAIIOATUATIATAAININD £ 1 AT luTIAEY 9 t,) aanaaaluasen 2 (1) i lvasu
=) ~ A =R [
NATDUNANULATYAYAAIDYINDIT &

0 t<0
e(t)=limq &t 0<t<t, (38)

ty—0
& =¢&t, t=ft,

Y o o Y A =X A o A A o A A=A
LAININITIAANUIAUIANN O NABDY €] AATYAIANLTDY ) Tﬂﬂllﬂﬁi"llﬂiﬂﬂﬂﬂﬂﬁﬂﬂ

0 t<O0
é(t):t'oiﬂ?) & 0<t<t, (39)
0 t=t,

Tugsduanudugads o(t) 819921MAMINTZHN (overshoot) tHiod91nLsINTENIHINATAT UAS BATARS
@ . ] Z; g’/ o a G A R ' Y A K 1
A3 £, Turanan ty du 9 UU 1AINNeANATBATARIEE1N01IT &, ANAUTaRl o(t) vzhee 9

(g J o @ A a
AD1YANIA (stress relaxation) (Wang et al., 2011) ﬂaﬂ%umamﬁ@mﬂmm Ty — Tyq MOT Ty, — Ty Tums
nagouMsAaeiIveInNuIAudaaaaaluasei 5

MINATOUNITAAIBAIVDIANNIAUTARITIMITONATD DRI TAUF U TefiAn19ReT (filament

stretching) AAA 114317 3 (1) (Orr & Sridhar, 1996; 1999; Bhattacharjee et al., 2016) W3BNTNATOUNS

o Y A = ax o . . 2 J
AMEAIVOINNNAUTAAIT T ONATOD TABIDNABA (lubricated squeezing) FUTUMTNATDULUVMIANY
o a o { o <
Avesnnudubafasaosianiesawaaslugii 4 (n) 1482 (Soskey & Winter, 1984; 1985) usiog1e lsnam
MINATOUMIANIBAIVDIANUAUTARIHEuNATO IO IANEAAAHDUAAY (relaxation modulus) Tuws297

Faglianuaseatana g, A
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< Y o a . . . .
Tmm’J"lﬂummg]aﬁwauﬂmﬂ?}ﬂﬁws@fmuﬁm (uniaxial extensional relaxation modulus)
a g ' v @ a a a A 9 . .
Ec (t,go) wiadlu 3 venegaarouna1sueIianIa IndaafnBudu (relaxation modulus of linear

viscoelastic) G (t) nl&nnminaasumInasdIveInNUIRUIRDY (Barroso et al., 2003) NA1IAD

Ec (t,go) =

Tay — 7.
811 -3G(t) (40)
&
v A R a . . . . = = Y
LAZNOANTNDUANIYIAAINDINAN (biaxial extensional relaxation modulus) EB (t, 80) NANUATIAUDY )
=) o v Jda [ [ ] 1% a a a a

ﬁ]$JJﬂ’J'liJ?fJJWuﬁl%iLéJUﬂUNﬂﬂﬂﬁNﬂuﬂﬁ1ﬂﬂlﬂﬂ3ﬁﬂ3ﬁiﬂﬂﬁ1ﬁ@]ﬂl“ﬁ\i!.’s?f}u (relaxation modulus of linear
viscoelastic) G (t) 1FUNU (Soskey & Winter, 1985)

lim E, (t,5,) =—2 1L - 6G (t) (41)

£—0 60

a

ieveqaaneunalevesiaglidlnomaandududniodeusgluglvesannaiuveauainounats

a

(spectrum of relaxation times, ﬂ,l ) L!ﬁ%uﬂﬂﬁﬁﬁﬂmﬂmﬂ (relaxation moduli, g)
N
G(t)=> gexp(-t/4) (42)
i-1

v o oA 9 @ Y A = yyd
anuduwusuasalFlumsasisasunanisnaaesluminageunisaatealvesnnuAugana ldily
VoA A a 9 o Aa wa g o A ) 4
pgnAosnInlndudriaqnliauidaiiuves lnavzimanagoums Inanuuineulddioniminaaeunis
Tnanvudans TuvaznmInaeaIveInNUALEARITSIVIALMINATOUMIAAIAIVDIANUIAUR DU

IriAuedanounaIRedIn (Khan & Larson, 1991)

=8 A
NIINATOIUNIAIND
' A R A =2 A . 3 Aq ¥
ANINNITNATDUIAAIULUVUDU €] NITNATOUNTAIAY (elongatlonal creep) L‘]Juﬂ"liﬂﬂﬁﬂﬂﬂﬁlﬁ
Y A = o A Yo A ~ =2 A ] ' oMY 1 1 Y]
AITUIAUYAAIAIN O, LWﬂiﬁ?ﬁﬂLﬂﬂﬂ'ﬂiﬂﬂiﬂﬂ@Nﬂﬂ S(O,t) ¥ ) YNNI VHHlﬂEJEJNNEJ 9 Iﬂﬂfﬂirl‘]f

H 2L Y
@j’um‘wuﬂ (dead weight) HUIUDNFUNATDY (sample) aaaaslu

31U 9 1iune
0 t<O
Ton— T, =0 = (43)
33 11
o, t>0
Ty o, AeAIANUIAUIARIAIAT (steady clongational stress) uazinauemasunlasllamnaids
waaalu
a A o 9 A A R . . A
f1519N 6 (D) maﬂmuﬂ“lwmquuﬂuaﬂm (elongational creep compliance) A9
£(0,t)

Oy

D(t,0,)=- (44)
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HeANUIATIATARIAY & (0, t) Aoy luaumsin (13) Famn'ldnnanuennalasuutlaslawesraran'ld

1NMITIA

Y < o 7w o da
M5190 5. agUanuEIvesiaquasfanTuueTaqMNANIN T, — 7)) UAT T,, —7;; TUMINATOUNS

AABAIVDIANUANTAR (elongational stress relaxation) HULAN 9

< o
MINATOU AU IV Tyl Ty
a1 0<t<t, € &
(M MINALAIVBIANUAY &
A K A = ——O
IAAINANIUAYD 2
_ . O
(uniaxial elongational V= _ﬁ X __é‘ =1 (t, 80) 0
2 0
relaxation) 2
. X
[b=0uaz & >0] 073 /123
() MIAAYAIVDINNUIAL &
= - _Z0
IAAITDINANIG 2
_ . Og
(biaxial elongational V= _ﬁ X _g_ =Tl (t1 50) 0
2 0
relaxation) 2
. E X
[b=0uaz & <0] 073 /123
(n) MIAAYAIVDINNUIAL
A R .
IANITST UL —&yX,
" g Op,
(planar elongational V= 0 - ,5"1 =1y (t,é‘o) - p =7k (t,é‘o)
0 0

relaxation)

[(b=1uay & >0]

X 123

. A A A KR a = . A A A R a
Hnomea  77c (t,go) ABANUUUAYANNANNIAY), 7] (t,go) ADANUNUAYAPNTDINANN  UAS

My, (t,&) uaz s, (t.&,) Aoanunilagadsluszinudidui 1 uaz 2 Tunmsmadoumsnaiedlvesny

Y A =
IUIAAN
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MINATOUMIAMLHINNMIANAD
MINATOUMIADIBAIINNTAIAY (elongational creep recovery test) NATINNITHYANNUIAUTAR S
1] Y S W 9o‘ v =~ 3
A o, ediiuiiiulademsioiduiminesnudathgmsaevaussvesnnuasen & (t) anmsia
v
VAYITUNAToUAwLaAd Y
a ~ ° Y A4 = oo X
M15199 6 (V) TaslimImruanNUAUEAAIALl
o, t<0
T3~ 13 =0 = 0 t>0 (45)
wa a < 7o Y A =K o Aq v A
auiiamaInenszuavesmsnagouszduifanduvewial t uazanududadnidn o, 114 Taslinins
ﬂmﬂﬁamammwsjuﬁuﬁﬂﬁq (elongational creep recovery compliance) fo
g (t
D, (t,6,) =) (46)
Oy
e nnueseafsAurounae & (t) Hewluaumsa (13) mlden

t
_ . ’ i
& (t)=] & (t)dt (47)
A 1 A o o A a A . . = [ ' 3’, T
e t' AedulsaulyeINITdUNINTA (dummy of integration) G]NTW‘H18111]146\1’1]1ﬂﬂ1§!WlUﬂ1L'JﬁWNLL@]

r_ = " al v = =2 A Y =2 A A A o
t —0 t =t la 9 A UASUMINATDUNITAIAUAINAIYNITAIAUNDUADIINIETNATDULHUBUNUNIT

A A Y A A '
NATDUNITAURDUATNUAIYNITAUIRDUNDUANY

Xy X3
S I i _l__l_\
X5 “*2
I . I'4
X, X,
L"
L
I

==

Fuimin
(Dead weight)

() 1, (V) 1, +A1

~ =2 A g A v 3 o . A 2
3‘1]7] 9. NMINATDUNITAIAUAIYLIIAINIINANUINUN (dead welght) (n) NI tO AINNYNIVDIBUNATDU

1 ! %’ £ t!' = Qy
neuldduimin L, uaz (v) Mt t, + At 1a q Tanuenvesdunaaey L
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M58 6. 1AAINIAIVANTOYYAIT1-00n (Input and Output) TUMITNARBINIAIAVUAZNITAAIBAININAITA

A Y A = o A A9
AVUUUAIURANANVIAUIAAIANINT O-O NP IINLIATNADINIT

(M) MIAIA

(elongational creep)

(¥) MINALAINNANITAINY

(elongational creep recovery)

g

6'0_

E

asl

o o ' = o A o v a A U ]
msAnIAMUENRUT sz msdeglvesingr i inguiamsaeunacglsed

a ' a < 7 a 1A
ansuazinatums lnavesaas luranarauladumansnisidenninennssud (theology) Msnaaew

van A =K . . = A =KX A a = . .
AUUAINIINTSUTIAAN (elongational flow experiments) § 3 gﬂu‘umami‘ﬂﬂaamwwﬁwmﬂm (uniaxial

elongational flow) MINAFVAITATDINANI (biaxial stretching flow) tazmsnadauasdaluszuny (planar

v
clongational flow) 1AEMITNATOUNI 3 LUVILNITAITNATOUHAN | AD MTNATOVIAAIAIAT (steady

. S . . 2 9
clongational flow) n1sNAdeUdANAIIlUTOU(oscillatory elongation) PITNATBUMIIAUANNIAUTAR

. . o Y
(elongational stress growth) M3AIAD (elongational creep) L1AZMINATDUNIAAWAIVBIANUAUTAAINT D
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g ¥ % 1
m3astatuiu (elongation relaxation or step elongational strain) “TNﬂﬁ‘ﬂﬂfdﬁ‘]Jlﬂﬁﬁﬁiummﬁ‘mﬂﬁlﬂﬂll
9
INBINTTUAUNIEN$FRIUT N (society of theology, USA) laasamiznssumsideanasiauiulumsiviua
autiamennszuauazanlsnldnnmsnagevuas 1ddsemalinuiiniseniaumedinnnssuald
Yo wan Ay v ' Aoy A o
T¥iusuarauiainenseuai ldnnmsnageumanii lmdoudu
A IS . . 3 ax A wa aa
minagovsanatluso (oscillatory clongation) IHuasmMsnadeunuiaulalumsmauiianada
4
YoIIMeNszId Taeunaz ldnadounsaIda (fatigue) YoIidquazMINATooLANI 17 (crack) TuiiiaTaqain
1AT093ATIZHIFINANAIA (dynamic mechanical analyzer, DMA) dngiuuuvilsitaulafienmnaaoums

= A . A < Ay vy 3 o i 2
AIAY (elongational creep) mmmmﬂumﬁnﬂﬁaummmamﬂmmumuﬂ (dead weight) HYIUDINYU

Y 9
NATDU (sample) uﬁnmzﬂzﬁﬂmawumaamﬁsmﬂunmmmu

a a
dnanssulszma
I 1 o o a a a 4
AlgUUBYD AN WIONIFANN WIIned inAnuszauliggen MAdnIaInTsunIoInatay

a a o v { 1 ' v Y Y
M3tu-02me unaneaema TuTagnszveumndmszunsivile N3ee1uas19MUAURT YAl

19NE1501909
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