
第 18卷 第 2期
2002年 3月

农 业 工 程 学 报
T ransact ions of the CSA E

V o l. 18　N o. 2
M ar. 　2002

Rheolog ica l Property of M ayonna ise Processed
by H igh Pressure

Zhao Hongx ia1, Zhang Shouqin1, W u H ua1, M a Chenglin1,

LüChaohu i1, L iu Zh ix ia2

(1. Co llege of B io logical and A gricu ltu ral Engineering, J ilin U n iversity, Changchun 130025, Ch ina;

2. Co llege of A gricu ltu ral Engineering, Shenyang A gricu ltu ral U n iversity, Shenyang 110161, Ch ina)

Abstract: T he rheo logical p roperty of m ayonnaise under differen t p ressu res is m easu red using A R 2500 rheom eter

at low shear rate. T he resu lts show that M ayonnaise p rocessed by h igh p ressu re is shear th inn ing flu id and takes

on p seudop last ic characterist ics. T ak ing the m in im um standard erro r as the standard fo r best fit, the m athem atic

model of m ayonnaise under differen t h igh p ressu re p rocessing is ob tained by using the const itu t ive equation of non2

N ew ton ian flow and m easu red data to fit cu rves, and the reason of visco sity variety in term s of p ressu re is analyzed

ten tat ively. T h is is due to the p ro tein mo lecu le disassociated and unfo lded w ith treatm en t of less than o r equal to

500 M Pa, w h ile sm all mo lecu le disassociated w ith the con tinuous increase of p ressu re m ay be associated over

again, and increase of salad o il part icle size in m ayonnaise resu lts in decrease of energy dissipat ion using slippage

and frict ion beyond 500 M Pa.
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1　 In troduction

Egg is one of the m o st im po rtan t nu trit ion

ingred ien ts to peop le. T he yo lk of an egg con sists

of p ro tein, sugar, m u lt ivitam in, and m inera l, etc,

especia lly its p ro tein nu trit ion value is h igher than

tha t of any o ther an im al foodstuff and p lan t

foodstuff. M o st im po rtan t of a ll, it a lso con ta in s

such ind ispen sab le sub stance as lecith in, cephalin

and o ther ingred ien ts to peop le’s b ra in and nervou s

system [ 1 ]. Bu t egg is no t easy to tran spo rt due to

its b rit t le eggshell and is likely to be influenced by

circum stances du ring the p rocess of stockp ile.

T herefo re, egg is u sua lly m anufactu red in to k inds

of goods, and m ayonnaise is one in stance of tho se.

M ayonnaise is a so rt of em u lsifying sem iso lid, h igh

nu trit ion value and dist inct ive flavo r condim en t. It

is m ade of yo lk, ed ib le vegetab le o il and o ther

condim en ts. It canno t be sterilized by hea t ing

becau se m ayonnaise st ructu re w ill be destroyed [ 2 ] ,

w h ile it is easily co rrup t ive by m icroo rgan ism at

no rm al tem pera tu re. H igh p ressu re p rocessing can

sterilize a t no rm al o r low er tem pera tu re and gain

new food w ith d ist ingu ished quality. M ayonnaise

p rocessed by h igh p ressu re takes on steady

quality, abundan t nu trit ion, safety, conven ience,

and longer sto rage life. So m ayonnaise m arket

po ten t ia l is huge.

Food rheo logy p lays a m o re and m o re

im po rtan t ro le in food p rocessing indu stry a long

w ith its developm en t. M ayonnaise rheo log ica l

p roperty m ay vary largely as its ca tego ries,

p roducing areas, test in st rum en t p recision and

p rocessing m ethods, and m o reover, m ayonnaise

visco sity has a d irect effect on taste and edib le

quality [ 3, 4 ]. In th is paper sta t ic rheo log ica l

p roperty of m ayonnaise trea ted w ith h igh p ressu re

a t low shear ra tes and the m athem atica l m odels of

its visco sity are d iscu ssed.

2　H igh Pressure Process ing

In ou r experim en ts, the m ax im um w o rk ing

p ressu re of h igh p ressu re equ ipm en t is 700 M Pa.

T he equ ipm en t m o st ly con sists of a h igh p ressu re

vessel and its clo su re, a p ressu re2genera t ion
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system , and assistan t parts. H igh p ressu re is

genera ted by ind irect com p ression. Supercharger

p roduces h igh p ressu re th rough pum p ing the

p ressu re m edium from the reservo ir in to the clo sed

vessel and thu s sam p les are p rocessed. T he

p rocess has fou r step s: 1 ) Sam p les sea led in

vacuum 2packed bags are p laced in to the h igh

p ressu re vessel, then the vessel is clo sed and

sea led; 2 ) To sta rt h igh p ressu re pum p , h igh

p ressu re is genera ted and reaches the desired

p ressu re fo r a certa in t im e; 3 ) A fter the h igh

p ressu re trea tm en t, the va lve w h ich con tro ls h igh

p ressu re o il rou te is opened and the p ressu re is

released; 4) To take ou t sam p les from the vessel,

experim en ta l sam p les are ga ined after rem oving its

pack ing.

Experim en ta l p ressu re of p ressu rized sam p les

is from 100M Pa to 600M Pa, each p rocessing t im e

( ho ld ing t im e ) is 5 m in, and con tro l sam p le is

unp ressu rized sam p les. T hu s there are 7

experim en ta l sam p les. A ll experim en ts are carried

ou t a t room tem pera tu re.

3　Rheolog ica l Property Exper im en t

Sam p les in th is experim en t are KEW P IE

m ayonnaise. M ayonnaise rheo log ica l p roperty is

m easu red u sing A R 2500 rheom eter of TA

In strum en ts, shear ra te is less than 1715 s- 1,

experim en ta l tem pera tu re is 20 ℃, and a ll

experim en ta l sam p les are in steady sta te flow.

R ela t ion cu rve of visco sity and shear ra te is show n

in F ig. 1 (V isco sity is a funct ion of shear ra te in

rheo logy, nam ely, S= G×C
·

) , and rela t ion cu rve of

shear st ress and shear ra te is show n in F ig. 2.

4　Flow M odel

In o rder to perfo rm a quan t ita t ive com parison

of m ateria ls, it is genera lly requ ired fit t ing the

experim en ta l da ta to som e fo rm s of best2f it

m athem atica l equat ion o r m odel[ 5 ]. T he m odel is

u sed to p red ict the visco sity of a flow as a funct ion

of shear st ress o r shear ra te, it is nam ed also

con st itu t ive equat ion of a flow. T he m o st popu lar

f low m odels are as fo llow s.

① Pow er L aw Equat ion

Since m o st m ateria ls a re non2N ew ton ian, non2

F ig. 1　T he cu rve of visco sity vs. shear rate

(N o te: T he scale of y2ax is is logarithm of visco sity value

in o rder to m ake the relat ionsh ip clear)

F ig. 2　T he cu rve of shear stress vs shear rate

linear m odels are needed to describe the change in

visco sity as a funct ion of shear. T he pow er law

equat ion is the sim p lest one am ong the m odels

ava ilab le. Characterist ic equat ion of pow er law

m ode is as fo llow s

S= K×C
·

n (1)

w here S—— shear st ress, Pa; C
·
—— shear ra te, s- 1;

K——con sistency coefficien t, the h igher K is, the

th icker flow is, Pa·sn; n—— ra te index, is degree

m easu rem en t of non2N ew ton ian flow , the farther n

is depart from 1, the m o re d ist inct the p roperty of

non2N ew ton ian behavio r is.

F ig. 3　T he pow er law curve of rela t ionsh ip

betw een shear stress and shear rate

A cco rd ing to the va lue of n ( F ig. 3 ) , the

pow er law m odel can be divided in to th ree basic
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types of flow : 1) W hen n is less than 1, apparen t

visco sity reduces w ith the increase of shear ra te,

cu rva tu re of S2C
·

is dow nw ards, w h ich is ca lled

shear th inn ing flu id o r p seudop last ic. 2) W hen n is

la rger than 1, apparen t visco sity increases w ith the

increase of shear ra te, cu rva tu re of S2C
·

is upw ards,

w h ich is ca lled shear th icken ing flow o r d ila tancy.

3) W hen n is equa l to 1, it is ca lled N ew ton ian

behavio r.

M o st m ateria ls a re shear th inn ing and can be

rep resen ted by the pow er law over a lim ited range

of shear, bu t it m ay no t accu ra tely describe the

m ateria ls behavio r and m o re com p lex m odels m u st

be u sed.

②B ingham Equat ion

B ingham takes on differen t m echan ics

behavio r com pared w ith N ew ton ian behavio r. It

has enough rig id st ructu re of th ree d im en sion s to

resist any ou tside fo rce, w h ich is under yield

st ress. If ou tside fo rce exceeds yield st ress, th is

k ind of st ructu re w ill decom po se and genera te

flow. T he B ingham equat ion describes the shear

st ress ö shear ra te behavio r of m any shear2th inn ing

m ateria ls a t low shear ra tes. Its characterist ic

equat ion is as fo llow s

S= Sy + K×C
·

(2)

w here Sy——yield st ress, Pa.

③N ew ton ian Equat ion

T h is m odel describes the sim p lest type of flow

behavio r, nam ely w here the visco sity of a m ateria l

is con stan t: the st ress is p ropo rt iona l to the flow

ra te. Its characterist ic equat ion is as fo llow s

S= K×C
·

(3)

④ H erschel2Bu lk ley Equat ion

T h is m odel inco rpo ra tes the elem en ts of the

N ew ton ian, Pow er law and B ingham equat ion s.

S= Sy + K×C
·

n (4)

N ew ton ian　Y ield stress= 0　n= 1

Pow er law　Y ield stress= 0　n= pow er law index

B ingham　Y ield stress va lue　n= 1

It can often be u sed as a genera l2pu rpo se

m odel fo r shear th inn ing m ateria ls.

⑤ Casson Equat ion

T h is m odel can be u sed fo r m ateria ls tha t tend

to N ew ton ian behavio r on ly a t shear st resses

con siderab ly h igher than their yield st resses.

S = S0 + K × C
·

(5)

⑥ Sisko Equat ion

T he Sisko m odel can often be u sed w ith da ta

genera ted a t h igh shear ra tes.

G= G∞+ K×C
·

n- 1 (6)

w here G∞—— infin ite ra te visco sity, Pa·s.

⑦W illiam son Equat ion

T h is m odel can often be u sed w ith da ta

genera ted a t low shear ra tes.

G=
G0

1+ (K×C
·

) n
(7)

w here G0——zero2ra te visco sity

⑧ C ro ss Equat ion

To ob ta in a m odel fo r a genera l f low cu rve,

over a w ide range of shears, requ ires a m odel w ith

a t least fou r param eters. T he C ro ss m odel is a

good exam p le of th is type of equat ion.

T he C ro ss m odel u ses shear ra te as the

independen t variab le. Con st itu t ive equat ion of

non2linear flow p ropo sed by C ro ss w h ich includes 4

con stan ts is as fo llow s

G- G∞
G0- G∞

=
1

1+ (K×C
·

) n
(8)

⑨ E llis Equat ion

T h is m odel is equ iva len t to the C ro ss m odel,

bu t u sing shear st ress ra ther than shear ra te.

G- G∞
G0- G∞

=
1

1+ (K×S) n (9)

5　Flow M odel of M ayonna ise Processed by

D ifferen t H igh Pressures

　　A series of d iscrete da te po in ts are acqu ired

u sing A R 2500 R heom eter. T he flow equat ion of

m ayonnaise p rocessed by differen t h igh p ressu res

is developed th rough cu rve fit t ing u sing know n

con st itu t ive equat ion s of non2N ew ton ian flow and

m easu red data. T he m odel fit t ing softw are w ill

ca lcu la te and disp lay the standard erro r of the fit,

defined in Equat ion 10. T he best f it is exp la ined by

standard erro r. T he grea ter the standard erro r,

the w o rse the fit; a reasonab le fit g ives a va lue of

standard erro r less than abou t 20.
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Standard erro r=

∑ (X n - X c) 2

n - 2

1ö 2

R ang e
×1 000

(10)

w here X m is the m easu red value and X c the

ca lcu la ted va lue of X fo r each data po in t, n is the

num ber of da ta po in ts, and the R ang e is the

d ifference betw een m ax im um value of X m and its

m in im um value.

F it t ing equat ion s of m ayonnaise trea ted w ith

d ifferen t p ressu res are show ed in T ab le 1.

Table 1　F itting f low equation of mayonna ise trea ted with h igh pressure

Samp le

(P ressure and ho lding tim e)
F it t ing model F low equation Standard erro rs

contro l samp le W illiam son G=
475 500

1+ (233 300C
·

) 01700 6
14. 35

100 M Pa, 5 m in W illiam son G=
756 500

1+ (527 800C
·

) 01692 2
18132

C ro ss
G- 01000 001 092

654 800- 01000 001 092
=

1

1+ (427 400C
·

) 01692 3
18132

200 M Pa, 5 m in W illiam son G=
368 700

1+ (196 800C
·

) 01688 0
19137

C ro ss
G- 01000 002 477

381 500- 01000 002 477
=

1

1+ (207 100C
·

) 01687 9
19137

300 M Pa, 5 m in W illiam son G=
22 400 000

1+ (84 110 000C
·

) 01684 3
19116

400 M Pa, 5 m in W illiam son G=
49 260 000

1+ (218 800 000C
·

) 01688 9
18. 61

500 M Pa, 5 m in W illiam son G=
108 900 000

1+ (227 100 000C
·

) 01720 2
18156

600 M Pa, 5 m in W illiam son G=
78 340 000

1+ (397 800 000C
·

) 01689 9
17165

C ro ss
G- 01038 32

31 860 000- 01038 32
=

1

1+ (107 500 000C
·

) 01690 2
17165

6　D iscuss ion

1) F rom F igu re 1, it can be concluded tha t

m ayonnaise is shear th inn ing flow and its visco sity

reduces sharp ly w ith the increase of shear ra te in a

steady shear flow.

2) M ayonnaise visco sity becom es larger a long

w ith the increase of p ressu re in the range of 500

M Pa, w h ile becom es gradually sm aller beyond 500

M Pa. T h is is due to the p ro tein m o lecu le

d isassocia ted and unfo lded [ 6 ] w ith p ressu re less

than o r equal to 500 M Pa, w h ile sm all m o lecu le

d isassocia ted m ay be associa ted over aga in w ith the

con t inuou s increase of p ressu re, and increase of

sa lad o il part icle size resu lts in decrease of energy

dissipa t ion u sing slippage and frict ion w ith

p ressu re beyond 500 M Pa.

3) F rom F igu re 2, w e can conclude tha t the n

value is less than 1 and th is show s tha t m ayonnaise

takes on p seudop last ic characterist ics under

condit ion of 20 ℃.

4) W hen G∞ tends to 0, C ro ss m odel can be

sim p lif ied asW illiam son m odel. F rom T ab le 1, w e

can draw conclu sion tha t super2h igh p ressu re

p rocessing has no m arked change on the type of

m ayonnaise flow m odel w ith in range of experim en t

p ressu re, bu t the con stan ts of equat ion are no t the

sam e.

5) P ro tein part icle size becom es sm all and its

su rface area increases, g loba l p ro tein m o lecu le

fo lds and in ten sit ies m u tua l act ion w ith w ater, and

the tex tu re of m ayonnaise becom es th inner after

h igh p ressu re p rocessing. A t d ifferen t h igh

p ressu res, these changes are variou s, so the

con stan ts of equat ion are d ifferen t.

6 ) A lo t of experim en ts shou ld be done in
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o rder to find ou t the influence of t im e2p ressu re on

the flow m odel of m ayonnaise.
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高压加工对蛋黄酱流变特性的影响

赵红霞1, 张守勤1, 吴　华1, 马成林1, 吕朝辉1, 刘志侠2

(1. 吉林大学生物与农业工程学院,长春 130025; 2. 沈阳农业大学农业工程学院,沈阳 110161)

摘　要: 在低剪切速率下,采用A R 2500流变仪测定了不同压力下蛋黄酱的流变特性,结果表明,高压处理后的蛋

黄酱是剪切稀化流体,具有假塑性特征。利用已知非牛顿流体本构方程对测量值进行曲线拟合的方法,以标准差最

小作为最佳拟合,得到了不同高压处理条件下蛋黄酱的数学模型,并初步分析了粘度随压力变化的原因。在 500

M Pa范围内,超高压处理使得蛋白质分子发生了一定程度的解聚、伸展; 超过 500 M Pa以后,虽然可能造成蛋白质

颗粒的进一步解聚和伸展,但解聚的小分子又可能部分重新缔合,而且此时蛋黄酱中的油滴颗粒也会增大,使得由

于颗粒间滑移和摩擦而耗散的能量减少。

关键词: 超高静压; 蛋黄酱; 流变特性; 粘度
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