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Abstract  1 

The formation process  of  onion st ructure in  a quaternary mixture 2 

among water,  NaCl ,  octanol  and sodium dodecyl  sulphate,  have been 3 

invest igated by two dimensional  l ight scattering under oscil latory 4 

shear  flow.   In  our experiment,  we investigated the  size evolut ion  of  5 

onion st ructure  est imated by l ight  scattering data  with a nonlinear  6 

least -squares curve fi t t ing method.   The t ime evolution of  onion size 7 

showed a good agreement  with a s tretched expone ntial  funct ion.   The 8 

effect  of  oscil latory shear  f low on formation process  of  onions  is  9 

briefly discussed from the viewpoint  of  the  physical  meaning of fi t t ing 10 

parameters  based on the integral  t ransformation method.  11 
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Introduction  1 

 2 

 The behaviors  of  the lamel lar st ructure  and of  the lamellar–3 

sponge s tructures  coexist ing mixture under shear  flow have  been 4 

widely s tudied  [1-15] .   Above a cr i t ical  shear  rate  typically of  the 5 

order of  few s - 1 ,  lyotropic lamellar phase may form multi lamellar 6 

vesicles known as onions [1-6] .   Both nucleat ion process [ 1]  and 7 

hydrodynamic instabil i t ies  known as  buckling mechanism [ 2]  were 8 

proposed for the t ransi t ion  of the shear-induced onion st ructure .   In  9 

recent,  the theoretical  [3 ,4]  and experimental  works [5,6]  supported the 10 

buckling mechanism based on the coupling between thermal  11 

undulations of the membranes and the flow .   Once onion st ructure is  12 

formed under s teady shear f low, this st ructure is  comparat ive stable 13 

and their  size slowly decreases w ith t ime course reaching to i ts  f inal  14 

stat ionary s tate [5-7] .   The stat ionary onion s ize R f  i s  expressed by 15 

5.0~ −fR ,  where 
．
 i s  the applied shear rate [8,9] .   Courbin et  al .  [10] 16 

showed that  the temporal  evolut ion of  onion size in  lamellar-sponge 17 

phases  coexist ing mixture under shear  f low can be  described  by mono-18 

exponent ial  funct ion.  However,  a shear-induced st ructural  t ransi t ion 19 

from lamellar st ructure to onion s t ructure  does not show a mono-20 

exponent ial  relaxation  process [5,6,11].   In  our previous work [11] ,  we 21 

suggested that  the t ime evolut ion of the Bragg peak qm a x( t )  can be 22 

expressed  by the st retched exponent ial  funct ion.   In  fact ,  the mono and 23 

double-exponential  function is  not  in  agreement  measured data,  24 

because the value of  2  i s  larger  than st retched exponent ial  function 25 

and also there are the meaningless  fi t t ing parameters  in  the sum of 26 
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mono-exponential  funct ion [12] .   Thus the s t retched exponent ial  1 

funct ion is  appropriate  to express  the Bragg peak qm a x( t ).  2 

Roux and co-workers [13,14] observed that  the long-range order  3 

of onion st ructure was  kept  and improved after  the smal l  osci l lat ions .   4 

General ly,  onions are formed by applying a fixed shear  rate to  a 5 

lamellar  st ructure.   Recently,  Fri tz  et  al .  [15] investigated the effect  of 6 

an osci l lat ing shear flow on the format ion kinet ics of onion st ructures.   7 

They could be controlled the kinetics of  the t ransit ion with varying the 8 

st ress amplitude of the oscil l at ion and to determine a minimum strain 9 

amplitude needed to t rigger  onion formation.   Further ,  Net tesheim et  al .  10 

reported the process  of  onion formation in a flow reversal  experiment 11 

is  not  only s lowed,  but the mesoscopic st ructures at  the end of  the flow 12 

reversal  experiment  most  l ikely differ  substant ially in comparison to  13 

the continuous experiment  [16] .  14 

In fact ,  very l i t t le is  known on their behaviour during format ion 15 

process of onion s t ructure .   There is  di fference between the study of 16 

the above researches [15,16] and the one presented here.   Fri tz  et  al .  17 

appl ied oscil latory s t ress  [15] and Net tesheim et  al .  used a t rapezoidal  18 

st rain profile  for [16] ,  whereas we performed a t riangular s train profi le  19 

(see Fig.1) .   Since shearing was not s topped to between the forward 20 

and backward one , this  t riangular st rain profile  may be more effect ive  21 

than a t rapezoidal  one in the formation process  of  onion st ructure 22 

toward the stationary s tate .   For instance, the t riangular  s t rain profile 23 

experiment is  more l ikely to  raise the frequency of  coll isions between 24 

onions.  25 
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In the field of  complex  flui ds ,  many relaxation processes  can be 1 

described by some power law functions in natural  phenomenological  2 

facts  [11,17-19].   In  fact ,  these relaxation functions are empirical  3 

formula.   Thus,  i t  i s  st i l l  unclear  the physical  meaning of  power law  4 

even after l arge theoretical  [20,21] and experimental  effort  [22]  was  5 

devoted to  the understanding  of  the  relationship  between power low 6 

and fractal  dimension .  Hence, we proposed integ ral  t ransformation 7 

method in order to  clar ify  the mechanisms of  complex fluids  [11, 23-8 

26] .   We have defined this method as follows:  9 

( ) ( ) ( )=  dtFDtI ,      (1)  10 

where I( t ) ,  F( t ,)  and D()  are phenomenological ,  elementary and 11 

dist ribution functions,  respect ively.   The phenomenological  function 12 

I( t )  represents the gathered elementary fun ct ion F ( t ,)  having various   13 

values based on dist ribution funct ion D() ,  namely,  this integral  14 

formula indicates  that  the obtained phenomenological  I( t ) functions are  15 

represented by the convolution integrals  with the dist r ibut ion funct ions 16 

D()  of parameters .   Therefore integra l  t ransformation method  is a 17 

powerful method to investigate  relaxat ion process of complex fluids  18 

based on power law and dist r ibution funct ion [1 1,23-26].   We are make 19 

suggestion by integral  transformation method to be avai lable for  20 

research fields of complex f luid  [11,23-26].  21 

In this  report ,  the formation process  of  the onion st ructure 22 

toward the stat ionary state under osci l latory shear  flow in various 23 

frequencies  at  fixed shear rate 
．
 = 47s - 1  was measured  by using two 24 

dimensional l ight scat tering measurement .   It  is  found the best  f i t t ing 25 

funct ion in  order to  describe a posit ion of the Bragg peak qm a x( t ) as  26 
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funct ion of t ime.   Furthermore,  the effect  of oscil latory shear flow on 1 

kinetics of onion s t ructure  is  briefly discussed from the viewpoint of 2 

integral  t ransformation method .  3 

 4 

 5 

2.  Experimental  6 

 7 

2.1.  Materials  8 

The system was s tudied a quaternary lyotropic lamellar phase ,  9 

which was composed of  sodium dodecyl sulfate (SDS) ,  octanol ,  NaCl 10 

and water  [27] .   The sample preparation was the same in the previous 11 

paper [11].   The lamellar  phase was prepared by dissolving 9% SDS 12 

and 11% octanol  in brine (20g/L NaCl in dist i l led water) .   Experiments  13 

were performed after  approximately two week,  unti l  the samples  had 14 

reached steady s tate .  15 

 16 

2.2.  Measurements  17 

The onion st ructures  are micrometric s ize ,  therefore,  the l ight 18 

scattering measurement  were performed under osci l lat ory shear f low 19 

with 1 mm gap homemade plate -plate type cell ,  one of which is turned 20 

at  periodic  square wave .   The schematic i l lust ration of  shear  rate and 21 

st rain profile  is  shown in Fig.  1.   The shear  rate was fixed 
．
 = 47s - 1  22 

with various periods of rotat ion T  = 16 s ,  32 s,  64 s ,  128 s .   The 23 

incident  l ight  (10mW He-Ne laser)  was  scattered in  sample cel l  and the 24 

scattering l ight could  be visualized by use of  projection on a screen.  25 

All experiments were performed at  ro om temperature (20℃ ) .   When 26 
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onion st ructures  were formed,  the l ight  scat tered from the sample gave 1 

a characterist ic r ing in the forward direct ion .   The posit ion,  qm a x ,  of 2 

the diffract ion r ing was related to  the s ize R  of the vesicle by the 3 

relation:  R = 2/qm a x  where qm a x  i s  the scat tering wave vector .   The 4 

images of  the l ight  scattering pat terns  were intermittently recorded 5 

using a CCD video camera.   The decay curves of  Bragg peak qm a x( t ) 6 

were fi t ted by our original  fi t t ing program as a software part  of  7 

PLASMA [23-25] ,  based on the quasi -Marquardt  algorithm with 8 

nonlinear least  square method.   Detailed information about both the 9 

apparatus  [11]  and the curve f i t t ing method  can be found our previous 10 

paper [23-25].  11 

 12 

3.  Results and discussion  13 

 14 

 When lamellar  st ructure are induced by oscil latory shear flow 15 

above the cri t ical  shear rate ,  the lamella  st ructure undergoes a 16 

transit ion to the onion st ructure.   A characterist ic  scat ter ing ring 17 

suddenly appears on the  screen.  The wave vector corresponding to the 18 

maximum of the scattered intensi ty is  qm a x  f rom which the size of the 19 

onion st ructure  can be deduced by R  = 2/qm a x .   A posi t ion of  the  20 

Bragg peak slowly and cont inuously increases with t ime  unt i l  the 21 

stat ionary state.   This  formation behaviour is  also observed under 22 

steady shear  flow [5-7,11].   The evolution of the Bragg peak qm a x( t )  23 

under various oscil lat ion fr equencies,  which is calculated from the 24 

scattering ring , are shown in Fig.  2 .   Assuming that  the st retched 25 

exponent ial  funct ion could fi t  the t ime evolut ion of  the Bragg peak 26 
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qm a x( t )  from the phenomenological  viewpoint  based on the integral  1 

transformation method [11,22-25] .  2 
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q1  indicates  the ini t ial  scatter ing vector  when the o nion st ructure is  4 

formed in the lamel lar solution and t0  i s  i t s  t ime delay.   And also the 5 

q1+q2  represents the scattering vector  of  the onion st ructure at 6 

stat ionary s tate.   In  case of  steady shear  flow,  these values  ( q1 ,  t0  and 7 

q1  + q2 )  have been extensively s tudied  [2-6,8,9] .   And k w w  is  the 8 

relaxation t ime and   is  the power component .   The detai ls  of  meaning 9 

of fi t t ing parameters were described in  our p revious paper [11] .   Our 10 

experimental  data agree with s t retched exponential  function (Eq.(2)) 11 

very well  (see Fig.  2) .   Fit t ing parameters  and 2  values  of  st retched 12 

exponent ial  function (Eq. (2)) for various frequencies  are l isted in 13 

Table 1.  14 

The plot  of f i t t ing parameters  of st retched exponential  funct ion 15 

(Eq.(2)) against  the frequency is shown in Fig.  3.   The init ial  16 

scattering vector  q1  the final  scat tering vector  q1  + q2  and the power 17 

component increase with frequency.   On the other  hand,  the t ime delay 18 

t0  decreases  with frequency.   At  lower frequencies  the osci l latory f low 19 

have no influence on the formation process  of  onion s truc ture.  20 

In our previous paper [11] ,  fi t t ing parameters q1 ,  t0 ,  q1  + q2  and 21 

k w w  under s teady shear  flow was  experimental ly found for  22 

33.01

1 1095.2 −=q ,  
1.14

0 1011.6 −= t ,  48.01

21 1054.4 −=+ qq  and 23 

 1086.11037.4 4 −=kww ,  respectively.   Using these equations,  each 24 

fi t t ing parameter  at  various oscil latory f requencies  could be converted 25 
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to  the corresponding steady shear rate 
．
,  namely,  q1 ,  t0 ,  q1  + q2  and 1 

k w w  are substi tuted in  above expressions for  
．
.   Fig.4 shows that  a  plot  2 

osci l latory frequency under 
．
 =  47 s - 1  vs.  i t s  corresponding shear  rates 

．
 3 

under s teady shear  flow for f i t t ing parameters.   The corresponding 4 

shear rate 
．
 increases with increasing oscil latory frequency and 5 

approaches to  a constant  value at  higher frequencies ,  namely,  the effect  6 

of osci l lat ion is  saturated  in  the high frequency ran ge.   As shown in 7 

Fig.  3 ,  the variat ion of  q1  is  very smal l .   In  fact ,  Fig.  4  indicates  that  8 

the effect  of oscil latory f low is  s trongest  for the relaxation  t ime k w w .   9 

Current  experimental  works t ry to describe the formation of  onions 10 

from lamella  s t ructure  under oscil latory condi tion  with parameters  11 

such as the s train,  shear  rate,  and st ress  [15,16] .   Since the influences 12 

of the various parameters (st rain,  shear  rate,  and st ress) seem not  to be 13 

independent  of  one another ,  the t ransi t ion is  s t i l l  under debate.   We 14 

hope that  our experiments data  wil l  be useful  to  describe the formation 15 

of onions  from lamella  st ructure  under oscil latory condi tion .  16 

Meanwhile  once onion st ructure is  formed in lamellar  st ructure 17 

under shear flow,  their  size slowly decreases with t ime course reaching 18 

to  i ts  final  stat ionary s tate .   Based on the integral  t ransformation 19 

method [11,23-26] ,  we can give a suggestion their  relaxation process  is  20 

gradually attained mono-exponential  relaxation process  with increasing 21 

frequency as  fol low.   The kinetics of swel ling and shrinking of  PNIPA 22 

gels  can be described by the col lective diffusion equat ion, and the 23 

temporal  change of  gel  size is  expressed by a s imple exponent ial  24 

funct ion [25,28,29].   Thus in analogy with  col lective diffusion process 25 

of PNIPA gels ,  we deduced the   value as 0.5 on the assumption that  26 
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the s ize decreasing  of  onion s t ructure under steady shear  flow 1 

undergoes  by the collective diffusion  and that  the ini t ial  s ize of onions 2 

obeys the Boltzmann dist r ibution  of the surface free energy [11] .   In  3 

case of  osci l latory flow,    increases  with increasing frequency (see  4 

Fig.3) .   Such behavior may be due to  the fact  that  t he characterist ic 5 

relaxation t ime of the s ize decreasing R  is  given by DRR 0~ ,  where 6 

R0  and D  are  the init ial  single onion radius  and the diffusion 7 

coefficient ,  respectively [11].   Then the temporal  evolution of the 8 

average onion size  R( t )  is  given by a s t retched exponent ial  funct ion as:  9 

( ) ( )68.0exp~ cttR − ,  where c  is  a  constant  [11] .   Here,  fol lowing 10 

mechanism is al so possible.   Let us imagine that  the mechanism of the 11 

size decreasing of  an onion is  described by a mono -exponent ial  12 

funct ion: ( ) ( ) ttR −= exp, .   In  fact ,  Courbin et  al .  proposed that  the 13 

temporal  evolution of  onion st ructure of  lamellar /sponge mix tures is  14 

described by mono-exponential  function [10] .   T he st retched 15 

exponent ial  function can be described by a superposi t ion of mono -16 

exponent ial  funct ion based on integral  t ransformation method [22 -25]  17 

as  follow:  18 

( )  ( ) ( )


−=−
0

expexp 


dtDt kww    (3)  19 

Since Eq.(3)  means Laplace t ransform, the dist ribution function D()  20 

can be derived by CONTIN program [30] .   As shown in Fig.  5,  the 21 

variance of  D()  at  oscil latory f low decreases  with increasing 22 

frequency,  namely,  their relaxat ion process is  gradually at tained mono -23 

exponent ial  relaxat ion process with increasing freque ncy.   On the other 24 

hand,   is  close to  0.5 al l  over the shear rate range  under steady shear 25 
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flow [11] .   Therefore the variance of  D()  under steady shear  flow is  1 

almost  same al l  over  the shear rate range  (see Fig.  5) .  2 

 3 

 4 

4.  Conclusion  5 

 6 

 In  conclusion ,  we observed the s ize evolut ion  of  onion st ructures 7 

under oscil latory shear  flow.   We have shown for  the f i rs t  t ime that  8 

behaviour of  the t ime evolution of  onion size  under oscil latory shear  9 

flow showed a st retched exponential  function  (Eq.(2))  wi th good 10 

agreement.   The effect  of  osci l latory flow is  not  s t rong at  low 11 

frequency.   However,  the osci l latory f low affect  the formation process 12 

of onion st ructure with increasing frequency.   Note that  their 13 

relaxation process is  gradually at tained mono -exponential  relaxat ion 14 

process with increasing frequency.  15 

In general ,  the phase diagram of onion st ructure is  expressed in 16 

the graph with volume fraction of component vs .  shear rate.   However 17 

the oscil latory f low is  effective for  format ion process  of onion 18 

st ructure.   Therefore we can conclude that  the third parameter in  the 19 

phase diagram is needed to discuss the formation mechanism of onion 20 

st ructure .   Theses researches  are useful  for controll ing their  size and 21 

texture.  22 

 23 
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Capt ion  1 

 2  

Table.  1  All  f i t t ing parameters  and  2  values  of  the  s t re tched 3 

exponent ial  funct ion (Eq. (2))  a t  var ious  f requencies .  4  

 5  

Figure 1  Schematic  i l lust rat ion  of  the  osci l la tory shear  f low experiment .  6  

 7  

Figure 2  Graph for  the  t ime vs  Bragg peak q m a x( t ) ,  observed two 8 

dimensional  l ight  sca t ter ing af ter  a  shear  rate  of  
．
 =  47 s - 1  wi th var ious 9 

osci l la tory f requencies  of  (a)  0 Hz ,  (b)  7.81×10 - 3  Hz,  (c)  1.56×10 - 2  Hz,  10 

(d)  3 .13×10 - 2  Hz (e)  6.25×10 - 2  Hz. .   The  sol id  l ine  is  the  best  f i t  s t retched 11 

exponent ial  curve  (Eq.(2)) .  12 

Figure 3  Graph for  al l  f i t t ing parameters  in s t retched exponent ial  13 

funct ion  (Eq.(2))  a t  var ious  f requencies .  14 

 15 

Figure 4  Graph for  the  osci l la tory f low frequency at  shear  rate  
．
 = 47  s - 1  16 

vs .  i t s  correspondin g s teady shear  f low ra te  
．
 for  q 1  (○ )、 t 0  (△ ) ,  q 1 + q 2  17 

(□)  and  k w w  (×) .  18 

 19 

Figure 5  The dis t r ibut ion funct ion D()  of  relaxa t ion t ime   of  both 20 

osci l la tory  f low and s teady one.  21 

22 
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Table 1  1 

 2  

 3  

4 

Frequency (Hz) q 1 q 2 t 0  kww  
2

0 1.03 1.75 1.05×10
2

3.39×10
3

4.55×10
-1

2.561×10
-3

7.81×10
-3

1.03 1.73 1.07×10
2

3.34×10
3

5.21×10
-1

1.322×10
-3

1.56×10
-2

1.10 2.00 8.94×10
1

2.51×10
3

5.86×10
-1

1.532×10
-3

3.13×10
-2

1.16 2.17 7.44×10
1

2.34×10
3

6.08×10
-1

1.845×10
-3

6.25×10
-2

1.18 2.30 6.60×10
1

2.12×10
3

7.70×10
-1

1.172×10
-2
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Figure 2  1 
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Figure 4  2 
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Figure 5  10 
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