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ABSTRACT 

A computer program for simulation of a sterilizer with an external 
recirculation heating system was developed on the basis of a requirement 
formulated in our previous work (Loutka and Vinkldrkovd 1990) containing the 
analysis and comparison of sterilization equipment with respect to technological 
aspects. The originally derived mathematical model provides the characteristic 
curves in the dimensionless form which solves many technical problems under 
the condition that bath temperature is reached in the required time period. From 
this calculation it follows that plate arrangement of the heat exchanger is 
significantly better than a tubular one. 

INTRODUCTION 

Among all food processing equipments, sterilizers (or retorts or autoclaves) 
are perhaps the most important both from the point of view of technological 
significance of operation, and energy consumption. Many works dealt with this 
problem from different points of view: for optimal nutrient retention (Teixeira 
et al. 1975; Saguy and Karel 1979; Ohlson 1980), correction for process 
deviations (Giannoni-Succar and Hayakawa 1982; Datta et al. 1986). All these 
works need the derivation of dynamic model and its solution to obtain the 
time-temperature profiles (Singh 1977; Barreiro 1984; Bhowrnik et al. 1985). 
The experimental verification of their conclusion is recently performed by 
(Mulvaney et al. 1990). This work concentrated on technological requirements, 
involving the development and subsequent solution of a system of two ordinary 
differential equations describing the simulation problem. 
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At first a special study was worked out (LouCka and Vinklirkovi! 1990) 
which was presented to answer the question whether import or self manufacture 
of batch sterilization equipment was more suitable for the Czech Republic food 
industry. The conclusions of this work included, among others, the 
recommendation for construction of a horizontal autoclave by the firm 
Barriquand 1300 with external heating recirculation system. In our work we 
used some parameters of this device as a technical model. This situation is 
illustrated in Fig. 1. 

FIG. 1. SCHEMATIC OF RECIRCULATION SYSTEM IN EXTERNALLY 
HEATEDRETORTORAUTOCLAVE 

The main technological concern is the rate of temperature increase in the 
retort or autoclave. For the same size autoclave, it depends on two parameters: 
flow rate of heating medium in the recirculation system, and efficiency of the 
heat exchanger. These parameters govern the response time required for 
achieving the desired constant process temperature. 

The purpose of this work was to develop and present graphical relationships 
between various dimensionless parameters showing the effects of volumetric 
flow rate and heat exchanger efficiency on the response time for both plate and 
tubular-type heat exchangers when used for heating the recirculating water in an 
externally-heated retort or autoclave in canned food sterilization. 

MATERIAL AND METHODS 

Theoretical Background for Formulation of the Problem 

Sterilizers with external heating are produced by all prestigious firms for 
their low energy and water consumption. Heating can be arranged either by 
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direct injection of steam or indirectly with a heat exchanger (Fig. 1). The second 
alternative has the advantage, that there are less strict sanitary requirements on 
the quality of the cooling media, because it is not in contact with the sterilized 
food. 

Plug flow is assumed in the heat exchanger, meaning that flow velocity is 
uniform over the cross-sectional area, (Levenspiel and Bischoff 1963). The 
differential balance can be written: 

for tubular exchanger 

dA = Nxd dz 
x=z/L 

after substitution to (1) we get 

Now we put 

where for the plate exchanger instead of relationship n.d.L is special A,,. For 
both cases we get now 

with boundary condition on the inlet of exchanger 

x=O T,=T,(t) 

the solution has for x = 1 a form 

T,(l)=T,(t)e -q+TM(l -e -q) 

For t=O the relation T,=T, is held. 

Tubular Exchanger 

It is supposed, that resistance of overall heat transfer on the side of steam 
is negligible. Tubes of exchanger are made of steel and on the side of medium 
(water) the turbulence or transient condition are present. The correlation for this 
case was found (Hansen 1943). 



where the value of (p/p,)0~'4 is closely equal to one. The circumstances 
mentioned correspond with intervals of variables 

in which the correlation (8) is valid. The expression for overall heat transfer 
coefficient 

does not contain the term 1/&.&) on the side of steam, which was neglected 
as explained earlier. The amount of heat per unit time is now 

dQ/dt =UAT,Ap (1 1) 

Plate Heat Exchanger 

This equipment has wide application for pasteurization of fluid foods and 
recently for sterilization under pressure. Analogically to (8) the correlation 

is valid and it is supposed that is again nearly one. The constants can be 
found from the range (Jackson and Lamb 1981) 

and overall heat transfer coefficient is determined by the formula 

where the term llh, was neglected and 1 means thickness of the wall. The 
equivalent diameter d, is computed from a well-known equation 
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and substituted in Re criterion in (12). 

Derivation of Equation of Nonstationary Process 

Differential balance of autoclave (a) with a can (k) and water as medium 
(w) is under condition of ideal mixing (Urban 1990), (Fig. 1 .) 

mwcw(T2 -Tl)dt =macpTa +mwcdTl +qckdTk (16) 

The quantity 4 means total mass amount of all cans loaded in the retort, 
c, is average value of specific heat with respect to package and content of cans, 
and from the source (LouEka and Klein 1983) we know that 

The rate of heating is given by the reciprocal value of the dynamic time 
constant determined experimentally, for each case of package, food and 
geometry. For the purpose of the heat exchanger analysis in this study, the 
heating of food containers may be treated as lumped parameters system although 
that is not always the case. This assumption mathematically expressed by Eq. 
(17) was experimentally confirmed by (LouEka et al. 1991). 

Equation (16) can be arranged with supposition that dT,=dTa. This 
assumption is used by (Mulvaney et al. 1990) for similar purpose. It is based 
on the fact, that thermal diffusivity of steel is much greater than the one for 
most foods. 

where we put 

and 

By connection of Eq. (17) and (18) the member dTk/dt from (18) can be 
eliminated. We get then the system of two ordinary differential equations in the 
canonical form: 



with conditions 

t =O;T, =Tlo;Tk=T, 

Substitution of Eq. (7) to (21) gives 

The derivation of the previous relationship becomes 

The term where T, occurs can be eliminated by combination with (22), obtained 
by multiplying both sides by a 

Addition of Eq. (25) and (26) gives the canonical form 

which is non-homogeneous and where f=eq is assigned. It can be solved by 
well-known analytical methods. When initial conditions (23) are kept and 
supplied to Eq. (24), Eq. (24) becomes 

At first the dimensionless temperatures were introduced: 

and 

Then B,, B2 were assigned as roots of the characteristic equation corresponding 
to (27) and then the solution in the dimensionless form is: 
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and 

To obtain the solution 8, we can use Eq. (21) arranged in the 
dimensionless form. Consequently 8, and its first derivative from (31) is 
substituted in Eq. (21) which then becomes Eq. (32) in which it can be simply 
confirmed that initial conditions (33) are kept in the dimensionless form 

The limit relations which must be satisfied 

lime, =1 and lime, =l 
I-m I-.- 

are valid just as 

Bl<O and B2<0 

and these are also Ljapunov's conditions of stability. 

RESULTS 

The basic parameters of the equipment were chosen on the basis of the 
design concepts given by horizontal pressure sterilizers similar to a Barriquand 
1300 Steriflow. 

The values which were used as input for the computational procedure were 
summarized as follows (Sest5k 1981): 

(1) The heating medium: steam p=0.6 MPa, T= 165C on equilibria condition. 
The temperature TM=125C is taken into account with regard to possible 
resource of energy. 

(2) Initial temperatures: bath T,=50C, can TK0=20C 
(3) Between temperatures T,, and TM there is a mean middle value T=85C. 

The thermophysical data for heating of recycled water are: 



(4) The batch of autoclave is 3500 cans, each 0.5 kg of weight, diameter 
0.08m, height 0.12m, total amount 1750kg, total volume 2.1 m3. 

(5) The dynamic heating characteristic of a can was chosen equal to 0.834 
min-' . 

(6) Specific heat of the can c, is assumed as c, =ybq,+ypcp where subscripts 
b and p assigns batch and package respectively. Package is made of steel 
%=0.06 kg and yp=O. 12; y,=0.88 and by substitution to the above given 
formula we get ~ = 2 5 9 9 . 6  (JIkglK). 

(7) Arrangement of autoclave is supposed to be horizontal with a shower-bath 
characterized by following parameters: total weight 2300 kg; recirculation 
of water filling 500 kg; total volume 9.3 m3; volume of a built-in armature 
0.93 m3 and remainder of air volume 5.73 m3. Thermal capacity of air 
cAmA = 0.164 x 10" J/K is neglected. 

(8) The heat exchanger is of a tubular or plate type with steal exchange walls 
with capacity for heating of the bath to 124C in a time interval of 12 min 
at 95 % efficiency. 

The data summarized above create the input for the algorithm performed 
on the basis of the equations derived in the previous paragraph (Furich 1991). 

Results of the simulation are presented graphically in Fig. 2 to 5 in the 
dimensionless form as relationships t,, VT and q criteria. These characteristics 
of the speed of heating (t,), flow rate of media (VT) and overall heat transfer (q) 
are compared for tubular and plate heat exchangers. Definition of variables is 

Where t, is the time required for the bath temperature to reach T = 124C. 
In Fig. 2 and 3 the quantity t9 is related to VT, to illustrate the changes of 

heating time period for Tl(t), T,(t) and TK(t) with increasing flow rate. A direct 
comparison between tubular and plate heat exchanger performance is shown in 
Fig. 4, where the relationships between quantities VT and q is plotted. The 
differences between q value for plate and tube arrangement are more significant 
for lower values of VT criterion. The heat transfer coefficient is higher for plate 
heat exchangers, and that is the reason why plate arrangements are preferable 
to tubular when used for heating water. The simulation of dependencies t9 on VT 
and 9 on q precedes the construction of the graphs in Fig. 3 and 4 under 
conditions of constant geometric relations and variable flow rate. There are two 



DYNAMIC PROPERTIES OF BATCH STERLIZER 99 

G2APH NO.) TUBULAR EXCHANGER 

t 1 - - - - -  
-.-. - t 2 

tk 

-----.-.- ------ - - - - -____ 
I I 

FIG. 2. DEPENDENCIES OF tl,t, AND t, ON THE V, FOR TUBULAR EXCHANGER, 
WHERE VFIS DEFINED BY EQ. (36). tl - TIME OF REACHING T=123.9C ON 
AUTOCLAVE OUTLET, t, - TIME OF REACHING T= 123.9C ON AUTOCLAVE 

INLET, t, - TIME OF REACHING T = 123.9C IN CAN 

GRAPH No.2 PLATE EXU-IANGER 

t l  - - ---  
-.  -.- 

t 2 
t k 

-.-. -. - .-.-. _. _._._._ 
- /------------- ----------- 

/ 

-I/ - I 
-1 
J I I I I I I I I 

FIG. 3. GRAPH NO. 2 
Dependencies oft , ,  t, and 4, on the V, for plate exchanger, where V,. is defined by Eq. (36). t, - 
time of reaching T =  123.9C on autoclave outlet, t, - time of reaching T= 123.9C on autoclave inlet, 

t, - time of reaching T = 123.9C in can. 
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GRAPH No.3 3 = 10 

- tubular exchanger 
- - -- plate exchanger 

-----_ 
I I 

------- T-- - - 
030 

FIG. 4. GRAPH NO. 3 
The comparison of the tubular and plate heat exchangers, dependence of V, and q values, where 

V, is defined by Eq. (36). q is defined by Eq. (37). 
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GRAPH No.4 

t ubular exchanger 
- - - - plat e exchanger 

/ 
0 

I I * I I I I I I I I I I I  

FIG. 5. GRAPH NO. 4 
The comparison of the tubular and plate heat exchangers, dependence o f t ,  and q values, where q 

is defied by Eq. (37). t, - time of reaching T= 123.9C on autoclave outlet. 
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curves plotted in these graphs: for tubular heat exchanger with parameters N =9, 
1=0.001 and d=0.212, and for the plate heat exchanger with N = 20, 1 = 
0.002 and MEZ = 0.05m. The same heat transfer area AP = 6 m2 was taken 
for both types of exchangers. 

On the graphs in Fig. 2 and 3, 6=10 was chosen and VT=0.68 and 
VT=0.48 were found for tubular and plate heat exchangers, respectively. By a 
similar procedure the values q were found (tubular q = 0.85 and plate q = 1.6) 
for constant chosen 9=10. The graph in Fig. 4 was obtained from the pairs 
[q,V,] which were determined by the above described procedure. The curves 
characterize different geometric arrangements for both types of exchangers and 
fitting pump output to ensure the condition 9= 10. 

Examples of solution of typical problems from graphs: 

(1) A plate heat exchanger is to be sized in which the surface area of each 
individual plate is %=0.44 m2. The geometrical dimensions of plate are 
length 0.7m and width 0.428m. The pump from which V= 0.01667m3/s 
was determined on the basis of the hydrodynamic resistance of flow 
through the narrow gap between plates ($=0.05 m). The quantity U = 18 
kWm-2K-1 was calculated from Eq. (12) and (14). The problem is to 
determine the number of plates that will be required (N). Now we have the 
relations for the area of plate 

A,, = 0.428 x 0.7 = 0.3 m2 

for total hold-up volume 

and for total heating surface area 

from which we get the dimensionless criteria defined above 

13.336 v =- 
N-1 

The requested heating time is t, = 12 min, dynamic heating constant 
of can a! = 0.834 m i d  from which follows 9 = 10. 

The result of simple iteration procedure, using these formulas and the graph 
in Fig. 4. are given in Table 1. The procedure is successfully finished, when 
two subsequent iterations give satisfactory agreement of values V,. For the first 



approximation of N = 12 we get the number of plates N = 40 in the fourth step 
of iteration. 

TABLE 1.  
RESULTS OF ITERATION STEPS 

(2) Decreasing the flow volume rate from the previous problem to v = 
0.0133 m3/s causes a change in the overall heat transfer coefficient U, but 
allows narrowing of the distance between plates from 0.05m to 0.03m and 
consequently total volume reduction of exchanger with the same number 
of plates. We can calculate the hold-up volume of exchanger V = 39 x 
0.03 x 0.3 = 0.35 1 m3. To keep the requested value of heating time t, 
= 12 min for the new value of V, from graph in Fig. 4 we find q = 2.5. 
The heat transfer coefficient may be determined from 

After arrangement and substitution it follows that U = 7.69 kWm-2K-1. This is 
the minimum value required for reaching the specified operations performance. 
From Eqs. (12) and (14) it follows 

when the mean of the range of values for exponent b= 0.75 was used. 
After substitution of known values we get U = 17.26 x 103Wm-2K-1. It can 

be seen, that the coefficient is two times greater than minimally required. This 
fact enables a reduction of almost 30% of the initial total volume of heat 
exchanger. 

Other technical problems related to the thickness of plate wall use of 
different plate material or shape of heat transfer surface have analogous 
solutions. The advantages of a plate heat exchanger are evident from the course 
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of the curves plotted on the graph in Fig. 3. The same problem, in principle, 
can be solved for tubular exchangers and evaluated under particular 
circumstances. For illustration, Table 2 contains some particular conclusions of 
computer simulation. 

TABLE 2. 
SELECTED RESULTS OF SIMULATION 

tl (min) 
V(l lmin) Time of Reaching 

Conditions Flow Rate TI = 124C 

Tubular exchanger 
A , , = 6 m 2  L =  1 
d = 0.212 1 = 0.002 m 

Plate exchanger 
A , , = 6 m 2  N = 2 0  
I = 0.002 MEZ = 0.05 m 

Tubular exchanger 
A , , = 6 m 2  L = l  
d = 0.212 1 = 0.001 m 

Plate exchanger 
A , , = 6 m 2  N = 2 0  
1 = 0.002 MEZ = 0.01 m 

Tubular exchanger 
A , ,=4m2 L = l  
d = 0.212 1 = 0.001 m 

MEZ- distance between plates 

CONCLUSION 

In this article computer simulation of nonsteady state heating (or cooling) 
in an overpressure sterilizer with an external heating system is presented. This 
system contains the retort, pump and heat exchanger. Both tubular and plate 
steam heat exchangers were assumed. 

A computer program was developed on the basis of an originally derived 
mathematical model of the heat exchange recirculation process. For both types 



of heat exchangers, characteristic curves describing the simulation results of the 
process with following input data: volume flow rate, coefficient of heat transfer, 
exchange surface area and geometric relation, chosen in the interval of usable 
values. The output quantity was the response time for reaching the temperature 
level T = 124C in the sterilization bath of the retort. In the discussion of the 
results, it was shown, that it is possible to solve technical problems, such as 
choice of geometric arrangement, material of tube or plate, determination of 
exchange area or flow rate for reaching the required time-temperature 
relationships. 

From those results it followed immediately, that differences in performance 
of tubular and plate heat exchanger are very significant in this type of 
application, and it is probably the reason why tubular heat exchangers are rarely 
used in externally-heated retorts or autoclaves. 

NOMENCLATURE 

heat transfer area [m2] 
first root of the characteristic eq. [min-'1 
second root of the characteristic eq. [min-'1 
specific heat [J/kg/K] 
diameter of tube [m] 
constant 
heat transfer coefficient [W/m2/K] 
overall heat transfer coefficient [W/m2/K] 
total length [m] 
thickness of wall [m] 
mass [kg1 
mass flow [kgls] 
number of elements (desks or tubes) 
heat [J] 
dimensionless quantity defined by (4) 
cross-sectional flow area [m2] 
temperature [ "C] 
time [s] 
time of reaching T, = 123.9C [min] 
time of reaching T2 = 123.9C [min] 
time of reaching T, = 123.9C [min] 
volume [m3] 
volumetric flow rate [m3/s] 
dimensionless length 
mass' concentration 
distance from exchanger inlet [m] 
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Dimensionless Criteria 

Greek Symbols 

reciprocal value of time constant of can [min-'1 
kinematic viscosity [m2/s] 
variable def. by Eq. (19) [min-'1 
variable def. by Eq. (20) [min-l] 
heat conduction coefficient [W/rn/K] 
density [kg/m3] 
dimensionless temperature 
wetted perimeter [m] 
dimensionless time 

Subscripts 

e equivalent diameter 
a autoclave 
k can 
w water 
1 autoclave outlet 
2 heat exchanger outlet 

o initial value 
M heating medium 
LS logarithmic mean value 
v outer 
i inner 
P one plate of heat 

exchanger 
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ABSTRACT 

Methods of extraction of onionflavor oil were studied including supercritical 
fluid extraction using carbon dioxide (COJ, liquid CO, extraction and steam 
distillation-solvent extraction. The @ect of using entrainers with supercritical 
fluid extraction was also studied. The yield and the quality of onion extracts 
obtained from the different methods were compared. The m . m u m  yield of 
0.0324% was obtained by supercritical CO, extraction at 3600psi (24.5 MPa), 
37C at a C0,flow rate of 0.5 L/min. Ethyl alcohol used as entrainer enhanced 
the yield of onion oil over that obtained by supercritical CO, experiment without 
entrainer at the C0,flow rate of 1.0 L/min. Gas chromatography and combined 
gas chromatography-mass spectrometry of the extracts indicated that the flavor 
profiles, were different for extracts obtained by different methods. Supercritical 
and liquid CO, extracts had fresh onion-like flavor as opposed to a cooked flavor 
of the exttact obtained by steam distillation-solvent extraction. 

INTRODUCTION 

Onions possess strong, characteristic aromas and flavors which have made 
them important ingredients of food. Onion and onion flavors (onion oil) are 
important seasonings widely used in food processing. Currently the majority of 
onion oils are usually steam distilled, lack fresh onion flavor and their quality 
varies depending on the origin of production and are sometimes undesirable or 
inconsistent. 
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The characteristic flavor of onions comes primarily from volatile organic 
sulfur compounds released enzymatically by the action of allinase (alliin 
alkyl-sulfenate-lyase; EC 4.4.1.4) on several nonvolatile, odorless amino acid 
precursors, namely (+)-S-alkyl-cysteine sulfoxides, when the onion bulbs are 
chopped or crushed (Whitaker 1976). The primary reaction products of these 
amino acids are thiosulfinates, which dissociate to produce thiosulfonates, 
sulfides containing methyl, propyl, and propenyl groups, thiophene derivatives, 
and other sulfur-containing heterocycles' (Carson 1987). The alkyl thiosulfonates 
(methyl methane-, propyl methane-, and propyl propanethiosulfonates) have been 
associated with fresh onion-like flavors, while propyl- and propenyl-containing 
di- and trisulfides have been associated with cooked onions or steam distilled 
onion oils (Boelens et al. 197 1). 

Fenwick and Hanley (1985) have described onion oil as a brown-amber 
liquid obtained in 0.002 to 0.03% yield by the distillation of minced onions 
which were allowed to stand for some hours prior to distillation. The oil 
comprises a complex mixture of (mainly) sulfur containing volatiles. Sinha et al. 
(1992) have reported extraction of onion oil using supercritical carbon dioxide 
extraction. They have described the oil as having the characteristic fresh 
onion-like flavor. Several new components have been reported including diallyl 
thiosulfinate and propyl methanethiosulfonate. 

Extraction using carbon dioxide (CO,) as solvent is gaining attention 
because it is nontoxic, easily separated from the extract, nonflammable, 
inexpensive and available in high purity. The critical temperature and pressure 
of CO, are 31C and 1070.7 psi (7.4 MPa). Thus, supercritical CO, extractions 
can be carried out under relatively moderate conditions with minimal degrada- 
tion of any thermally labile flavor components (Rizvi et al. 1986). This 
technique has the ability to change and "fine tune" its solubilizing power by 
controlling pressure and temperature. A reduction in solvent density with 
changes in temperature andlor pressure allows the separation and recovery of 
solute and solvent. Supercritical fluid extraction has been applied to a wide 
variety of flavor extraction applications: hops extraction, oleoresin and essential 
oil extraction from spices and herbs (Hubert and Vitzthum 1978), vanilla flavor 
extraction (Nguyen et al. 1991), onion flavor oil extraction (Sinha et al. 1992), 
citrus oil extraction from peels (Calame and Steiner 1982; Copella and Barton 
1987). 

While supercritical CO, has many desirable properties, its polarizability is 
very low. Therefore, small amounts of co-solvents, which are referred to as 
modifiers or entrainers, may be added to modify the polarity and solvent 
strength of supercritical CO, to increase the solute solubility (andlor selectivity). 
The entrainers used are commonly polar or nonpolar organic compounds which 
are miscible with supercritical CO, (Dobbs et al. 1986; Dobbs et al. 1987). 
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Liquid carbon dioxide has been found to be a very selective solvent for the 
extraction of flavor compounds such as terpenes, aldehydes and ketones, while 
other components of foods such as sugars, fruit acids, salts, amino acids, fats 
and water are practically insoluble (Schultz and Randall 1970). In general, the 
aromas and flavors of extracts obtained by liquid CO, extraction bear a closer 
resemblance to the original material than those obtained by organic solvent 
extraction. This is ascribed to the very mild conditions of the process and to the 
lack of oxygen in the extraction system (Grimmett 1981). 

Steam distillation is widely used in the extraction of concentrates and 
essential oils of seasoning and aromatic herbs. It is usually followed by a 
liquid-liquid extraction with a solvent or simply is further concentrated 
(Teranishi et al. 1971). In steam distillation the starting material is subjected to 
a temperature of 100C. This can lead to artifacts of the flavor oil components 
which are often thermolabile. In addition, water can exert a hydrolytic influence, 
bringing about chemical changes in the oils (Stahl et al. 1988). 

This study was undertaken to research various methods for extraction of 
onion flavor oil and to compare the yield and quality of the product obtained 
from each method with the goal of evaluating SFE-CO, (supercritical fluid 
extraction using CO,) feasibility in extracting a unique fresh onion flavor. The 
specific objectives were: (1) to compare the yields of onion flavor oil obtained 
by Supercritical CO, Extraction, Liquid CO, Extraction, and Steam Distillation- 
Solvent Extraction under the conditions studied; (2) to investigate the effect of 
using entrainers with Supercritical Fluid Extraction on yield of onion flavor oil; 
and (3) to compare the quality of extracts obtained by various methods. 

MATERIALS AND METHODS 

Onions and Juice Preparation 

Onions (Allium cepa L.) MSU experimental variety 3506 grown at Michigan 
State University (Muck Farm) were obtained in November 1993. They were 
stored at 2.8C. The onion bulbs were peeled, cut and immediately processed 
with an Acme Juicerator (Model: 1 1JE21) which uses filter paper to separate the 
pulp from the juice. The onion juice was stored in a covered container and held 
at ambient temperature (26-29C) for one hour to facilitate enzymatic action for 
flavor development. The pH of onion juice was 5.45 and the soluble solids 
content was 7.7 "Brix. 

Supercritical CO, Extraction 

Supercritical CO, extractions were conducted at 3600 psi (24.5 MPa) and 
37C. The density of CO, under these conditions is 0.89 g/cm3 (Angus et al. 
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1976). The supercritical CO, extraction system is shown in Fig. 1. Industrial 
grade CO, (AGA gas, 99.5% purity) from a gas cylinder was compressed with 
a gas booster (Haskel, Inc.) and stored in a 2.0 L reservoir. A pressure 
regulator positioned between the reservoir and the extraction vessel controlled 
the extraction pressure. A two liter stirred autoclave (Model: Magnedrive I1 
bolted closure autoclave, Autoclave Engineers) was used as the extraction vessel. 
The vessel was filled with 800 g onion juice prior to pressurization. CO, was 
monitored with a flow meter and a dry test meter. The extraction was 
commenced by slowly raising the pressure in the extraction vessel while the 
system outlet was closed. After reaching the extraction pressure, the heated 
micrometering outlet valve was opened to commence flow. The collection trap 
was weighed after passing 1100 L CO, (STP) through the system. Preliminary 
experiments had shown that passing larger volumes of CO, did not increase the 
yield by appreciable amounts after 1100 L. Hence, this amount was chosen for 
the experiments. For this study, CO, was vented and not recycled. To study the 
effect of CO, flow rate on the extraction process, similar experiments were done 
in triplicate at two different CO, flow rates, namely 1.0 Llmin and 0.5 Llmin. 
The collection trap was weighed periodically during these extractions. 

Supercritical CO, Extraction with Entrainer 

The entrainer was pumped into the supercritical CO, extraction system by 
a high pressure metering pump (Model: A-30-S, Eldex Laboratories Inc.). A 
static mixer, consisting of steel tubing filled lightly with glass beads, was 
installed between the extraction vessel and high pressure metering pump. Its 
purpose was to ensure that CO, and entrainer entering the extraction vessel were 
mixed properly (Fig. 1). 

Ethanol (200 proof dehydrated alcohol) was used to evaluate the effect of 
a polar entrainer on the extraction of onion oil. Octane was used to evaluate the 
effect of a nonpolar entrainer. Extractions were conducted in triplicate at 3600 
psi (24.5 MPa) and 37C. Two different amounts of each entrainer were used, 
50 mL and 75 mL, to evaluate the effect of different concentrations of entrainer. 
These amounts were chosen on the basis of preliminary experiments. In each 
case, 10 rnL entrainer was added initially to the juice before extraction and the 
remaining was added continuously during the time when the system was at the 
desired extraction pressure. In addition, an experiment was conducted at a lower 
pressure, i.e. 2600 psi (17.7 MPa), with 75 mL ethyl alcohol as entrainer to 
evaluate the effect of entrainer at a lower pressure (though still in the supercrit- 
ical region). The temperature was kept the same at 37C. 

Liquid CO, Extraction 

Same equipment as for supercritical CO, extraction was used. Extraction 
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was conducted at 2900 psi (19.7 MPa) and 27C. The density of CO, is 0.90 
g/cm3 under these conditions. The above conditions were chosen such that the 
density of CO, for the supercritical CO, and liquid CO, experiments was nearly 
equal so that a meaningful comparison of both methods could be made. 

Steam Distillation-Solvent Extraction 

Onion juice (200 mL) was mixed with 100 mL distilled water. The volatile 
components were extracted by 20 mL dichloromethane for 1 h in a modified 
Likens-Nickerson apparatus (Likens and Nickerson 1964; Schultz et al. 1977). 
Trace water in the extracted volatile solution was removed by anhydrous sodium 
sulfate and excess solvent was removed by nitrogen purging. 

Onion Oil Yield by Gravimetric Method 

Onion oil yield was estimated gravimetrically in the case of supercritical 
CO, extraction and liquid CO, extraction. The collection trap was weighed after 
passing 1100 L of CO, (STP) under desired conditions. However, in the case 
of (supercritical CO, + entrainer) and steam distillation-solvent extraction this 
was not possible because the extract contained some entrainerlsolvent. The 
entrainer present in the extracts could have been removed by nitrogen purging 
and then the gravimetric yield determined. However, nitrogen purging could 
result in loss of some volatile flavor components. Hence, an alternative method, 
quantitative GC analysis, was used for estimating the yield of extracts containing 
entrainerlsolvent . 

Onion Oil Yield by Quantitative Gas Chromatography 

Quantitative GC analysis was done to obtain information regarding the yield 
of onion oil obtained by all the methods studied on a relative basis. Gas 
chromatography was done in duplicate on all samples of extracts using GC 
(Model: Hewlett-Packard 5890 Series 11). A 30 m HP-1 methyl silicone column 
of 0.53 mrn inner diameter was used to separate the flavor components. A 1 pL 
dichloromethane dilution (containing 0.0045 g extractlml dichloromethane) of 
each extract was injected for analysis. The operating conditions were as follows: 
injector temperature, 220C; helium carrier gas flow rate, 6 mllmin; oven 
temperature, 35 to 200C at a linear rate of 5CImin and 15 min holding time at 
200C. A flame ionization detector at 240C was used. HP 3365 Series I1 
Chernstation Version A.03.21 by Hewlett Packard was used to control the GC 
and to record and integrate the data. 

Abraham et al. (1976) and Sinha et al. (1992) reported that the characteris- 
tic flavor of onions is due to the volatile oil, which consists chiefly of sulfur 
compounds. Sulfur-compound peaks were identified using gas chromatography- 
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mass spectrometry (GC-MS). Summation of these peak areas was done for each 
sample. A known amount (0.005 g) of an internal standard, benzyl disulfide, 
was added to the juice before extraction. The amount of sulfur compounds 
present in each extract was evaluated as follows: 

Total Wt. of S Compounds = 
[C Peak Area of S Compounds] x Wt. of IS 

Peak Area of IS 

The following simplifying assumptions were made: (1) The internal standard and 
the onion flavor compounds have similar extraction properties and GC and MS 
responses. (2) Total weight of sulfur compounds present in the extracts was 
considered as an indicator of the yield of onion oil. 

Estimation of Quality of Extracts by GC and GC-MS 

Extracts obtained from all extraction methods were analyzed in duplicate by 
GC. The chromatograrns were compared. 

Extracts from different methods were analyzed by GC-MS to identify the 
sulfur compounds present. Analysis by GC-MS was carried out on a JEOL 
AX-505H double-focusing mass spectrometer coupled to a Hewlett-Packard 
58905 gas chromatograph via a heated interface. GC separation employed a 
SPB-1 fused silica capillary column (30m length, 0.25mm i.d. with a 0.25pm 
film coating) available from Supelco, Inc. Direct (splitless) injection was used. 
3 pL methylene chloride solutions of different extracts were injected for 
analysis. Helium gas flow was approximately 1 mllmin. The GC temperature 
program was initiated at 35C, held at this temperature for 5 min then heated at 
5CImin to 200C and held for 15 min at this temperature. MS conditions were 
as follows: interface temperature 280C, ion source temperature ca. 220C, scan 
rate of the mass spectrometer was 1 slscan over the m/z range 351500. The 
mass spectra were obtained by electron ionization at 70 eV. 

Headspace Volatiles Analysis 

The 30 mL onion juice was purged with purified nitrogen gas at the flow 
rate of 75 mllmin for 2.5 h. The headspace volatiles were adsorbed onto an 
activated coconut charcoal trap. For gas chromatography analysis, the onion 
headspace volatiles were eluted from the trap using 1 mL carbon disulfide. This 
analysis was done to evaluate the efficiency of the various extraction methods 
studied with regard to the quality of extract obtained. Headspace samples contain 
most of the volatile compounds responsible for fresh onion flavor. By comparing 
the profiles of extracts obtained from various methods with the headspace 
volatiles profile it can be determined if the specified method is capable of 
extracting the components found in the headspace of fresh onion juice. 
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Thiosulfinate Analysis 

Thiosulfmate analysis was done by the method described by Thomas et al. 
(1992). The analysis was performed on onion oil obtained from SFE-CO, with 
ethyl alcohol as entrainer, onion oil obtained from SFE-CO, with octane as 
entrainer and steam distilled commercial onion oil. All the samples were purged 
with nitrogen to remove any traces of solventlentrainer present. Isopropyl 
alcohol (5 mL) was added to equal amounts of these samples. One mL of 0.05 
M N-ethylmaleimide in isopropyl alcohol, 1 mL of 0.25 M KOH in isopropyl 
alcohol, and 1.5 mL of 10 g L-' ascorbic acid in distilled water were added. 
After vortexing the solution for approximately 10 s, the absorbance at 515 nm 
was recorded using a LKB Biochrom spectrophotometer (Model: Ultrospec 11). 
The purpose of doing this analysis was to get information about the quality of 
extract obtained from supercritical CO, extraction and compare it with 
commercial onion oil obtained from distillation. In addition, it is also a way of 
evaluating whether the extracts possess fresh-like or cooked flavor. The samples 
containing higher levels of thiosulfinates tend to have fresh-like flavor. 

RESULTS AND DISCUSSION 

Gravimetric Yield of Onion Oil 

Table 1 shows the yield for the three cases which could be gravimetrically 
measured. SFE-CO, extraction with CO, flow rate 0.5 Llmin gave the maximum 
onion oil yield. 

TABLE 1. GRAVIMETRIC YIELD OF ONION OIL 

a. Mean of triplicate samples 
b. On basis of weight of onion juice used 
c, d, e. Indicate that the yields are significantly different at the 1% level. 

Method 

SFE-C02, C 0 2  flow: 1 .O l/min 

SFE-C02, C 0 2  flow: 0.5 llmin 

Liquid C 0 2  extraction 

Quantitative GC Analysis for Comparison of Onion Oil Yield from All 
Methods 

Figure 2 shows the average of three replications of the total weight of 
detectable sulfur compounds present in the extracts from all the methods studied. 

Oil Yielda (g) 

0 . 2 2 8 7 ~  

oe2592d 

0.1719e 

% Oil yieldb 
(wt. basis) 

0.0286 

0.0324 

0.02 15 
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The total weight of sulfur compounds was assumed to be representative of the 
yield of onion oil. Extract obtained by SFE-CO, with CO, flow rate 0.5 Llmin 
contained the maximum quantity of sulfur compounds thus indicating that the 
onion oil yield would be maximum in this case. Liquid CO, extract was found 
to contain the minimum quantity of sulfur compounds. 

Effect of Volume and Flow Rate of CO, on Yield of Onion Oil 

Figure 3 shows the yield of onion oil at different volumes of CO, passed 
through the extraction system under the conditions of SFE-CO, at 3600 psi and 
37C at CO, flow rates of 0.5 Llrnin and 1.0 Llmin. The yield increases with 
increase in volume of CO, passed at a higher rate during the initial part of the 
extraction as indicated by the greater slope of the curves initially. This is 
followed by a region of lower extraction rate as indicated by the flattening of the 
curves during the latter part of the extraction. The lower extraction rate during 
the latter part of the extraction can be explained in terms of depletion of the 
solute (onion flavor oil) in the substrate (onion juice). 

CO, flow rate was found to have an effect on the yield of onion oil (Fig. 
3). The data points in the initial part of the curves indicate similar extraction 
rates. A possible reason for this could be the presence of headspace (more than 
1 L) in the extraction vessel, which was the same during both the experiments. 
In the latter part of extraction, the 0.5 Llmin CO, experiment resulted in a 
higher yield than the 1.0 Llmin experiment. Higher yield in the case of the 
experiment with 0.5 Llmin flow rate could be due to greater residence time of 
the solvent (C02) in the extraction system. The two curves also indicate that the 
process does not come to an equilibrium state under the conditions tested. 

Effect of Entrainer 

As indicated by Fig. 2,26.4% greater yield was obtained in the case of 75 
mL ethyl alcohol as compared with 50 mL ethyl alcohol. The 75 mL ethyl 
alcohol experiment enhanced the yield of onion oil over the experiment with no 
entrainer (at same CO, flow rate, i.e. 1.0 Llmin) by 16.6%. In the case of the 
50 mL ethyl alcohol experiment, the yield was lower than SFE-CO, without 
entrainer (Fig. 2). 

The yield of onion oil obtained from experiments with 75 rnL octane as 
entrainer with SFE-CO, extraction was higher than that obtained from 50 mL 
octane experiments. However, they were both less than the yield of SFE-CO, 
experiments without any entrainer. Thus, under the studied conditions, octane 
failed to enhance the yield of onion oil from SFE-CO,. 

The SFE-CO, system was found to behave almost identically in the case of 
75 mL ethyl alcohol used as entrainer at 3600 psi (24.5 MPa) and at 2600 psi 
(17.7 MPa) in terms of the onion oil yield (Fig. 2). Experiments were not 
conducted at 2600 psi without entrainer. Although the solvent power of 
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supercritical CO, is known to be higher at higher pressures, in these experiments 
the yield of onion oil was 2.7% higher at 2600 psi than that at 3600 psi. This 
is a very interesting result because it indicates the possibility of lowering the 
extraction pressure from 3600 psi to 2600 psi with no reduction in the yield of 
onion oil by using ethyl alcohol as entrainer in the above mentioned quantity. 
This could have positive effects on the economics of this process. This result 
supports the findings of Brunner and Peter (1982) that supercritical fluid 
extraction can be conducted at a lower pressure in the presence of an entrainer. 
The extract may contain the entrainer in small amounts. Since ethyl alcohol is 
a food-grade entrainer, it may not affect the extracts adversely. However, the 
presence of even trace amounts of organic solvents may be undesirable. 

Solid: 1 Vmin 

Dashed: 0.5 Vmin 

"0 500 1000 1500 
Volume ot Carbon dioxide passed (I) 

FIG. 3. YIELD OF ONION OIL AT DIFFERENT VOLUMES OF CO, PASSED AT 
DIFFERENT FLOW RATES OF C02 

Quality of Extracts Obtained from Various Methods 

The onion extracts produced through SFE-CO, (with or without entrainer) 
and liquid CO, extraction had characteristic fresh onion-like smell in contrast to 
the rather unpleasing cooked onion-like smell of steam distilled extracts. Gas 
chromatography-mass spectrometry was used to identify the chemical compo- 
nents of the various extracts and headspace volatiles of onion juice (Table 2). 
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The emphasis was on sulfur compounds which are the main flavor components 
of onions (Abraham et al. 1976; Sinha et al. 1992). The identification of the 
flavor compounds was based on comparison of mass spectral data with published 
works, and in one case tentative identification was made by direct interpretation 
of mass spectral data. Where definitive characterization could not be made, the 
mass number is indicated. 

The presence of most of the headspace flavor components in SFE-CO, + 
ethanol, SFE-CO, without entrainer and liquid CO, extracts indicates that these 
extracts had fresh onion like flavor. 

The SFE-CO, without entrainer, SFE-CO, + ethanol and SFE-CO, + 
octane extracts contained diallyl thiosulfinate (22) or its isomer, di-1-propenyl 
thiosulfinate. Sinha et al. (1992) reported the presence of diallyl thiosulfinate or 
its isomer, di-1-propenyl thiosulfinate, in supercritical CO, onionextracts for the 
first time. However, they mentioned that the identification of diallyl thiosulfinate 
was tentative due to the absence of a synthesized reference compound or 
supporting NMR or IR spectra. Hence, the identification of diallyl thiosulfinate 
(22) is tentative. 

In this study, diallyl thiosulfinate (or its isomer) (22), 3-ethenyl-l,2-dithi- 
4-ene (19), 3-ethenyl-l,2-dithi-5-ene (IS), 3,4-dihydro-3-vinyl-1,2-dithiin (20) 
and diallyl trisulfide (26) have been found in each of the supercritical extracts 
(SFE-CO, without entrainer, SFE-CO, + ethanol, SFE-CO, + octane). The 
presence of above mentioned compounds in the extracts supports the identifica- 
tion of diallyl thiosulfinate since these compounds have been reported to be 
produced by decomposition of diallyl thiosulfinate (Brodnitz et al. 197 1 ; 
Nishimura et al. 1988; Kallio and Salorinne 1990). 

In this study propyl methanethiosulfonate (14) was identified and only in 
SFE-CO, + ethanol extracts (Table 2). 

Molecular sulfur (31) is being reported in headspace of onion juice for the 
first time. The identification is based on spectral comparisons with data from 
Heller and Milne (1978). It is expected to be an artifact resulting from 
rearrangement of sulfur atoms during processing or GC-MS analysis due to heat. 
An unknown compound of molecular weight 130 was detected in SFE-CO,, 
SFE-CO, + ethanol and SFE-CO, + octane extracts. The MS data for the 
unknown compound and for molecular sulfur is provided in Table 3. 

GC and GC-MS techniques may preferably be replaced by high performance 
liquid chromatography (HPLC), cryogenic GC, SCF chromatography or other 
analytical techniques which employ lower temperatures. This is desirable 
because some onion flavor components are thermolabile and there is a possibility 
of their degradation or rearrangement under high temperatures which are usually 
employed in GC injectors and detectors (Block et al. 1992; Block 1993). 

The SFE-CO, + ethanol sample contained maximum amount of thiosulfi- 
nates as indicated by the maximum absorbance recorded in this case (Table 4). 
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Its value was almost 5 times that of commercial onion oil. The absorbance for 
SFE-CO, + octane was also many times higher than that for commercial onion 
oil. By smelling the extracts it was found that SFE-CO, extracts (with and 
without entrainer) had similar, fresh-onion like, smell. On the other hand, steam 
distilled extracts had an aroma of cooked onions. Hence, on the basis of 
thiosulfinate analysis and subjective aroma analysis results it can be concluded 
that the SFE-CO, extracts (with or without entrainer) have a unique and pleasant 
aroma characteristics of fresh onions. 

TABLE 3. 
MASS SPECTRAL AND RETENTION DATA 

a. Kovats Retention Index 
b. m/z(intensity) 

I 

Compound, Mass 

unknown. I30 

molecular sulfur, 256 

r' 

TABLE 4. 
RESULTS OF THIOSULFINATE ANALYSIS 

Ika 

1017 

1878 

a. Measured at 5 15 nm in triplicate 
b, c Numbers followed by different letters are significantly different 

at the 1% level. 

MS ~ a t a ~  

132(4.8), 131(10.3), 130(100), 1 lS(23.0). 114(2.3), 
113(12.2). IOl(83.1). 85(14.9). 69(26.8). 68(14.0). 
67(39.6), 59(23.0). 53(13.9), 45(20.0), 41(3 I .  I), 
39(18.2) 

257(4 1.2), 256(100), 224(3.0), 194(7.4), 193( 1.8). 
192(31.3), 162(13.2), 161(3.8), 160(52.2), 130(11.0), 
129(0.8), 128(56.4), 98(3.7), 97(0.7), 96(19.5), 66(8.2), 
65(1.8), 64(64.2) 

Sample 

SFE-C02 + Ethanol 

SFE-C02 + Octane 

Steam distilled commercial oil 

Absorbancea 

1 .673b 

1 .573b 

0.308' 
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CONCLUSIONS 

In conclusion, this study shows that supercritical fluid extraction with CO, 
has the potential to produce higher yielding and better quality extracts than steam 
distillation-solvent extraction. The use of polar entrainer, ethyl alcohol, with 
SFE-CO, was found to enhance the yield over SFE-CO, without entrainer when 
compared under similar conditions. Results of thiosulfinate and subjective aroma 
,analysis, and the presence of diallyl thiosulfinate and propyl methane thiosul- 
fonte in SFE-CO, + ethanol extracts emphasize the fresh onion-like aroma of 
these extracts. Thus, onion flavor oil produced by SFE-CO, with ethyl alcohol 
as entrainer will result in a higher yielding, safe (free from organic solvent 
residues) and unique fresh onion-like flavor. 
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ABSTRACT 

Supercritical carbon dioxide extraction of onion oil at moderate tempera- 
tures produces a product which is characteristic of the fresh flavor of onions. It 
was attempted to improve extraction mciency by concentrating the onion juice 
by reverse osmosis prior to supercritical CO, extraction. Reverse osmosis was 
carried out for all combinations of 600, 700, and 800psi feed pressure and 25 
and 35C. The juice was concentrated to 18 "Brix and then subjected to 
supercritical CO, extraction. The effect of concentration on the extraction 
process was evaluated by comparing the yields of extracts from concentrated 
juice with that of single strength juice. Concentration of onion juice by reverse 
osmosis improved the mciency of supercritical CO, extraction of onion oil and 
did not alter its characteristic fresh aroma. 

INTRODUCTION 

The characteristic flavor of onions comes primarily from volatile organic 
sulfur compounds released enzymatically by the action of allinase on several 
naturally occurring amino acid precursors when the onion is crushed or 

' Author to whom correspondence should be addressed: Daniel E. Guyer, 205 Farrall Hall. 
Agricultural Engineering Department. Michigan State University, East Lansing, MI 48824 
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macerated. The primary reaction products are thiosulfinates which have been 
associated with fresh onion flavor. Thiosulfinates are very unstable and readily 
dissociate upon heating to form di- and trisulfides and various other sulfur 
containing compounds which have been associated with cooked onion flavors 
(Block and O'Conner 1974; Boelens et al. 1971). 

Onion oils are widely used as seasonings in food processing. The majority 
of onion oils used as food ingredients are steam distilled and lack fresh flavors. 
Sinha et al. (1992) investigated supercritical CO, extraction as a method for 
producing onion oil. They found the extraction at moderate temperatures 
produces a product which is characteristic of fresh onion flavor and lacks the 
cooked flavor present in steam distilled oils. Such an oil could be a unique 
product for the flavor industry if a feasible process is developed. 

Another separation technique commonly used in liquid food processing is 
reverse osmosis. Reverse osmosis has received much attention as a method of 
concentrating fruit and vegetable juices (Merson and Morgan 1968; Matsuura 
et al. 1975; Sheu and Wiley 1983; Chua et al. 1987; Braddock et al. 1988; 
Chou et al. 1991 ; Koseoglu et al. 1991). Because heating is not necessary for 
separation, thermal damage to the flavor compounds is minimized. In addition 
to a sufficient water removal rate, the retention of flavor compounds during 
reverse osmosis ultimately determines the success of the process. 

It was hypothesized that the yield of onion oil from supercritical CO, 
extraction could be improved by concentrating the onion juice by reverse 
osmosis prior to extraction. The goals of this research were (1) to investigate 
concentration of onion juice by reverse osmosis as a means of improving the 
yield of onion oil produced by supercritical CO, extraction, (2) to investigate the 
effect of reverse osmosis operating temperature and pressure on extraction yield, 
(3) to ascertain whether reverse osmosis prior to extraction affects the quality, 
or characteristic fresh flavor, of the onion oil, and (4) to examine the effects of 
reverse osmosis on the thiosulfinate content of the juice. 

MATERIALS AND METHODS 

Reverse Osmosis 

Onions of the variety Spartan Banner were obtained from a Michigan onion 
producer. For reverse osmosis (RO) experiments, 4.5 L of juice was obtained 
with a juice extractor (Waring Model 6001 Juicerator). The onion juice was 
filtered prior to reverse osmosis to remove large pieces of pulp. 

The RO feed pressures and temperatures examined were 600,700, and 800 
psi (4.14,4.83, and 5.52 Mpa) and 25 and 35C, respectively. Experiments were 
performed in triplicate using all six combinations of the above pressures and 
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temperatures. A heat exchanger located between the membrane and feed tank 
maintained the juice at the desired temperature. The membrane used was an 
AFC99 polyamide; tubular membrane (PC1 Membranes) with 0.024 m2 of 
surface area. 

During the concentration process, the permeate flux and "Brix of the 
retentate were measured and reported at thirty minute intervals. The permeate 
flux, recorded in L/mzh, was measured by recording the time for the permeate 
to fill a 10 mL graduated cylinder. For "Brix measurements, a 2-3 mL sample 
of juice was taken with a needle and syringe through a silicon filled sampling 
port in the juice return line. A hand held, temperature compensated refractome- 
ter was used to measure "Brix. Samples of 10 mL each were taken at juice 
concentrations of 10, 12, 14, 16, and 18 "Brix and immediately stored at -2 1C 
for thiosulfinate analysis. The concentration process was terminated when the 
onion juice reached 18 "Brix. 

Analytical 

Relative amounts of aromas in the RO concentrate and permeate streams 
were estimated by comparing the integrated GLC peak areas of the volatiles 
collected using a dynamic headspace sampling technique. This technique 
consisted of stripping the volatile compounds from the liquid samples with a 
steady stream of nitrogen. The gaseous mixture was then passed through a 
collection tube packed with activated coconut charcoal (Supelco Orbo 32-small) 
onto which the volatiles are adsorbed. The adsorbed compounds were then 
eluted with 1 mL of carbon disulfide for GLC analysis. The volatiles of several 
single strength juices were also analyzed. Identification of volatiles was achieved 
using GC-MS. 

The thiosulfinate content of concentrated juice samples was determined 
using the method of Nakata (1970). Thiosulfinate content was reported as the 
spectrophotometric absorbance at 515 nrn (LKP Biochrom, Ultraspec 11). 
Absorbances were the averages of four replicates from each juice sample. 

Supercritical CO, Extraction 

Figure 1 illustrates the supercritical CO, extraction system. Before 
beginning an extraction, the micrometering valve (1 1), shutoff valves (6, lo), and 
CO, regulator (2) are turned to the open position. Industrial grade CO, is 
compressed with a gas compressor (3) and stored in a 2 L reservoir (4). A 
pressure regulator (7) located between the reservoir and the 500 mL extraction 
vessel (9) controls the extraction pressure. Pressure gauges (5,8) are used to 
monitor pressure in the reservoir and extraction vessel. Heating tape is used for 
heating of the extraction vessel. The vessel temperature is monitored and 
controlled by a thermocouple and temperature controller. 
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Separation of solutes from the supercritical CO, is achieved by passing the 
supercritical CO, through a micrometering valve (1 1) at which point the pressure 
is reduced to atmospheric. Cartridge heaters embedded in steel saddle blocks are 
mounted to the micrometering valve to keep the valve from freezing due to the 
instantaneous expansion of CO,. A 118 in. i.d. stainless steel tube connects the 
micrometering valve with the collection trap (12) via a rubber stopper with a 
small hole. The collection trap is a 3.7 rnL glass vial in the bottom of a glass 
side arm test tube. The tube extends through the rubber stopper to the bottom 
of the of the collection trap. The solute free CO, exits the collection trap and 
passes'through a gas flow meter and is then vented. 

FIG. 1. SUPERCRITICAL CO, EXTRACTION APPARATUS 
(1) CO, tank, (2) CO, regulator, (3) compressor, (4) 2 L reservoir pressure regulator, (5,8) 
pressure gauges, (6,lO) shutoff valves, (7) pressure regulator, (9) 500 mL extraction vessel, 

(11) micrometering valve, (12) collection trap, (13) gas flow meter. 

Immediately after reverse osmosis, the extraction vessel was filled with 475 
rnL of the concentrated onion juice. The extraction temperature and pressure 
were 37C and 3500 psi (24.13 MPa). It was desired to operate at a constant CO, 
flow rate of 1.0 Llmin. However, fluctuations in flow rate during the night 
resulted in variations (f 0.1 Llmin) in flow rates among experiments. The 
extraction was terminated after 1000 L (STP) of CO, had passed through the 
extraction vessel. 
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Three extractions were also performed on unprocessed juice under the 
conditions described above to ascertain the effects of concentration by RO on 
extraction yield. 

RESULTS AND DISCUSSION 

Permeate Flux 

In each experiment the permeate flux decreased nearly linearly with 
increase in "Brix of the juice (Fig. 2). The observed increase is primarily due 
to an increase in the osmotic pressure of the juice and hence a decrease in the 
driving force for water removal. Build-up of soluble solids at the solution-mem- 
brane interface may have also contributed to the decline in flux. This phenome- 
non is known as concentration polarization. 

Concentration ("Brix) 
FIG. 2. PERMEATE FLUX AS A FUNCTION OF CONCENTRATION DURING 

REVERSE OSMOSIS OF ONION JUICE 

Table 1 lists the average initial concentration and permeate fluxes of the 
three experiments at each temperature and pressure during concentration from 
the initial value to 18 "Brix. For a given temperature, the increase in flux with 
increase in pressure is a result of a greater driving force for water removal. 
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Significant differences existed in the rates of water removal among the 
experiments and hence in the processing times as illustrated by Fig. 3. The time 
required to concentrate the juice to 18 "Brix varied between 4.5 h for 800 psi 
and 35C to about 9 h for 600 psi and 25C. 

TABLE 1. 
AVERAGE INITIAL CONCENTRATION OF JUICE AND AVERAGE PERMEATE FLUX 

DURING REVERSE OSMOSIS CONCENTRATION OF ONION JUICE TO 18 "BRIX 

Pressure Temperature Average Initial Average Permeate 
(psi) "C "Brix Flux (L/mz/h)' 

*Average of two replications. All other results are averages of three replications. 
'Differences in fluxes were significant Q 1 % level. 

" ,  
0 100 200 300 400 500 

Time (minutes) 

FIG. 3. CHANGE IN "BRIX OF ONION JUICE WITH TIME DURING REVERSE OSMOSIS 
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Volatile Flavor Compounds 

The flavor compounds were identified by comparing the spectral data, 
retention times, and elution order with published GC and GC-MS data (Bernhard 
1968; Brodnitz et al. 1969; Brodnitz and Pollock 1970; Boelens et al. 1971; 
Freeman and Whenham 1974; Mazza and LeMaguer 1979; Mazza et al. 1980; 
Kallio and Salorime 1990; Kallio et al. 1990; Sinha et al. 1992; Martin-Lagos 
et al. 1992; Ohsumi et al. 1993). 

Significant differences in GLC peak areas and their proportions existed 
among the juices. An organic oxygen compound, 2-methyl-Zpentenal, accounted 
for 84 to 94% of the total peak area in the RO concentrates. In single strength 
juices, it accounted for only 71 to 81 % of the total peak area. Freeman and 
Whenham (1974) also found 2-methyl-2-pentenal to be the major compound in 
the headspace of onion juice. All other compounds detected were sulfur 
containing molecules, primarily di- and trisulfides. 

There was no evidence of the presence of thiosulfmates in the headspace 
samples. The absence of thiosulfinates may be the result of thermal degradation 
during GC-MS analysis. Some researchers (Block et al. 1992; Calvey et al. 
1994) have criticized GC-MS techniques that employ high injector and detection 
port, column, and GC-MS transfer line temperatures, alleging that many 
compounds identified in this manner are thermal artifacts. Block et al. identified 
a number of thiosulfinates in onion extracts using a cryogenic GC-MS procedure 
but found no evidence of di and trisulfides. 

In addition to the effects of RO pressure and temperature, differences in the 
relative amounts of flavor compounds could be due to variability among onions 
or among the membranes' chemical nature and pore structure. Since all 
compounds detected were secondary reaction products resulting from the 
breakdown of thiosulfmates, the lengths of time between juicing, RO, and 
headspace sampling could have also affected the relative amounts of compounds 
detected. 

Figure 4 shows a comparison of GC chromatograms of an RO concentrate 
and the permeate from the same experiment. Many compounds found in the 
concentrate were not detected in the permeate sample. The compounds which did 
appear in the permeate chromatogram were in very low concentration. Thus, it 
appears there were only minor losses of flavor compounds due to membrane 
permeation. 
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Time (min) 

FIG. 4. GC CHROMATOGRAM OF VOLATILES COLLECTED FROM THE VAPOR IN 
EQUILIBRIUM WITH AN RO PERMEATE SAMPLE (TOP) AND RO CONCENTRATE 

(BOlTOM) 
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Thiosulfinates 

The results of the thiosulfinate analysis of the concentrated juice samples 
are listed in Table 2. The percentage change in the spectrophotometric 
absorbance during reverse osmosis was calculated as follows: 

4% change = 
absorbance at 18 OBrix - absorbance at initial concentration 

absorbance at initial concentration 

TABLE 2. 
THIOSULFINATE CONTENT OF ONION JUICE SAMPLES TAKEN DURING REVERSE 

OSMOSIS AS MEASURED BY SPECTROPHOTOMETRIC ABSORBANCE AT 515NM 

Spectrophotometric Absorbance 
Pressure Temp. RO Analysis @ the Given Juice "Brix % Change 
(psi) "C Date Date Initial 12 14 16 18 in Abs. 

In all but one experiment, reverse osmosis resulted in an increase in 
absorbance and hence, an increase in the thiosulfinate content of the onion juice. 
The average increase in thiosulfinate content of the six 25C RO experiments 
which were investigated was 25.1 % while that of the five 35C experiments was 
only 9.2%. A possible reason for this difference is that at 35C the thiosulfinates 
are more readily decomposed to disulfides than at 25C. 

A notable feature of the results is the variation in the thiosulfinate content 
of the single strength juice. Though there were vast differences in initial 
thiosulfinate content, there was somewhat of 'a trend in thiosulfinate content 
throughout the concentration process (Fig. 5). The trend that was common to 
most of the RO processes was an initial decrease or increase in thiosulfinate 
content followed by a steady increase and then an eventual leveling off as the 
concentration of the juice approached 18 "Brix. 

There are a couple possible explanations for the leveling out effect toward 
the end of the concentration process. It may be the result of a decrease in the 
percentage rejection of thiosulfinates as the juice becomes more concentrated. 
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The decrease in solute rejection with increasing solute concentration was 
explained by Matsuura and Sourirajan (1986). They associated this problem with 
decreasing water transport due to increasing viscosity and osmotic pressure in 
the feed stream. Braddock et al. (1991) observed similar results for the rejection 
of aroma compounds during reverse osmosis of citrus juice essence. 

Another explanation may be that as the juice becomes more concentrated, 
the amount of viscous heating that occurs in the pump increases. Such an 
occurrence could accelerate the rate of conversion of thiosulfmates to secondary 
flavor compounds. The fact that the flow rate of cooling water in the heat 
exchanger had to be gradually increased throughout reverse osmosis supports 
this theory. 

&700 p s i  1 3 5  C ( 6 1 1 4 )  
- r e 7 0 0  p s i  I 2 5  C ( 5 1 2 5 )  
- 8 0 0  p s i  1 3 5  C ( 6 1 5 )  
4 600 p s i  I  3 5  C (616) 

FIG. 5.  THIOSULFINATE ANALYSIS: ABSORBANCE Q 515 NM OF SELECTED 
RO CONCENTRATES 

Supercritical CO, Extraction Yields 

Figure 6 illustrates the effect of juice concentration by reverse osmosis on 
the yield of onion extract from supercritical CO, extraction. The average yields 
and the percentage increase in yield over the average single strength juice yield 
are listed in Table 3. Average yields from the 600 psi RO experiments were 
approximately 70% greater than the average yield from single strength juice and 
the 800 psiI25C RO treatment increased the yield by 64%. Juice concentrated 
by RO at 700 psi also improved the yield but to a lesser extent while juice 
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concentrated by RO at 800 psi and 35C resulted in an improvement of only 
about 33 % . 

Analysis of Variance for the 25C RO treatments using a completely 
randomized design showed that the yield from juices concentrated by RO at 25C 
were significantly different than the yield from single strength juice at the 5% 
confidence level. Concentration by RO at 25C, over all three pressures, 
improved the extraction yield by an average of 63.5 % . 

Analysis of Variance for the 35C RO treatments did not show a significant 
difference between yields from the RO concentrated juices and single strength 
juice though the 600 psi135C treatment resulted in a 71.4% average increase 
over the single strength yield. One divergent data point in both the 600 psiI35C 
and 700 psi135C experimental data sets produced substantial within-treatment 
variability which might have resulted in the inability of this test to detect a lack 
of statistical significance. Unfortunately, we were unable to verify the results of 
these with further experiments due to equipment failure. We believe that data 
from additional experiments would provide statistically conclusive evidence that 
RO concentration of the juice at 35C significantly increases SC-CO, extraction 
yield over the single strength juice. 

F value for comparison of single strength with 25C experiments is significant at p S 0.5. 

FIG. 6. AVERAGE YIELDS OF ONION OIL FROM SUPERCRITICAL CO, EXTRACTION 
OF SINGLE STRENGTH AND RO CONCENTRATED ONION JUICES 
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TABLE 3. 
AVERAGE YIELDS OF ONION OIL FROM SC-C02 EXTRACTION AND % INCREASE IN 

YIELD OVER THE AVERAGE YIELD FROM SINGLE STRENGTH JUICE 

Reverse Osmosis Average Yield (mg) % Increase Over Single Strength Yield 
Pressure (psi) 25C 35C 25C 35C 

600 84.3' (19.7) 85.7 (35.2) 68.6 71.4 
700 79.0' (1.0) 78.0 (21.7) 58.0 56.0 
800 82.0t (7.9) 66.3 (6.1) 64.0 32.6 
single strength 50.0' (14.1) 50.0 (14.1) --- --- 
Coeff. of Variance 18.5% 71.5% 

'Difference significant at p 5 0.05. 
Standard Deviations given in parentheses 

A factorial approach was also employed to investigate interaction between 
reverse osmosis pressure and temperature. The interaction between temperature 
and pressure was not significant at the 1% level indicating that they act 
independently. In other words, the difference between extract yields for the 
different reverse osmosis pressures was not dependent on reverse osmosis 
temperature and visa versa. 

If the juices concentrated by RO possess a higher concentration of flavor 
compounds than the single strength juice, then equations describing the 
equilibrium extraction of a material from one phase to another offers a 
generalized explanation for the observed increase in yield. Consider the equation 
for the distribution coefficient for a ternary system. For low concentrations of 
a solute in the two phases, the solute's distribution coefficient in a C0,-solute- 
water system is given by 

where KD is the distribution coefficient, ye is the concentration of solute 
dissolved in the carbon dioxide phase, and x, is the concentration of solute 
dissolved in the water phase at equilibrium. The concentrations ye and x, are 
usually expressed as mole fractions or weight percents (McHugh and Krukonis 
1994). At low concentrations the distribution coefficient is constant and thus an 
increase in solute concentration in the feed would result in an increase in 
concentration in the CO,. 

In our experience, we have found that onion oils produced by supercritical 
CO, extraction are remarkably different from steam distilled onion oils. The oils 
from supercritical CO, extraction have an aroma which is more natural or more 
characteristic of fresh onions while steam distilled onion oils possess a sharp, 
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synthetic-like aroma. These differences have been confirmed by an expert panel 
of flavorists. It was not our intent in this study to quantify these differences, for 
this would be a separate study in itself. Our intent here was to ascertain whether 
the SC-CO, extracts from onion juice concentrated by RO possess a characteris- 
tic fresh aroma when compared to steam distilled oils. 

Despite differences in the proportions of the flavor compounds between the 
extracts from different experiments, all of the extracts had a characteristic fresh 
aroma when compared to a steam distilled onion oil obtained from a flavor 
manufacturer. Hence from a sensory perspective, concentration of onion juice 
by reverse osmosis prior to SC-CO, extraction does not alter the fresh-like 
quality of the SC-CO, extracts. 

CONCLUSION 

The following results were obtained from this investigation: 

(1) During concentration of onion juice to 18 "Brix by reverse osmosis, there 
. was little loss of flavor compounds due to membrane permeation. 

(2) Reverse osmosis was effective in concentrating thiosulfinates. Reverse 
osmosis at 25C tends to be more effective than at 35C. 

(3) Concentration of onion juice to 18 "Brix by reverse osmosis prior to 
supercritical CO, extraction increased the extraction yield for -all RO 
pressure-temperature combinations studied. 

(4) Quality aroma of the onion oils produced by SC-CO, was not effected by 
prior reverse osmosis at any pressure-temperature combination investigated 
when compared to extraction of onion oil using single strength juice. 

Based on the results of this investigation, it is evident that concentration of 
onion juice by reverse osmosis can be employed as a means of improving the 
yield of onion oil from supercritical CO, extraction. Furthermore, reverse 
osmosis does not significantly alter the flavor quality of the onion oil. From a 
quality perspective, the combined process produces a unique product in 
comparison with steam distilled onion oil. An economic assessment is required 
to ascertain whether the proposed processing method can compete commercially 
with traditional processing methods. 
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ABSTRACT 

The two-dimensional flow theory of a power law fluid in a fully-wiped 
co-rotating twin-screw extruder was investigated under steady-state, isothermal 
conditions. The important distinction between this approach and previously 
published theories (Denson and Hwang 1980; Booy 1980; Wang and White 
1989; Lai-Fook et al. 1989, 1991) is that actual boundary conditions were used 
instead of boundary conditions based on the parallel plate model developed for 
single screw extruders. The generalized screw curves constructed for both 
double-lead and single-lead screw elements were similar in shape to those 
published for single screw extruders with rectangular channels. Noticeable 
increases in the closed discharge pressure and the open discharge flow rate were 
observed, which are the result of the screw geometry. Experimental results with 
corn meal were in agreement with theoretical predictions for single-lead screw 
elements. Theoretical predictions for double-lead screw elements using the new 
solution also showed reasonable agreement with aperimental data from 
published literature afer the incorporation of the intermeshing effect. 

INTRODUCTION 

Food extrusion technology has played a very important role in today's food 
and feed processing industries of today, and will maintain its importance in new 
product development due to its versatility and multi-functional characteristics. 
While there are many different types of extruders, fully-wiped co-rotating 
twin-screw extruders have been of great interest for both polymer and food 
processing industries. The outstanding characteristics of this type of extruders 
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are attributed to their unique screw geometry, allowing more positive pumping 
and self-cleaning. The latter particularly appeals to processing of heat and shear 
sensitive materials, such as foods. 

The flow theory's importance to practical extrusion simulation and analysis 
cannot be overemphasized. Information that relates extruder parameters and 
operating conditions to flow rate, specific mechanical energy, power consump- 
tion, die pressure, etc. is readily provided by the flow theory. Unlike single- 
screw extruders, the flow theories of twin-screw extruders, particularly 
co-rotating twin-screw extruders, are less sophisticated. An isothermal flow of 
a Newtonian fluid in a fully-wiped co-rotating twin-screw extruder has been 
investigated by finite element and flow analysis network methods (Wyman 1975; 
Denson and Hwang 1980; Booy 1980; Szydlowski and White 1987; Szydlowski 
et al. 1987; Szydlowski and White 1988). Kalyon et al. (1988) and Wang and 
White (1989) also studied the isothermal flow of a power law fluid in fully- 
wiped, co-rotating twin-screw extruders. However, these studies provided very 
limited experimental data to confirm the theories developed. Using maize grits 
and low density polyethylene, Isherwood et al. (1988), Lai-Fook et al. (1989), 
and Lai-Fook et al. (1991) conducted a series of extrusion studies using maize 
grits and low density polyethylene. The agreement between their experimental 
results and established flow theories for twin-screw extruders was less than 
satisfactory. 

It should be noted that the solutions published have one thing in common 
-boundary conditions were defined based on the parallel plate model developed 
for a single screw extruder. This simplified model assumed that the extruder 
screw is stationary and the barrel is rotating with a constant velocity (V, = 
R,w) across the channel. In reality, the barrel is stationary and the screws are 
rotating. Moreover, the velocities along the screw root and flight surfaces are 
not constant but a function of the angular position. Therefore, the screw tip 
velocity, V,, is not a universal, representative velocity of an extruder system. 
Even for a single screw extruder system, results from many experimental data 
(Campbell et al. 1992; Choo et al. 1980; Middleman 1977) indicated the 
inaccuracy of the flow models based on conventional boundary conditions. 
Recently, Li and Hsieh (1994, 1995) have established new analytical solutions 
using actual boundary conditions of a single screw extruder. The problem 
associated with using the parallel plate model was elucidated. 

Screw profiles usually consist of a combination of different screw elements, 
such as single-lead, double-lead or kneading discs in twin-screw extruders. 
Therefore, extrusion theories should be flexible enough to be readily adaptable 
to any selected screw profiles. Most studies in the literature emphasize the 
analyses of double-lead screw elements and kneading discs. Very limited 
information is available for the analysis of single-lead screw elements, which are 
commonly used in the metering section of twin-screw extruders. 
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The objectives of this research was to develop the flow theory of a 
power-law fluid in a co-rotating self-wiping twin-screw extruder using actual 
boundary conditions. The solution obtained would then be used to construct both 
double-lead and single-lead screw characteristics (flow rate versus pressure) and 
compare against experimental extrusion results with corn meal. 

FORMULATION OF THE PROBLEM 

Screw Geometry and Boundary Conditions 

The geometry of a fully-wiped co-rotating twin-screw extruder has been 
derived by Booy (1978). A typical cross-sectional view of the screw elements 
with double leads is given in Fig. 1. For any given type of screw element with 
an inner radius of barrel R,, clearance 6,, and center distance C,, the radius of 
the screw at any angular position is given by: 

r(8) = R, for the screw roots where 0 < 8  < a ;  

r(8) = R(8) = ~--(R,,-~~)COS~ (1) 
for the screw flanks where 0 < 8  < 2$; 

r(8) = R,,-6, for the screw tips where 0 < 8 <a 

where % is the radius of the screw root, a ,  the screw tip angle, and $, the flank 
angle. If the clearance 6, is negligible, then the channel depth can be presented 
as : 

h(8) = R,, - Rx for the screw roots where 0 < 8 < a  and r (8) = RS; 

h(8) = R, (1 rcos8) - /- for the screw flanks 
where 0 < 8 < 2 $ and r(8) = R(8); 

h(8) = 0 for the screw tips where 0 < 8  < a and r(8) = R,, 

Based on these equations, it is clear that r(8) is not a constant with any given 
screw element. Since the screw element rotates with a constant angular velocity 
w, the velocity along the boundaries of the screw surface including screw root, 
screw flank and screw tip is not a constant but a function of the angular 
position, or: 

v, = r(8)-w (3) 

Therefore, the actual boundary conditions can be described as: 

v, = 0, at the barrel where r (8) = R,; 
v, = hw,  at the screw roots where r (8) = K; 
v, = &w, at the screw tips where r (8) = R,; 
v, = R(8) w, at the screw flanks where r(8) = R (8) 
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FIG. 1 .  THE CROSS-SECTIONAL GEOMETRY OF DOUBLE-LEAD SCREW ELEMENTS 
IN A CO-ROTATING SELF-WIPING TWIN-SCREW EXTRUDER 

Equations (I), (2) and (3) can be used for both single- and double-lead screw 
elements. According to Booy (1978). two single-lead screw elements form one 
continuous channel while two double-lead screw elements form three continuous 
channels. 

As mentioned before, published theories for fully-wiped co-rotating 
twin-screw extruders used boundary conditions based on the parallel plate model 
which was developed for single screw extruders with infinite channels. The 
barrel was assumed moving with the velocity of the screw tip: v, = Vb = &a, 
at r(8) = Rb and 0 I 8 4 2 7r, and the screws were assumed stationary: v, 
= V, = 0, at r(8) = R(8) and 0 I 8 I 27r. These boundary conditions are 
very different from the actual ones defined above. 

As pointed out by Li and Hsieh (1994, 1996), the parallel plate model, 
strictly speaking, is only valid for single screw extruders with a stationery screw 
and rotating barrel and a very shallow channel. However, it is still acceptable 
for single screw extruders with a rotating screw and a stationery barrel but the 
following conditions have to be satisfied: (1) the channel is very shallow so that 
the screw flight effect is negligible and (2) the screw root velocity needs to be 
used instead of the screw tip velocity. In a co-rotating, self-wiping twin-screw 
extruder, the screw flight effect (or screw flank effect) is not negligible under 
any conditions because the screw roots and tips are usually a very small portion 
of the screw surface (Table 1 and Appendix I). In other words, the screw flanks 
or flights are always the major contributor to the drag flow in a twin-screw 
extruder. Therefore, the boundary conditions based on the parallel plate model 
are not applicable for twin-screw extruders. 
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TABLE 1. 
BASIC SCREW GEOMETRY PARAMETERS FOR APV BAKER 50125 

TWIN-SCREW EXTRUDER 

Screw Geometry Double-lead Single-lead 
Tip diameter (DJ 50.2mm 50.2mm 
Root diameter (D,) 29.6- 2 9 . 6 ~  
Maximum channel depth (H) 1 0 . 3 ~  10.3mm 
Maximum channel width (W) 21. lmm 7 . 6 ~  
Tip width (e3 2.0- 3.8mm 
Root width (e,) 1.2mm 2.3mm 
Centerline distance ( C 3  39.9mm 3 9 . 9 ~  
Helix angle (4,) 17.67" 4.75" 
Flank angle (4) 37.36" 37.36" 
Tip angle (or) 15.30" 105.28" 
Centerline ratio (p,) 1.59 1.59 
& k m w '  0.107 0.368 
&.70J&2 0.063 0.217 

'Screw tip to screw surface ratio 
2Screw root to screw surface ratio 

Governing Equations and Assumptions 

With an incompressible power-law fluid, it is assumed that the flow in a 
screw channel is isothermal, laminar, and fully developed in the down-channel 
direction, the inertia is negligible, and the channel is completely filled with the 
fluid. One can further assume that the curvature of the channel is relatively 
small (H < < R). The channel can then be imaginarily peeled off and laid on a 
flat surface (Fig. 2) so that rectangular coordinates can be applied. A similar 
approach has been used by Kalyon et al. (1988), Wang and White (1989), and 
others. The experimental results of Kalyon et al. (1988) qualitatively supported 
the assumptions used in this approach. 

With these above assumptions, the equations governing the flow in the 
screw channel are reduced to: 

r 1 

- d 

with the following boundary condition; 

vx = v, = 0, at y = 0 
vx = R(x) w sin 4,, v, = R(x) w cos 4,, at y = h(x) 
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where: 

FIG. 2. THE CROSS-SECTIONAL VIEW OF THE SCREW CHANNEL 

To further simplify calculations, the following dimensionless parameters are 
applied: 

The problem then becomes solving the following coupled equations: 
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where the dimensionless shear rate is in the following form: 

with the following boundary conditions: 

vx* = vz* = 0, at € = 0 

Since the variation in the hydrostatic pressure with t is negligible for very 
shallow channels (Griffith 1962; Booy 1964; Zamodits and Pearson 1969; Wang 
and White 1989), Eqs. (7) and (8) may be integrated once to give: 

From these two equations the relationship between the partial shear rates can be 
found: 

(1 1) 

From this relationship, the partial shear rates are found to be: 

Integrating Eqs. (12) and (13) again with v,' = Vx* = 0 (at 5 = 0) gives the 
velocity distributions: 
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0 

If P, is chosen to be the independent variable, P,, v,' and v,' are solved with the 
remaining boundary conditions: 

and the third constraint, assuming that the flow rate over the flights is zero: 

For every given P,, the down channel flow rate can then be calculated using the 
resulting parameters: 

The assumption made in the third constraint is valid for zero clearance, an ideal 
case, but is still reasonable for very small clearance. Values other than zero may 
be assigned to Qx* to investigate the clearance effect, which is out of the scope 
of this research. 

THE ANALYTICAL SOLUTION OF A NEWTONIAN FLUID 

When the fluid is Newtonian (a special case of power-law fluids with n = 
I), an analytical solution is possible, which is useful for checking the more 
general numerical solution of the power-law fluids. Integration of Eqs. (14) and 
(15) with n = 1 gives: 
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Substituting the boundary condition at = h(x)/H into Eqs. (17) and (18) and 
using the constraints for the cross channel flow rate. 

Solving the above system of equations results in c,(x), the cross channel pressure 
gradient, P,, and q(x): 

Finally, the down-channel flow rate can be written as: 
W 

The shape factors, F, and F,, are given by: 
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This analytical solution is found to be in the same form as given by Levine 
(1992). 

SCREW CHARACTERISTICS . 
The dimensionless flow curves for the double-lead and single-lead screw 

elements are presented in Figs. 3 and 4. These curves are obtained using the 
geometrical parameters shown in Table 1. Q,' in Fig. 3 and 4 is the dimension- 
less flow rate for one channel. Since two double-lead screws form three screw 
channels (Booy 1978), the total dimensionless flow rate is actually 3Q,*. When 
compared to the results published for single screw extruders with rectangular 
channels (Middleman 1977; Rauwendaal 1986), the shape of these curves is 

0.0 
0 1 2 3 4 5 6 7 8 9 1 0  

Dlmenslonless Pressure P, 

FIG. 3. GENERALIZED SCREW CHARACTERISTICS OF DOUBLE-LEAD 
SCREW ELEMENTS 
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0 1 2 3 4 5 6 7 8 9 1 0  

Dtmensionless Pressure P, 

FIG. 4. GENERALIZED SCREW CHARACTERISTICS OF SINGLE-LED 
SCREW ELEMENTS 

similar, particularly for highly non-Newtonian fluids (e.g., at n = 0.2). This 
was not observed in published twin-screw extrusion studies (Wang and White 
1989; Lai-Fook et al. 1989). 

It is interesting to compare double-lead and single-lead screw elements at 
open (Q,' at P, = 0) and closed (P, at Q,' = 0) discharge conditions. If the 
partial pressure gradient in the z-direction from Eq. (6) is written in the 
following form: 

where 

and then fp is plotted as a function of dimensionless pressure P, and flow 
behavior index for both screw geometries, the results are shown in Fig. 5. In 
addition, Table 2 shows the values of P, Q,', fp and Q, at two flow behavior 
indices (0.2 and 1) and at open and closed discharge conditions for both single- 
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Dimensionless Pressure P, 

FIG. 5. COMPARISON OF PRESSURE FACTOR (f,) FOR DOUBLE-LEAD AND 
SINGLE-LEAD SCREW ELEMENTS 

TABLE 2. 
COMPARISON OF DOUBLE-LEAD AND .SINGLE-LEAD SCREW ELEMENTS AT OPEN 

AND CLOSED DISCHARGE CONDITIONS 
Flow 
Behavior Double-Lead Screw Elements Single-Lead Screw Elements 
Index pz Qz' f~ Q,' pz Qz' fp Q, (cm3/s) 

open 0 0.437 0 1.3390 0 0.444 0 0.5130 
discharge 
n= 1.0 

Closed 8.601 0 11.776 0 8.000 0 11.456 0 
discharge 
nz1.0 

open 0 0.362 0 1.1090 0 0.434 0 0.5010 
discharge 
n = 0.2 

Closed 2.960 0 4.053 0 2.870 0 4.110 0 
discharge 
n = 0.2 
TQ, is calculated from Eq. (16) using screw geometry parameters listed in Table 1. 
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double-lead and single-lead screw elements are very small. Thus, for the same 
screw speed and same material properties, m and n, the pressure drops of these 
two types of screw element over the same length are about the same [Eq. (21)], 
especially for highly non-Newtonian fluids (e.g., n =0.2). However, the 
volumetric flow rate of the single-lead screw elements is much smaller than that 
of the double-lead screws (Table 2). The volumetric flow rate Q, or pumping 
capacity of single-lead screw elements is less than that of double-lead ones can 
be explained by their smaller channel width (7.6 mm for single-lead screw 
elements versus 21.1 mm for double-lead screw elements, Table 1). However, 
their operational stability is improved since the flow rate is less sensitive to the 
pressure change. This could explain why single-lead screw elements are 
commonly used immediately behind the die of extruders. 

EXPERIMENTAL WORK 

Corn meal (CCM 250) was used in this study because of its importance in 
food processing applications. It was supplied by Lauhoff Grain Company 
(Danville, IL.), with a moisture content of 12% wet basis and the final feed 
moisture content during the extrusion was adjusted to 20% wet basis. 

Extrusion experiments were conducted on an MPF 50125 fully-wiped 
co-rotating twin-screw extruder (APV Baker, Grand Rapids, MI). The basic 
geometry parameters are listed in Table 1 and the screw profiles and the 
temperature settings used are given in Fig. 6. Two extruder dies with a diameter 
of 3.18 mm were used. Two pressure transducers were used to record the 
pressure drops. One was located at 14 mm upstream from the die entrance and 
the other was located in the extruder barrel. The axial distance between these 
two pressure transducers was 55 mm. It was determined that the axial distance 
of the single-lead screw between those two pressure transducer was 41 mm (55 
mm - 14 mm, see Fig. 7 and Appendix 11), which gave a helical distance of 495 
mm (41 rnmlsin 4.75") or a channel length to maximum channel depth (10.3 
mm) ratio of 48.1. 

The feed rate was controlled by a K-Tron type T-35 twin-screw volumetric 
feeder (K-tron Corp., Pitman, NJ). In order to cover a broad range of feed 
rates, the experiments were run at eleven specific feeding loads. The specific 
feeding load is defined as: 

SFL (g/rev)= Feed Rate (gls) 
Screw Speed (revls) 
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p - p ,  P, -Pb Lip-0.041m 
Axial pressure gradient = tan 4, = - - 

0.041 m 0.055 m L, - 0.041 m 

tan$, = Pd - Pb Pb + 0.041 m pb + 0.041 m, L, = - 
0.055 m 

,L ,  =- 
tan 0 2 tan $1  

FIG. 7. CORRECTION OF PRESSURE GRADIENT USING THE MEASURED 
FILLED LENGTH 

The SFLs and the corresponding feed rates used are listed in Table 3. 
Dead-stop runs with SFL = 2.0, 3.0, and 4.0 g/rev were carried out to 

measure filled lengths. The measured lengths were compared with those 
predicted by measured pressure gradients (Table 3). The fill length predicted 
was calculated based on the following equation (Appendix 11): 

where P, is the pressure recorded by the transducer mounted in the barrel and 
Pd the pressure recorded by the transducer upstream of the die entrance. The 
density of the melted corn meal was obtained using the dead-stop run with SFL 
= 3.0 g/rev. For completely melted corn meal at 121C and 20% moisture, the 
density was found to be 1215 kg/m3. The data for predicting rheological 
properties was obtained in a separate set of experiments using the torque-screw 
speed method, which was developed and tested by Li et al. (1996). The 
rheological properties of corn meal used are listed in Table 3. 
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TABLE 3. 
SPECIFIC FEEDING LOADS, FEED RATES. AND RHEOLOGICAL PROPERTIES 

OF CORN MEAL 

SF% Feed Rate n m h 
Run @/rev) (kglh) (Pasn) (mm) (mm) 

w 

' Values of & were predicted using Eq.(22) with experimental P, and P, data. They were the 
average of two replications with a total of 44 points 
Values in parenthesis were obtained using interpolation or extrapolation from the nonlinear 
regression of the measured values 

COMPARISON WITH THE EXPERIMENTAL RESULTS 

Figure 8 is the comparison of the theoretical screw curves of double-lead 
screw elements and experimental results obtained by Isherwood et al. (1988) and 
Lai-Fook et al. (1989 and 1991). Similar to the screw curve obtained by 
Lai-Fook et al. (1991)' the flow rate (n = 0.22) based on our model was 
significantly underestimated over the entire experimental range. However, if the 
original predictions were corrected by adding the flow rate caused by the 
intermeshing effect, predicted by Lai-Fook et al. (1991)' the results showed 
reasonable agreement with the experimental results (Fig. 8). This indicates that 
the volumetric flow rate resulting from the intermeshing effect of double-lead 
screw elements might be very important. 

Figure 9 is the comparison between the theoretical screw curves of 
single-lead screw elements and the experimental data obtained in this study. The 
feed rates and the screw speeds were selected to generate dimensionless flow 
rates that would cover most of the curve tested. For SFL = 1.0 glrev, the 
experiments were only possible at a screw speed higher than 350 rpm without 
blocking the dies. For SFL < 1.0 glrev and SFL > 4.0 glrev the experiments 
were not possible due to the extruder's overload. Therefore, the experimental 
range used in this study was about the maximum range for testing the theoretical 
curves using the APV Baker twin-screw extruder. 
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0 Experimental data by I8herwood et al. (1988) 
V Experimental data by Lal-Cook *t al. (1989) 

0 Experlmental data by Lal-Fook at al. (1991) 

- * -  Predicted cuwe of n = 0.22 by Lal-Fook at al. (1991) 

- - Predlctmd ouwe of n = 0.22 by this study - Predicted curve of n = 0.22 with intermeshing effect 

Dimensionless Pressure P, 

FIG. 8. COMPARISON BETWEEN THE THEORETICAL PREDICTIONS (WITH AND 
WITHOUT INTERMESHING EFFECT) AND THE EXPERIMENTAL DATA BY 

ISHERWOOD ET AL. (1988), LAI-FOOK E T A .  (1989, 1991) 
FOR DOUBLE-LEAD SCREW ELEMENTS 

0 Experiments wtth corn meal  

Theoretical curva (ns0.235)  

Dimansionlass Prassure P, 

FIG. 9. COMPARISON BETWEEN THE THEORETICAL PREDICTIONS AND 
EXPERIMENTAL RESULTS USING CORN MEAL FOR SINGLE-LEAD 

SCREW ELEMENTS 
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As shown in Table 3, for SFLs = 3.0 and 4.0 glrev, the differences 
between the measured lengths and the predicted ones were within 5 % , indicating 
that the pressure measurements were reasonably accurate. From Fig. 7, it can 
be seen that if L,, = L,,, then 4, = 9,. Therefore, for SFLs from 2.33 to 4.33 
glrev, the axial pressure gradients were directly determined using tan& = (P, 
- Pb)/0.055m without further correction. For SFL = 2.0 glrev, the predicted 
length was about 12% higher than the measured one, indicating that the errors 
of the pressure measurements were slightly higher. Therefore, the calculation 
of the pressure gradient for SFL I 2.0 glrev was corrected using the measured 
length (Fig. 7) and the axial pressure gradient was determined using tan4, = 
P,/(L, - 0.041 m). Since no dead-stop runs were carried out for SFL < 2.0 
glrev, the errors for SFL < 2.0 glrev were estimated by using the extrapolation 
method and assumed that the error for L,, remained to be 12% higher than L,. 
Therefore, the pressure gradients were determined using tan+, = P,,/[L,,(l - 
0.12) - 0.041 m]. Note that these pressure corrections were only used for the 
experimental data but not for the theoretical curves. Figure 9 shows that the 
theoretical results agrees with the experimental data obtained for SFL = 1.67 
- 4.0 glrev. Thus, the intermeshing effect caused by single-lead screw elements 
with the given geometry seemed negligible. Further studies are needed to check 
the range of SFL = 1.0-2.0 glrev. 

One of the reasons for double-lead screws having a much higher intermesh- 
ing effect than single-lead screws is probably due to the geometrical difference 
between these two types of screws. According to Booy (1980), the intermeshing 
effect introduces an additional volumetric flow rate which depends on the 
geometry of the intermeshing region and the screw geometrical parameters: 

where: Q, is the volumetric flow rate due to the intermeshing effect and ki is the 
nip flow coefficient. For the screws used in this study, ki = 0.16 for the 
single-lead screws and 0.25 for the double-lead screws. Based on this Booy's 
equation, the volumetric flow rate due to the intermeshing effect of the 
double-lead screws (4, = 17.67") is thus at least four times higher than that of 
the single-lead screws (4, = 4.75"). Booy's equation is a simple estimation and 
does not include the effect of other factors such as pressure and the flow 
behavior index. From Lai-Fook et al. (1991), the volumetric flow rate due to 
intermeshing effect decreased as the dimensionless pressure increased. The effect 
of flow behavior index on the volumetric rate due to the intermeshing effect, 
however, has not been well studied. The flow in the intermeshing region of the 
screws is three-dimensional and is much more complicated than that of the 
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nonintermeshing region. Further investigation is needed to study the intermesh- 
ing effect for different types of screw elements. 

CONCLUSIONS 

A new solution of the flow of a power-law fluid in a fully-wiped co-rotating 
twin-screw extruder is established. This solution uses the actual boundary 
conditions encountered in such an extruder. Dimensionless screw characteristics 
for both double-lead and single-lead screw elements are generated and tested 
experimentally and also using experimental data from published literature. The 
new solution predicts the volumetric flow rate well for single-lead screw 
elements, but underestimates the flow rate of double-lead screw elements. After 
correcting for the intermeshing effect, however, the predictions for double-lead 
screw elements also show reasonable agreement with the experimental data 
reported in the literature. 

NOMENCLATURE 

constant 
centerline distance = R, + R, 
pressure factor [Eq. (21)] 
shape factor of drag flow 
shape factor of pressure flow 
maximum channel depth in the y direction (m) 
channel depth as a function of 8 or x, respectively (m) 
filled length measured by dead-stop runs (m) 
filled length predicted (m) 
consistency index (Pasn) 
flow behavior index 
dimensionless pressure gradients in x and z directions, 
respectively 
flow rate in x and z directions, respectively (m3/s) 
dimensionless flow rate in x and z directions, respectively 
radius of screw tip and screw root, respectively (m) 
radius of screw flank as a function of 8 or x, respectively (m) 
radius (m) 
velocity and dimensionless velocity, respectively ( d s )  
velocity of screw (mls) 
velocity components ( d s )  
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dimensionless velocity components 
.tangential velocity (mls) 
maximum channel width in the x direction (m) 
rectangular coordinates 
tip angle 
shear rate and dimensionless shear rate, respectively (11s) 
clearance between barrel and screw tips (m) 
angular coordinate 
dimensionless coordinate 
centerline ratio 
helix angle 
flank angle 
angular velocity (11s) 

APPENDIX I 

Ratios of Screw Tip and Screw Root to Screw Surface 

The following equations from Booy (1978) were used to calculate ratios of 
screw tip and screw root to surface: 

(1) The surface generated by one tip 
Atip = aRbL 

(2) The surface area generated by one root 
A, = aR,L 

(3) The surface area generated by one flank 
A,,, =JIG$, +R,)L 

(4) The surface area generated by one screw 

A-=nt(A,ip +&I +%A",, 

For tip to screw surface ratio: 

For root to screw surface ratio: 

- a 1 R, Am = - -  
Ascrew a+2JI P C  % 
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Correction of Pressure Gradient Using the Measured Filled Length 

The pressure gradient defined in Fig. 7 is the axial pressure gradient dP/dl. 
The assumption made in the derivation of the equations in Fig. 7 was that the 
pressure development in the z direction is linear. The relationship between the 
down channel pressure gradient and the axial gradient is: 

From Fig. 7, tan+, can be determined by: 

From Eq. (A2), L, can be determined as: 

Similarly, tan$, can be expressed as: 

From Eq. (A4), L,, can be expressed as: 

Substituting tan$, from Eq. (A4) into Eq. (A5), L,, becomes: 

Also from Eqs. (A2) and (A4), the ratio of tan+, to tan$, can be found to be: 

From Eqs. (A6) and (A4), the following relationship is obtained: 
P,-Pb LQ-0.041m 

tan4, =-• 
0.055m L,-0.041m 
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ABSTRACT 

Magnetic resonance imaging (MRI) techniques have been utilized to 
experimentally measure velocity profiles and apparent rheological properties of 
fluid/particulate mixtures as functions offlow rate, particle loading, andparticle 
size. The experimental velocity proples were described by apower law model for 
these systems. A 3 % aqueous sodium alginic acid solution was used to form two 
particle sizes of 2.5 mm and 5.0 mm in diameter. The spheres were suspended 
in a 0.5% carboxymethyl cellulose solution at loadings of 0, 10, 20, and 30% 
by weight. The average fluid velocity rangedfrom 2-35 cm/s. The flow behavior 
index decreased as flow rate, particle loading or particles size increase. 
Cumulative residence time curves were evaluated based on this modeling 
procedure. Results of this research have direct application to aseptic processing 
of fluid/particulate mixtures. 

INTRODUCTION 

Aseptic processing and filling consists of presterilizing a food product 
before filling a sterile package. The atmosphere and mechanical means of 
closing the package must also be sterile. This type of processing has several 
advantages, primarily in the quality of the treated foods and ease or cost of 
storage and distribution. However, limitations to aseptic processing still exist in 
the area of presterilization of difficult products, such as liquids with large 
particles (Buchner 1993). The heat sterilization of fluidlparticulate mixtures 
requires that the products are heated to an appropriately high temperature and 
maintained at that temperature for a given period in order to achieve the desired 

' To whom correspondence should be addressed. Tel: 916-752-1487, FAX: 916-752-4759 
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degree of sterility. The timeltemperature process must ensure that the fastest 
moving particles in the continuous system receive adequate heat treatment. In 
many cases, the heat treatment of these fluidlparticulate mixtures incorporates 
tube-type heat exchangers and holding tubes. However, the lack of fundamental 
information on particle and fluid flow in holding tubes has to date limited the 
application of this technology (Sastry 1989). This lack of fundamental knowledge 
results in over processing and substantial product degradation. 

The objectives of this study were to measure velocity profiles and apparent 
rheological properties of fluidlparticulate mixtures under conditions relevant to 
aseptic processing. Current techniques include dye tracer (Singh and Lee 1992), 
timed collection (Hong et al. 1991), Hall effect (Tucker and Withers 1994), 
photo sensor (Yang and Swartzel 1992), video image analysis (Simunovic et al. 
1995), hot wire anemometry, and Doppler ultrasonic methods (Fregert and 
Tragardh 1995). Developments in nuclear magnetic resonance (NMR) and 
imaging capabilities have allowed magnetic resonance imaging (MRI) techniques 
to be used for flow measurements. One advantage to MRI is that it is noninva- 
sive and does not require the addition of special particles to the flow medium. 
In addition, any given slice of fluid can be sampled and velocity profiles 
developed for that slice. MRI velocity phase encode techniques are well covered 
in the literature (Stepisnik 1985; Caprihan and Fukushima 1990; Callaghan 
1991 ; Pope and Yao 1993). The velocity phase encode technique utilized in this 
work is a spin echo method (Hahn 1950; Carr and Purcell 1954) using pulsed 
magnetic field gradients (Stejskal 1965) which measures the displacement 
probability of an ensemble of nuclei localized within a voxel of the sample 
flowing through a pipe. 

THEORY 

In order to characterize the rheological behavior or apparent rheological 
behavior, a power law model was used to model the velocity profiles of the fluid 
and fluidlparticulate mixtures. For this approach, the relationship between the 
velocity, v, at the radial position r and the volumetric average velocity, < v> , 
is 

( 1) 

where R is the inner radius of the pipe (Steffe 1992). This expression arises 
from integration of the force balance for pipe flow with the incorporation of 

a=KY (2) 
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to describe the relationship between shear stress, a, and shear rate, j ,  where K 
is the consistency coefficient and n is the flow behavior index. .;/ is the 
derivative of v with respect to radial position. In this study, n is a true 
rheological parameter for only the homogeneous CMC solutions (no particles) 
in steady laminar flow. However, the flow behavior index allows us to describe 
the apparent rheological behavior of the fluidl'particulate mixtures under the 
specified flow condition. In other words, n characterizes the degree of 
"bluntness" of the velocity profile. This approach to modeling allows a straight- 
forward comparison of velocity profiles and residence time distributions (RTD) 
as a function of flow rate, particle loading, and particle size. 

The residence time distribution, which is a standard technique to describe 
the uniformity of the history of the material in the system, is a function of the 
flow behavior index. Middleman (1977) outlined the procedure to evaluate the 
residence time of a Newtonian fluid in laminar flow in a pipe from the velocity 
profile. The following analysis is for power law fluids and incorporates the 
velocity profile for these fluids given in Eq. (1). Consider an element of fluid 
at radial position r. The element moves at velocity v(r) through an axial distance 
L in the time given by 

Fluid elements which all enter the pipe at the same time will leave at 
different times as a function of their radial position. For a quantitative 
interpretation of residence time, the function f (t) is defined such that f (t) dt is the 
fraction of the output of the flow which had been in the pipe for a time in the 
range t to t+dt. 

where d~ is the incremental change in volumetric flow rate, V.  The cumulative 
residence time distribution function, or F function, is an integration of Eq. (4), 

where the lower limit is the first appearance'time and corresponds to the fluid 
moving along the pipe axis ( r  = 0) where the velocity is the greatest. Therefore 
in terms of velocity, the cumulative residence time distribution for a power law 
fluid is 
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The ideal residence time is a unit step function, which would correspond to 
plug flow. This condition is "ideal" since all fluid elements have exactly the 
same residence time in the pipe. Because of no-slip condition at the pipe wall, 
the plug flow condition can only be approached. 

MATERIALS AND METHODS 

The flow loop was constructed of 26.2 rnm i.d. clear PVC pipe. A straight 
length of pipe with a length of 175 pipe diameters preceded the section centered 
in the horizontal bore of the 2 T Oxford magnet. The magnet was connected to 
a General Electric CSI-I1 NMR imaging spectrometer operating at a proton 
frequency of 85.5 MHz. The receiverltransmitter for the radio frequency signal 
was a 100 rnrn bird-cage coil. A positive displacement pump (SPS-20, Sine 
Pump, Orange, MA) circulated the fluid and fluidlparticulate mixtures through 
the flow loop. 

The model particulates were 2.5 and 5.0 mm'diameter gel spheres. These 
spheres were formed with an aqueous 3 wt. % sodium alginic acid (Sigma 
Chemical, St. Louis, MO). The alginic acid solution was prepared and agitated 
for 8 h. The aqueous solution was then pumped via a syringe pump into a 0.08 
M (minimum) calcium chloride solution for gelation, with calcium acting as a 
crosslinking agent. Two different syringes were used to form the spheres; the 
syringe size determined the relative contribution of gravity and surface tension 
and therefore, the drop size. Once formed, the alginate drops were allowed to 
gel completely in the calcium chloride solution over an 8 h period. The solution 
was stirred to prevent deformation of the spheres upon settling. 

The suspending fluid was a 0.5 wt % carboxymethyl cellulose (CMC) 
( ~ e t h o c d ,  Dow Chemical Co., Midland, MI) solution. The fluid had a density 
of 1.01 g1mL and consisted of 66 g of CMC, 500 mL of methanol (0.79 sp gr), 
and 13 L of deionized water. The purpose of the methanol was to solubilize the 
CMC prior to hydration. The CMC solution was best characterized as a power 
law fluid; the flow behavior index, n, was determined by the best power law fit 
of the velocity profile (Eq. 1) with regression coefficients greater than or equal 
to 0.998 in all cases. These flow behavior indices were a function of flow rate 
and varied slightly between batches of CMC solution. The three batches of 
CMC solution used in this study have been characterized in Table 1. The shear 
rate ranges were determined by differentiation of the fits to Eq. 1. 
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TABLE 1. 
CHARACTERIZATION OF THREE BATCHES OF CMC SOLUTION USED AS 

SUSPENDING FLUID 

For the fluidlparticulate suspensions, the gel spheres were suspended in the 
CMC solution at loadings of 10, 20, and 30% by weight. Imaging experiments 
were performed in the flow rate range from 12 to 186 cm3/s. 

NMR Method 

The NMR flow imaging technique yields a joint spatial-velocity 'H spin 
density distribution. The NMR pulse sequence consists of three basic parts - 
slice selection, velocity encoding, and frequency encoding - to provide the axial 
velocity versus radial position within the pipe. Since, the flow was along the 
magnet axis in the z direction, the slice selection was done with the z gradient. 
The resulting slice was a 2 mm thick disk across the pipe. Velocity encoding 
with- the z gradient then tags the z component of the velocity. Finally, frequency 
encoding in the x direction reads out the radial position of the volume elements. 
There were 128 phase encode steps and 128 points were used to digitize each 
echo. The resulting matrix was zero filled to 256 x 256 and a 2D fourier 
transform performed. The plot of velocity versus radial position was determined 
by the maximum signal intensity in each row of the matrix. The velocity profile 
was fit to power law model using commercially available nonlinear least squares 
fitting routine (KaleidaGraph, Abelbeck Software). 

RESULTS AND DISCUSSION 

Figure 1 illustrates an example of a joint spatial-velocity 'H spin density 
distribution images for the pure suspending fluid and a fluidlparticulate mixture. 
The signal intensity portrays the axial velocity as a function of radial position, 
with the maximum velocity at the centerline and a no-slip condition at the pipe 
wall. In Fig. l(a) the signal intensity of the pure fluid is uniform and has the 
characteristic blunting of a pseudoplastic (i.e., shear thinning) fluid. The average 
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FIG. 1 .  REPRESENTATIVE MR FLOW IMAGES FOR THE (a) PURE SUSPENDING 
FLUID AND (b) A FLUIDIPARTICULATE MIXTURE AT A 20% LOADING OF 

2.5 MM DIAMETER GEL SPHERES 
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velocity of the fluid was 15.3 cm/s with a maximum velocity of 29.4 c d s ;  the 
flow behavior index of the fluid under these conditions was 0.85. Figure l(b) 
illustrates the image obtained at 20% particle loading of the 2.5 mm diameter 
spheres at an average velocity of 18.1 cm/s. This image illustrates a greater 
degree of blunting as compared to the pure suspending fluid and has been 
characterized by an n of 0.4 1. 

Flow Profiles as a Function of Flow Rate 

Velocity profiles of the pure suspending fluid were obtained at several flow 
rates from 12 to 186 cm3/s, which correspond to average velocities of 2.2 to 
34.6 cmls, respectively. As shown in Table 1, the flow behavior index of Batch 
1 of 0.5% CMC solution is a function of shear rate range, i.e., flow rate. As 
expected for a power law fluid, the profiles become more blunt as the flow rate 
increases. As the flow rate increased the flow behavior index decreases from 
0.94 to 0.72. This blunting results in a maximum velocity that is closer to the 
average velocity and more uniform treatment of the fluid. This change in 
rheological parameter would not occur if the suspending fluid had been a 
Newtonian fluid. Therefore, when evaluating the profiles of fluid/particulate 
mixtures, there is a contribution to the blunting from both the pure fluid as well 
as the suspended particles. To illustrate this concept, Fig. 2 plots the velocity 

FIG. 2. AS WITH PURE FLUID, FLOW PROFILES FOR THE FLUIDIPARTICULATE 
MIXTURES ARE A FUNCTION OF FLOW RATE 

Here, a mixture of 10% loading of small spheres are shown at a fluidlparticulate velocity of 2.6 
cm/s and 18.3 cm/s shown with the power law fit of the experimental data. The suspending fluid 

is the same batch of CMC solution. 
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profiles for a fluidlparticulate mixture at 10% loading of 2.5 mm diameter 
gelspheres. The velocity profiles are dimensionless by the average velocity of 
the flowing fluid, < v >  and the pipe radius, R. The average velocity of the 
upper curve is 2.6 c d s  and that of the lower curve is 18.3 c d s .  Not only are 
the flow indices considerably lower than that of pure fluid (Table 2). but the 
change in n is greater than that of pure fluid for comparable flow rates. In other 
words, the ratio of n values of the lower flow rate to higher flow rate is 1.25 
for the fluidlparticulate mixture and 1.11 for the pure suspending fluid. 

TABLE 2. 
CHARACTERIZATION OF FLUIDIPARTICULATE MIXTURES 

Flow Profiles as a Function of Particle Loading 

Figure 3 illustrates the change in the shape of the velocity profiles for 
fluidlparticulate mixtures as a function of particle loading. The 2.5 rnm diameter 
particles are shown at loadings of 0, 10, 20% in Fig. 3(a) and 0% and 30% 
loading in Fig. 3(b); the suspending fluid (i.e., 0% loading) in these two figures 
is different (see Table 2). These profiles are obtained at an average velocity in 
the range of 18 f 3 c d s ,  thereby minimizing the contribution of the flow rate 
differences in the comparisons. The addition of particles is a significant 
contribution to the change in the flow behavior index. The value of n drops from 
0.85 to 0.65 with a 10% loading of 2.5 mrn diameter particles. As the particle 
loading increases to 30%. the flow index drops to 0.33. This decrease in flow 
behavior index from 0.85 to 0.33 changes the ratio of maximum velocity to 
average velocity from 1.92 to 1.50. The practical implication is that holding 
tubes designed assuming a maximum velocity that is twice the average velocity 
(i.e., Newtonian fluid) over processes fluidlparticulate mixtures. 

Particle 
Loading 

Small - 
10 
20 
30 

20 

Flow Profiles as a Function of Particle Size 

Ave. Velocity 
(cmls) 

18.3 
2.6 
18.1 
21.1 

17.5 

Velocity profiles of the fluidlparticulate mixtures are also a function of 
particle size. Figure 4 illustrates the extent of blunting at 20% loading for small 

R 

0.998 
0.996 
0.999 
0.996 

0.988 

Suspend- 
ing Fluid 

Batch 
1 
1 
1 
2 

3 

n 

0.52 
0.65 
0.41 
0.33 

0.20 
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FIG. 3. VELOCITY PROFILES FOR FLUIDIPARTICULATE MIXTURES AT PARTICLE 
LOADINGS OF (a) 10 % AND 20 % . AND (b) 30 % 

For each fluidlparticulate mixture, the velocity profile for the pure suspending fluid is also 
shown at approximately the same volumetric flow rate with its power law fit. 

particles (2.5 mm diameter) and large particles (5.0 mm diameter). The 
fluidlparticulate mixtures shown in Fig.4 (a) and 4 0 )  are compared to their own 
suspending fluid at average velocities in the range of 16.7 f 1.4 cmls. Under 
these conditions, the ratio of n/nsuMw is 0.48 and 0.21 for small and large 
particles, respectively. 
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-vl<v>; <v>=15.3 cmls 
-vl<v>; <v>=18.1 cmls, S-20% I 

FIG. 4. THE EXTENT OF BLUNTING OF THE VELOCITY PROFILE IS ALSO A 
FUNCTION OF PARTICLE SIZE AS SHOWN AT 20% LOADING WITH SMALL 

PARTICLES IN (a) AND LARGE PARTICLES IN (b) 
Each of the fluidlparticulate mixtures is referenced to its own suspending fluid; the curves are 

the power law fit of the experimental data. 

Residence Time Distribution Curves 

The residence time distribution curve is altered considerably as the velocity 
profile becomes blunter. Figure 5 illustrates the F(t) curve for the flow behavior 
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indices that characterize the velocity profiles given in Fig. 4. The vertical line 
at t / <  t  > = 1.0 is the curve for plug flow, where < t  > is the average time; all 
fluid has traveled through the pipe with the same uniform history. The other 
limiting case is the curve for a Newtonian fluid (n = 1) which yields the 
greatest deviation of the cases shown with respect to the history of the fluid 
elements. The first appearance time, which is the shortest time fluid resides in 
the pipe is t /<  t  > =0.5. Under these flow conditions, at 5 < t  > , 1 % of the 
fluid still resides in the pipe. By contrast, as n decreases, the first appearance 
time approaches t /  < t  > = 1 .O. 

FIG. 5. RTD FOR PLUG (P) FLOW, AND FOR FLUIDS WITH FLOW BEHAVIOR 
INDICES OF 1.0 (N), 0.85 (A), 0.41 (B), AND 0.20 (C) 

Also shown are RTD curves for the following systems: 0.5% CMC, 
< v >  =15.3 c d s ,  n=0.85; 20% particles (2.5 mm), <v> =18.1 c d s ,  
n=0.41; and 20% particles (5.0 mm), < v >  =17.5 c d s ,  n=0.20. These 
represent a range of flow index values determined in these experiments. The 
curves show behavior intermittent between the limiting cases of Newtonian and 
plug flow. At n=0.85, the first appearance time (0.55) is closest to that of a 
Newtonian fluid, while at n =0.21 the first appearance time (0.68) is closest to 
plug flow. In addition, the time t / < t >  at which F=0.99 decreases as n 
decreases. In other words, the increasing pseudoplastic nature improves the 
uniformity of the history during pipe flow. 
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CONCLUSIONS 

In summary, the information obtained by MRI for these systems is useful 
for understanding the flow of fluidlparticulate mixtures at particle loadings that 
are relevant to aseptic processing. Furthermore, due to the opaque nature of 
these fluids, MRI is the only way to get this information. In these fluids, 
velocity profiles are increasingly blunted as (a) flow rate increases, (b) particle 
loading increases, and (c) particle size increases. The RTD is a function of the 
flow behavior index n that characterizes the rheological behavior in pipe flow. 
As the velocity profile becomes more blunt, n decreases and the fluidlparticulate 
mixture is subjected to a more uniform flow history. 

Strictly speaking, n is a true rheological parameter for only homogeneous 
fluids (no particles) in steady laminar flow. However, the flow behavior index 
allows us to describe the apparent rheological behavior of the fluidlparticulate 
mixtures under the specified flow condition. This approach to modeling allows 
a straight-forward comparison of velocity profiles and residence time distribu- 
tions (RTD) as a function of flow rate, particle loading, and particle size. 
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