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ABSTRACT 

The reverse osmosis concentration of green tea juice was attempted by using 
membranes prepared from different polymeric materials. The pore sizes of the 
membranes were also changed in order to investigate the effect of the pore size 
on the membrane performance. Special attention was focused on the removal of 
caffeine from the tea juice while retaining other components such as polyphenols 
and amino acids. Since severe membrane fouling was observed while tea juice 
was treated at high concentrations, an attempt was made to describe the mem- 
brane fouling by a modified gel model that includes the effect of the interaction 
between the membrane and the tea juice components. 

INTRODUCTION 

Membrane processes have been recognized as some of the most versatile 
separation processes. Reverse osmosis in particular is a pressure driven process 
in which solvent, in most cases water, is removed as membrane permeate and 
solutes can be concentrated in the retentate. Since no heat is applied during the 
separation process, thermal damage to flavor, aroma, and color components in 
the solution is minimized. Furthermore, the energy requirement is low com- 
pared with evaporation, freezing and other thermal separation processes, 
resulting in a low cost involved in the separation unit operation. It is for this 
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reason that the membrane separation process has attracted much attention in li- 
quid food processing. The most typical examples are cheeze whey treatment 
(Hiddink et al. 1980), concentration of fruit and vegetable juices (Merson and 
Morgan 1968; Matsuura et al. 1973; Chua et al. 1987) and the treatment of 
alcoholic beverages (Wucherpfennig and Zuern 1980). All of the above pro- 
cesses are currently of wide industrial practice. 

As for the concentration of tea components, there are several reports in the 
literature. Schreier and Mick (1984) studied the concentration of two black teas, 
i.e., Indian Broken and Darjeeling Orange Pekoe, by reverse osmosis. Concen- 
tration factors up to 6.5 for the extract, phenol and caffeine contents were 
achieved, although the retention was not as high for some volatile tea flavor 
compounds. Tamaki et al. (1986) used ultrafiltration membranes of 
40,000-50,000 molecular weight cutoff to remove "tea cream" at 5-15 OC. 
Buhler and Olofsson (1981) described a hybrid RO-UF-distillation process to 
dehydrate tea extract. In the process, volatile tea aroma components were first 
collected from the tea extract by steam distillation (step A). Then, the tea extract 
was subjected to ultrafiltration by membranes of molecular weight cutoff rang- 
ing from 500 to 5,000 (step B). The permeate from the step B was further sub- 
jected to reverse osmosis treatment using a membrane with > 99% sodium 
chloride rejection (step C). Both retentates from steps B and C were combined to 
obtain a tea extract of desired concentration. Finally, the tea aroma components 
collected in the step A were combined with the concentrated tea extract. Nogy 
(1985) invented a process to filter tea extract by polyvinyl alochol, polyester and 
other synthetic polymeric membranes having pores of 2-4 nm in diameter to 
remove microbes and yeasts. The filtrate was further heated to sterilize, packed 
in a closed can, and held at a low temperature. Bonneau (1981) attempted to pro- 
duce instant tea by using membrane technology. The tea extract was treated con- 
tinuously by membranes of three different pore sizes, i.e., molecular weight 
cutoffs of 30,000, 10,000 and 250. The retentates from each step were combined 
and further concentrated by freeze drying, evaporation or by vacuum distilla- 
tion. This process was particularly effective to remove disliked components such 
as alkaloids, terpenes, and benzpyre~e from the tea extract. 

Caffeine, polyphenols and amino acids are mainly responsible for tea quality. 
Preserving these components at a maximum level during tea processing is a great 
factor governing the quality of instant tea. Caffeine is an alkaloid of the purine 
group and a colorless compound with a slightly bitter taste. Several attempts 
were made to reduce the concentration of caffeine in tea because of its 
physiological function. The term polyphenol is a comprehensive one and in- 
cludes a wide range of compounds. The substances within this group comprise 
flavanols, hydroxy flavanols, flavones and phenolic acids. Flavanols are water 
soluble and colorless, and give an astringent taste. They oxidize readily in an 
alkaline environment. Tea beverage quality is positively correlated with fresh- 
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leaf flavanol concentration. Theanine (5-N-ethylglutamine) is an amino acid uni- 
que to tea. Other amino acids found in tea are common to most plants. Green tea 
beverage is pale yellow-green, and slightly more astringent than black tea, hav- 
ing a brothy characteristic imparted by theanine and other amino acids. The 
reverse osmosis concentration of fresh green tea juice was attempted by Zhang 
(1987). The number of membranes tested for this purpose was limited, however. 

The objective of this work is: (1) To prepare membranes of different pore 
sizes from different polymeric materials, (2) to test the membranes so prepared 
for tea juice concentration under different operating conditions, thereby placing 
emphasis on finding membranes and operating conditions appropriate for the 
removal of caffeine into the permeate while concentrating other tea juice com- 
ponents in the retentate, and (3) to study the fouling phenomena during tea juice 
concentration thoroughly. Experimental methods are described and the results 
reported. 

THEORETICAL 

Modified Gel-model Theory for Fouling Phenomena 

The most widely used model to predict the flux is the so-called "gel" model 
(Blatt et al. 1970). 

where uinfis the limiting value of the permeation velocity u when pressure is in- 
creased, k, cg and c, are mass transfer coefficient, gel concentration and feed 
concentration, respectively. There are, however, several limitations to this 
model, among them: (1) experimental fluxes are frequently much higher than 
predicted (Porter 1972; Cheryan 1986; Vassilis and Olund 1988); (2) the value 
of cg has to be obtained experimentally, and it has been found to vary with 
operating conditions (Wijmans et al. 1984); (3) it does not account for specific 
membrane-solute interactions, the major case of fouling. We have modified the 
gel model by including the term for the interaction force between the membrane 
surface and the solute. 

At a steady state, balance is established among forces working on the solute. 
As those forces, the diffusive force, Fdip the interaction force, Fin*, and the fric- 
tion force, Ffiii,, are considered. The drffusion force is given as, 
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MEMBRANE BOUNDARY IAYER BULK SOLWION 

FIG. 1.  SCHEMATIC DIAGRAM OF BOUNDARY LAYER 

where R, T, a and z are gas constant, absolute temperature, activity and the 
distance from the edge of the boundary layer, respectively (see Fig. 1). Assum- 
ing that the activity coefficient remains constant, 

where c is the solute concentration in the boundary layer. Assuming further that 
the magnitude of the interaction force is reciprocally proportional to the distance 
between the solute and the membrane surface, 

where 6 and cr ' are the boundary layer thickness and the proportionality cons- 
tant, respectively. Finally, the friction force between the solute and the solvent is 
assumed to be proportional to their relative velocity, and therefore, 

where x is the proportionality constant. The solute flux, JmI,,,, is written as, 
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in the boundary layer and also 

in the permeate solution, where c3 is the solute concentration in the permeate. 
Approximating u = usol ,,,, Eq. 5 becomes, 

At the steady state, 

F d i f f  + Pint + Fft ic  = 0  

Combining Eq. 3, 4, 8 and 9 and rearranging, 

- Ddcldz + a c l ( 6  - z )  + u(c  - c3)  = 0 (10) 

where D = RTIx and a, = a ' lx .  When the solute separation is 100%, c, = 0, 
therefore, 

Solving Eq. 1 1 with the boundary condition, 

c = c 1 a t a = O  (12) 

u = ( D l z )  ln ( c / c l )  - (a /%)  ln(6 / (6  - z ) )  (13) 

Introducing further, 

c = c a a t z = S - D  

where c2 is the solute concentration at the closest vicinity of the membrane sur- 
face, and D is the distance of the solute that is in the position closest to the mem- 
brane surface. For example, when the position of the solute is given by that of 
the center of a spherical solute, D is the radius of the sphere. Usually, 6 is much 
larger than D and therefore 6 - D 6. Then, Eq. 13 becomes 

where k = D/6. In analogy to the gel model c2 increases rapidly as u increases, 
approaching the gel concentration cg. The limiting velocity uinf is then, 
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uinj = k ln(cn/cl ) - (a/6)  ln(6/D) 

When uinf = 0, 

Rearranging, 

Note that Dl6 is less than unity and therefore c1 is smaller than cg. C, becomes 
even smaller as cr increases. In other words, the feed concentration where the 
permeation velocity uinf becomes zero decreases as the membrane-solute interac- 
tion increases. Such cl value decreases also, according to Eq. 18, as 6 in- 
creases. The boundary layer thickness, 6, depends on the hydrodynamic condi- 
tion of the feed solution and increases when the feed solution is less turbulent. 

EXPERIMENTAL 

Materials 

Cellulose acetate E-398-3 powder supplied from Eastman Chemical Co. was 
used. Polyether sulfone (PES) Victrex 200P polymer was supplied from I.C.I. 
PLC in powder form. The polymer was dried at 150°C for 4 hours before use. 
Polyvinyl alcohol polymer (molecular weight 100,000) was supplied from Fluka 
A.G. Polyarnide polymer @oly-m-phenylene-iso(70)-co-tere(30)-phthalamide, 
molecular weight 3 1,100) was laboratory produced by the method described by 
Gan et al. (1975). Polyethersulfone polymers were used without further treat- 
ment. Nonfabric cloth, Tyvek 1079 IIR supplied by Dupont de Nemours Co., 
was used as a backing material. All chemicals used for the experiment were of 
reagent grade. Green tea powder was supplied from Zhejiang Province, P.R. 
China. 

Membrane Preparation 

Cellulose acetate membranes were prepared according to the method outlined 
in the literature (Sourirajan and Matsuura 1985). The details of the membrane 
preparation conditions are given in Table 1. The casting solution kept at 5 "C was 
cast on a smooth glass plate. The temperature of the casting atmosphere and the 
relative humidity of the casting atmosphere were 25 "C and 55 %, respectively. 
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TABLE 1. 
CONDITIONS OF MEMBRANE PREPARATION 

Film Casting solution Gelation bath Gelation bath 
number composition composition temperature 

Polymer Solvent Nonsolvent Water Ethanol 
wt-% wt-% wt-% vol-O/o vol-% "C 

CA Acetone hlg(C104)2, water 
C: A 17.0 69.2 1.45, 12.35 65 35 3 

17.0 69.2 1.45, 12.35 60 40 3 
CA,, 17.0 69.2 1.45, 12.35 100 0 3 
CAW 17.0 69.2 1.45, 12.35 100 0 3 
CABO 17.0 69.2 1.45, 12.35 100 0 3 
CA.95 17.0 69.2 1.45, 12.35 100 0 3 

PA DMA LiN03 
PA11 16.9 76.2 6.9 100 0 3 

PA13 16.9 76.2 6.9 100 0 3 
PA19 16.9 76.2 6.9 100 0 3 

PVA DMSO water 
PVAl 14.0 21.5 64.5 o 25 
PVA2 10.1 0.0 89.9 a 25 

PES DMSO PVP 
PESl 23.0 72.4 4.6 100 0 3 
PES2 23.0 76.2 0.8 100 0 3 

'lirinkage temperature, CAso = 60 "C, CABo = 80 "C, CAE6 = 85OC, no shrinkage for other 
membranes 

Solvent evaporation time, PAll = 11 rnin, PAl3 = 13 min, PAle = 19 min at 95 "C, 
specified in the text for other membranes 

PVA and PES membranes were cast on nonfabric cloth. Other membranes were cast on a 
smooth glass plate. 

CA = cellulose acetate, PA = aromatic polyamide, PVA = polyvinyl alcohol, PES = 
polyethersulfone, DMSO = dimethyl sulfoxide, DMA = dimethyl acetamide, PVP = 

polyvinyl pyrrolidone 
Na2S04, 20 g, H2S04, 1 mL, and glutaraldehyde, 0.1 mL in 100 g of water 

The membrane thickness was 254 pm. The cast film was left in the casting at- 
mosphere for 30 s for the partial evaporation of the solvent before it was irnrners- 
ed in the gelation bath. The pore size of the membrane was controlled either by 
changing the ethanol content of the gelation bath or by changing the temperature 
of the shrinkage that followed the gelation step. 

Aromatic polyamide membranes were prepared from poly-m- 
phenylene-iso(70)-co-tere(30)-phthalamide polymer synthesized in the 
laboratory. The membranes were prepared according to the method outlined in 
the literature (Nguyen et al. 1987). The details of the film preparation conditions 
are given in Table 1. The casting solution was cast on a smooth glass plate. 
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Then, the cast film together with the glass plate was placed in a preheated oven. 
Solvent was partially evaporated in the oven at 95 "C for a period specified in 
Table 1 before it was immersed in ice cold water for gelation. The membrane 
was kept in the gelation bath for more than 8 h. 

Polyvinyl alcohol membranes were prepared according to the method outlined 
in the literature (Korsmeyer and Peppas 1981). The composition of the casting 
solution is given in Table 1. Polyvinyl alcohol was dissolved into either aqueous 
solution of dimethylsulfoxide or water. The solution was then stirred at 100°C 
for 4 h to dissolve the polymer completely and subsequently kept at 23 "C for 2 
weeks to ensure that no air bubbles were present in the solution. The casting 
solution was cast on a nonfabric cloth in the ambient atmosphere (24 "C < 60 
RH%). The cast film was left in the ambient atmosphere for one minute for the 
partial evaporation of solvent and then immersed into an aqueous solution in- 
cluding Na2S04, H2S04 and glutaraldehyde for 12 h for cross-linking. The 
membranes were then placed into pure water until they stood apart from glass 
plates naturally. 

Polyethersulfone membranes were prepared according to the method outlined 
in the literature (Miyano et al. 1990). The compositions of the casting solution 
are given in Table 1. The membrane pore size was controlled by changing the 
casting solution composition. The casting solution was cast on a nonfabric back- 
ing cloth to a thickness of 254 pm in the ambient atmosphere (20 - 23 "C, < 60 
RH%). After the cast film was left in the ambient atmosphere for 20 s the cast 
film together with the backing material was immersed into ice cold water for 
gelation. The membranes were kept in the gelation bath for more than 20 min. 

Preparation of the Feed Tea Juice Solution 

Green tea powder was weighed and dissolved in distilled water at 90 "C. Then, 
the solution was centrifuged at 6000 rpm to remove the sediment. 

Reverse Osmosis Experiment 

Two types of reverse osmosis cells were used in this study. One is the con- 
tinuous type cell that was used for the characterization of membranes by sodium 
chloride separation or by polyethylene glycol (molecular weight 6,000) separa- 
tion when the pore sizes of the membranes were those of ultrafiltration mem- 
branes. The testing of membranes for the separation and fractionation of the tea 
juice components at the TDS (total dissolved solid) of 1000 ppm was also per- 
formed by the continuous cell. The other is the static cell that was used for the 
testing of the tea juice concentration at much higher tea powder concentrations 
(TDS of 1% and above). The details of both continuous and static cells are 
described in Sourirajan (1970). The primary difference of both cells is that 
strong turbulence of the feed solution is created in the continuous cell by a rapid 
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flow of the solution parallel to the membranes surface, while the turbulence is 
created by rotation of a magnetic stirrer in the close vicinity of the membrane in 
the case of the static cell. The effective membrane areas of the continuous cell 
and the static cell are 13.2 cm2 and 9.6 cm2, respectively. The details of the ex- 
perimental method were also given by Sourirajan (1970). All experiments were 
of short run type and they were carried out at the laboratory temperature under 
specified operating pressures. The product rate (PR) and pure water permeation 
rate (PWP) were corrected to 25 OC using the relative viscosity and density data 
for water. The term "product" and "product rate" refer to membrane 
permeated solution when solute is present in the feed solution. The fraction 
solute separation obtained in each experiment was calculated from the equation 

solute  ppm in f e e d  - solute  ppm in product 
f = 

solute  ppm in feed  (19) 

each experiment, PWP and PR in grams per hour per given area of film sur- 
face (13.2 cm2 for the continuous cell and 9.6 cm2 for static cell) were determin- 
ed at the operating conditions employed. 

Analysis of Tea Components 

Analysis of caffeine, polyphenols and amino acids was performed by spec- 
trophotometry following the method described in Tea Plant Physiology and 
Biochemistry Handbook (1983). According to the method, caffeine content was 
determined by ultraviolet spectrometry at 274 nm after adding lead acetate and 
sulfuric acid into the sample solution. The concentration of polyphenols was 
determined by ultraviolet spectrometry at 540 nm after adding ferrous tartarate 
into the sample solution and then diluting with buffer solution. The amino acids 
content was determined also by ultraviolet spectrometry at 570 nm after adding 
ninhydrin solution and buffer solution to the sample and heating at 100 OC. The 
Varian Cary 210 spectrophotometer was employed for the spectrophotometric 
measurement. 

The total organic carbon (TOC) content was determined by Beckrnan Total 
Carbon Analyzer, Model 915B. Total dissolved solid (TDS) was determined by 
gravimetric method. The concentration of aqueous sodium chloride solution was 
determined by conductivity method. The concentration of aqueous polyethylene 
glycol solution was determined by Total Carbon Analyzer using a calibration 
curve betwen TOC and polyethylene glycol concentration. The pH value of the 
solution was determined by pH Meter, Fisher Model 630. The pH of the feed 
solution was adjusted by adding 1 M sodium hydroxide solution or by adding 1 
M hydrochloric acid solution. 
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RESULTS AND DISCUSSION 

Relationship Between TDS and Other Tea Juice Components 

The following linear relationship was obtained between TOC (ppm) and TDS 
@pm) values in feed tea juice samples. 

TOC = 0.400 TDS (20) 

While TDS is reported as the feed tea powder concentration to include all tea 
juice components, the separation was determined on the basis of TOC. 
Therefore, the separation data for the solutes which involve all tea juice com- 
ponents are reported hereafter as TOC separation. In the feed tea juice sample 
the following relationship was found between TDS and tea juice components: 

Caffeine 6.8 % of TDS 
Polyphenols 15.2% of TDS 
Amino acids 5.6% of TDS 

Reproducibility of the Data 

Each membrane listed in Table 1 was at least triplicated to examine the 
reproducibility of the data from different membrane coupons. A typical example 
is shown in Table 2 for a cellulose acetate membrane. It is clear that the standard 
deviation of the permeation rate data is f lo%, whereas that of the solute 
separation is f 1.3 % . 

Membrane Characterization 

All the membranes used for the tea juice concentration experiments were 
characterized by reverse osmosis experiments with 3500 ppm sodium chloride 
under the operating pressure of 1724 kPa gauge. The results are summarized in 
Table 3. The table shows that the sodium chloride separation increases and the 
product permeation rate decreases as the shrinkage temperature of cellulose 
acetate membrane increases. All aromatic polyamide membranes show sodium 
chloride separation greater than 93%, but the permeation rate is about one half 
of the cellulose acetate membrane of comparable sodium chloride separation. 
Polyvinyl alcohol membranes show 2 levels of sodium chloride separations, one 
44.2% and the other 5.0%. The pure water permeation rate of the latter mem- 
brane is two orders of magnitude higher than that of the former membrane, in- 
dicating that the cross-linking is more effective in the former membrane and the 
cross-linking decreases the permeation rate enormously. In both membranes a 
significant decrease from the pure water permeation rate to the product rate is 
observed. This is probably due to the membrane compaction. Polyethersulfone 
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TABLE 2. 
REPRODUCIBILITY OF THE EXPERIMENTAL DATAa 

Sodium chloride experimentb Tea juice experimentc 

PWP Plli NaCl PR TOC Caffeine Polyphenols Amino acids 

scp. sep. 

I g/h % g/11 % % % % 

Film 1 132.19 117.15 54.01 79.74 90.42 58.39 90.29 98.56 

Film 2 139.45 122.71 50.13 80.85 90.31 55.83 90.09 99.71 

Film 3 160.64 140.70 51.47 91.70 90.70 51.46 89.94 96.92 

Film 4 138.87 120.55 51.06 81.14 89.66 54.48 88.50 99.71 

Film 5 103.41 89.96 52.14 62.40 90.72 51.88 92.12 99.62 

Average 134.91 126.56 51.76 65.46 90.36 54.41 90.51 98.90 

Standard 18.43 19.30 1.30 15.27 0.39 2.57 1.28 1.08 

deviation 

" Membrane, CA,.; effective film area, 13.2 cm2; operating pressure, 1724 kPa gauge; 

bfeed NaCl concentration, 3500 ppm; 'feed TDS, 1000 ppm. 

membranes were characterized by polyethylene glycol, PEG 6,000 and PEG 
20,000, solutes. The feed PEG concentration was kept at 100 ppm and the ex- 
periment was performed under 345 kPa gauge. As expected, polyethersulfone 
membranes showed reasonably high separations to both PEG solutes. 

Effect of the Pore Size on the Performance of Cellulose Acetate Membranes 

Figure 2 summarizes the data on the effect of the pore size of cellulose acetate 
membranes on the separation of various tea juice components and on the product 
rate. As expected, as the membrane pore size decreases the sodium chloride 
separation increases and the product rate decreases. The separation of typical tea 
juice components, such as amino acids, polyphenols and caffeine, increases with 
an increase in sodium chloride separation. The separation data based on TOC 
also increases with an increase in sodium chloride separation. The order in the 
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separation of various tea juice components is as follows: 

amino acids > TOC .v polyphenols > caf fe ine  (21) 

TABLE 3. 
MEMBRANE CHARACTERIZATIONB 

Film No. PWP PR NaCl separation, 

g/h g/h % 
CAJS 143.09 127.77 49.92 
CA.0 214.92 186.98 33.78 
C A", 134.91 126.56 51.76 
CAso 63.84 60.77 82.53 
CAso 23.77 19.24 96.03 
CA86 15.53 12.22 95.70 
PA11 9.98 8.32 93.73 
PA13 8.54 7.05 93.83 
PAle 7.48 6.14 97.50 
PVAl 2.11 1.63 44.17 
PVAl 763.8 465.5 4.99 
PES: 24.86 77.2', 92.6d 
PESb, 117.86 36.1C, 86.5d 
" Experimental data collected with 3500 ppm NaCl feed solution, 
at 1724 kPa gauge, and with effective film area of 13.2 cml 

Experiment conducted with polyethylene glycol (PEG) 
solute at 345 kPa gauge 
' With PEG 6,000 

With PEG 20,000 

One of the objectives of this study is to find a membrane that enables the 
removal of caffeine into the permeate while retaining polyphenols and other tea 
juice components in the retentate. The unshrunk cellulose acetate membrane 
which shows 52% sodium chloride separation seems to be the best for this pur- 
pose among all cellulose acetate membranes studied, and therefore extensive in- 
vestigations were further performed on this particular membrane. 

Effect of Membrane Materials on the Separation Pattern of Various 
Tea Juice Components 

The data for the separation of tea juice components by membranes other than 
cellulose acetate membranes are summarized in Table 4. All data were obtained 
by experiments with 1000 ppm TDS in the feed solution under the operating 
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TABLE 4. 
RESULTS OF TEA JUICE CONCENTRATION BY MEMBRANES 

OTHER THAN CELLULOSE ACETATE MEMBRANESa 

Film No. PR Solute separation, % 

g/li TOC Caffeine Polyphenols Amino acids 

aFeed TDS 1000 ppm; operating pressure, 345 Wa gauge for PES films and 
1724 Wa gauge for other films; effective film area, 13.2 cm2 

pressure of 1724 kPa gauge unless otherwise specified in the Table. Since all 
polyamide membranes show very high sodium chloride separations (above 
95%), separation data for all tea juice components are also very high. The 
average separations for amino acids, TOC, polyphenols and caffeine are 98.68, 
97.73, 98.18 and 95.58%, respectively, for PA,,. Therefore, the order in the 
separation for various tea juice components given to the cellulose acetate mem- 
branes is still valid. 

The above order is also valid for polyvinyl alcohol membranes, although no 
data was obtained for amino acids solutes. It is also interesting to note that a 
significant drop in the product rate took place during the tea juice treatment by 
polyvinyl alcohol membranes. 

The materials effect on the pattern of the separation of the tea juice com- 
ponents is seen most evidently in the experiment with polyethersulfone mem- 
branes. The patter general to all other polymeric materials; i.e. 

TOC polyphenols> caffeine (22) 
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is also valid for polyethersulfone membranes. However, the separation of amino 
acids was the lowest among all juice components studied. Apparently, the 
repulsive force exerted from the membrane material due to the ionic charge of 
amino acids molecules was not enough to prevent the nearly free passage of the 
amino acids molecules. The reasons for the poor separation of other unionized 
tea juice components, such as polyphenols and caffeine, is unknown. A more 
comprehensive study is needed on the contributions of the solutelmembrane in- 
teraction and the pore size and the pore size distribution of the membrane. 

Effect of pH of the Feed Solution on the Membrane Performance 

The effect of pH of the feed tea juice was studied using a cellulose acetate 
membrane shrunk at 85 "C at the operating presssure of 1724 kPa gauge. The 
TDS of feed tea juice was 1000 ppm. The experimental results are illustrated in 
Fig. 3. Both caffeine separation and the product rate show a maximum at pH 5. 
The separation based on TOC also shows a maximum at pH 5. However, the 
separations of amino acids and polyphenols remain above 97% in the entire 
range of pH. That the caffeine separation increases with a decrease in pH when 
the pH value is more than 5 is understandable considering that caffeine has the 
nature of both secondary and tertiary mines. At lower pH values the molecule 
tends to be more dissociated, resulting in stronger rejection from the membrane 
surface and less blocking of the pore by solute adsorption. The presence of 
polyphenols and tea components other than caffeine may also intensify the foul- 
ing when pH is more than 5. It is difficult to explain, however, why the caffeine 
separation and the product rate decreased with a further decrease of feed pH. 

Effect of the Feed Concentration on the Membrane Performance 

Reverse osmosis concentration of tea juice was performed with the static cell 
at feed concentrations of 1.09, 2.83 and 4.71 x 10 kg/m3(about 1,3, and 5%), 
as shown in Fig. 4. The membrane used for the experiment was a CAW film, i.e., 
a cellulose acetate membrane without any shrinkage, since that membrane was 
the best for the fractionation of polyphenols and caffeine (Fig. 2). Solute separa- 
tions were higher in this case than shown in Fig. 2 due to higher feed concentra- 
tion. Both TOC and polyphenols separations were more than 98%. The separa- 
tion was more than 90% in most cases for caffeine in contrast to the 52% value 
when the feed TDS was 1000 ppm. Caffeine separation increases with an in- 
crease in the operating pressure. This membrane is, therefore, not effective for 
the fractionation of polyphenols and caffeine when the feed TDS is higher than 
1 % . Figure 4 also shows that the product rate levels off with an increase in the 
operating pressure and the asymptotic value decreases with an increase in the 
feed TDS. The pattern observed in the product rate data is similar to ultrafiltra- 
tion data where the gel model is applicable. Together with the separation data of 
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the caffeine solute that has increased significantly with an increase in the feed 
concentration, we have concluded that a concentrated layer formed at the mem- 
branelsolution boundary contributed to the reduction in flux and an increase in 
solute separation. 

Effect of the Membrane Material and the Feed Solution Turbulence on the 
Membrane Fouling 

The green tea juice concentration was conducted at different feed TDS to 
study the fouling effect. Two different membranes were used for the experi- 
ment, one was CA,, membrane and the other was PES, membrane. It is known 
that organic solutes are more strongly attracted to polyethersulfone polymer due 
to the stronger hydrophobicity of the latter polymeric material. The operating 
pressures were 1724 kPa gauge and 690 kPa gauge for CA and PES membranes, 
respectively. Experiments were conducted in a static cell with two degrees of 
turbulence of the feed tea juice; one when the magnetic stirrer was vigorously 
rotated in the close vicinity of the membrane surface and the other when the rota- 
tion of the stirrer was completely stopped. Since high feed concentrations were 
involved in this experiment, the separation of the solute based on TOC was 
almost complete. The product permeation rates are plotted versus logarithm of 
the feed concentration in Fig. 5. These product permeation rate data are the 
asymptotic values obtained in the plot, product rate versus operating pressure 
(see Fig. 4), and therefore correspond to the limiting permeation velocity, uinf 
Following Eq. 16 there is a linear relationship between the product permeation 
rate and the logarithm of the feed tea juice concentration. The slope of the 
straight line is less when the rotation of the stirrer was stopped, since the mass 
transfer coefficient k becomes smaller corresponding to less turbulence of the 
feed solution. A significant decrease in observed in the feed the juice concentra- 
tion that corresponds to zero product permeation rate when the membrane 
material is changed from cellulose acetate to polyethersulfone. This is expected 
from Eq. 18, since the interaction between the solute and the membrane material 
is stronger for polyethersulfone than for cellulose acetate due to higher 
hydrophobicity of polyethersulfone material. This was confirmed by the results 
from liquid chromatography experiments (Taketani et al. 1982). The effect of 
the turbulence on c, corresponding to uinf = 0 is not so spectacular, yet small 
decreases in such c, values are observed for both membrane materials when the 
rotation of the stirrer in the cell is stopped. Thus, the experimental results testify 
to the validity of the theory for the fouling established in this paper. The theory 
includes parameters related to the solute-membrane interaction force. It would 
be very useful if these parameters could be predicted. 

It should be noted that the entire approach is based on the gel model. Attempts 
are currently being made to analyze the experimental data on the basis of the 
osmotic pressure effect. 
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Films, CA,, and PES2; Operating pressure, 1724 kPa gauge for CA film 
and 690 kPa gauge for PES film. 

CONCLUSIONS 

The following conclusions were drawn from the experimental results of this 
work. 

(1) The concentration of green tea juice can be performed effectively by 
reverse osmosis membranes prepared from cellulose acetate and aromatic 
polyarnide materials. 

(2) Though the fractionation of caffeine (in the permeate) and other tea juice 
components (in the retentate) can be achieved by cellulose acetate mem- 
branes without shrinkage at low feed concentrations, the fractionation 
becomes less effective at high tea juice concentrations. 

(3) There is an optimum value of pH for the separation of the tea juice com- 
ponents and for the product rate. 

(4) The modified gel model proposed appears to fit the experimental data. A 
more detailed study is called for to justify the proposed model. 
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ABSTRACT 

Batching is a routine part of food production, even in many manufacturing se- 
quences which have continuous components. Determining the correct number of 
batches to be produced in the face of continuous demand forJinal product and 
multiple demands on the batches ftom many products is a computationally com- 
plex problem. An organizational and computational scheme for tracking the im- 
pact of the batching decision is presented. The structure provides means for 
determining resource use pattems and for costing those patterns for a given pro- 
duction plan. n e  data necessary to drive this system are the costs, the batch for- 
mulation and yields and the other resources required by the product. The scheme 
is suited for electronic computation and can be rendered in a straightforward 
way on a microcomputer. An example illustrating how the data are organized is 
provided. 

INTRODUCTION 

Batching is an inevitable part of many food manufacturing sequences. While a 
"continuous process may be the ideal, batching is a regular reality of food pro- 
duction because of capital investment in batching equipment and because the 
"continuous process" technology is not always available to produce the same 
output as a batch system. A "batch" of product is created when a discrete quin- 
tity of material, usually a mixture or a formula, is made available at specific, 
discrete times. The output from a batch is then available for continued process- 
ing or packaging into products. 
Journal of Food Process Engineering 14(1991) 107-123. All Rights Reserved. 
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Planning production is done to meet anticipated demand for products. While 
producing exactly the amount of final product demanded may be most efficient, 
this amount is seldom the amount that will be manufactured from a discrete 
number of batch outputs intrinsic to the manufacturing system. The difference 
between the production target and the amount implied by a batch formula in- 
troduces an imprecision in planning that may have important financial conse- 
quences, especially in a low margin industry. Idle equipment and labor may oc- 
cur due to production bottlenecks. Excessive materials in inventory ties up 
capital, ingredients and finished products. Insufficient product amounts may 
reduce customer satisfaction because of untimely delivery. 

A strategy to overcome these difficulties is to supply the production manager 
with information useful for making batching decisions (how many batches and in 
what sequence) which make efficient use of resources. Without such information 
the batching decisions are made based on experience, intuition or guess work. 
With the correct information, the impact of these decisions on company resource 
use can be revealed and evaluated. These batching decisions are further com- 
plicated by allowing for "partial batches" which require the same equipment, 
processing time and labor, but result in smaller volumes of output, hence in- 
creasing the overall unit cost for that facility. The yield from a batch may be in- 
trinsically variable, depending upon the quality attributes of the inputs, while the 
demand for batch outputs may come from many products, or these outputs may 
be inputs to yet other batches. Managing information for hundreds of products, 
formulas and resources means that making batching decisions without accurate, 
timely information risks many inefficiencies. 

Effective production planning information in batching situations can be pro- 
vided by combining the Matrix Data Structures (MDS) approach with the 
"Gozinto" procedure. These approaches organize information for access and 
manipulations by computer, so the production planner/controller can quickly 
determine the financial impact and the resource requirements to produce partial 
or whole batches of a formula. 

This paper will provide a discussion of batching and its inherent problems and 
will suggest how information to support batching decisions can be generated and 
used. An example of how MDS and the Gozinto procedure can be applied to a 
production process for Spaghetti Sauce products illustrates these methods. 

BATCHING PROBLEMS 

Typical 

Batching is a process during which an established quantity of a formula is 
prepared in a single operation. Many food production systems use batches for 
various technological or economic reasons. Typical problems associated with 
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batches are enumerated below. A generalization that encompasses these pro- 
blems is that it is convenient to produce some intermediate manufacturing 
materials in very large quantities, for example batches of 10,000 lb, but it is not 
convenient to sell end product this way, but rather as cases of product. These 
two facts of the food business, production in large quantities but sales in small 
ones, tend to cause difficulties for the decision makers. 

(1)Actual Versus Planned Production Variance. Making discrete produc- 
tion processes respond to continous demand implies a variation in the actual 
volume of product produced from the volume planned. Such variations in batch 
yield may be due to attributes of the contituents of the batch or even the efficien- 
cy of labor making the batch, but these variations in yield complicate planning 
and product costing. (Yield is the ratio of the expected volume of a formula and 
the volume actually produced.) 

(2)Batch Process Equipment Contributes to Bottlenecks. Batching con- 
strains a manufacturing sequence because output from a batch is only available at 
specific times. The resulting bottleneck which occurs waiting for the availability 
of batch output may leave labor and machinery idle. Because batching equip- 
ment tends to be large scale, it is costly to expand capacity both in initial invest- 
ment and in labor and support for that investment. Eliminating batch equipment 
causing production bottlenecks is not always feasible. 

(3)Competition for the Same Resources Complicates Planning. One of the 
advantages that batching can provide is that output from the same batch may be 
used in several products. This competition for batch output provides planning 
alternatives that must be managed. Production targets (specified in cases) must 
be matched to the batch output in some efficient and appropriate way. Over- 
production or underproduction implied by the yield from the batch must be 
distributed among the competing products which use the batch output. 

(4)Multi-staged Processes Add Complexity to Planning. When batches are 
part of the production sequence for intermediate and final products, costing and 
resource allocation become difficult. An intermediate product like spaghetti 
sauce, may be used in several products, or it may be used as a final product. 
Determining the assignment of batching costs requires untangling a complicated 
flow of materials. 

(5) Partial Versus Whole Batch Policies Effect Planning. When the option 
to produce a partial batch exists, the manager may theoretically produce just 
enough of a formula for the desired production target. Although some of the 
materials required would be adjusted to this lower amount, many resource in- 
puts, especially labor and equipment time, remain the same. Rescaling the batch 
size may also require special expertise regarding the amounts of ingredients that 
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must be used, since the impact on product qualities may not scale linearly. Also, 
equipment performance of critical process steps may be a function of batch size, 
e.g., mixer time as affected by percent fill. Resulting changes in sensory percep- 
tion of the product may damage sales and future demand for the product. The 
resources necessary to insure uniform qualities in output product would then 
need to be balanced against the advantages of the partial batch. 

Practical Responses to Batching and Production Planning 

"Real world" responses to planning in the face of inadequate information 
especially include looking for a "satisfactory" response to the planning problem 
at hand. Left on his own without other information or incentives, the production 
planner minimizes his own problems rather than evaluating production alter- 
natives. This often results in excess inventories on hand, regular over- 
production of finished goods or other costly customs. The impact of these 
methods ripple through the organization causing difficulties in inventory 
management and pricing of goods. Over time a manager may develop an intui- 
tion about the problems related to batching, what works and what does not, but it 
does not mean that the methods and procedures that evolve are efficient. 

What is missing from these intuitive approaches is a way to evaluate alter- 
natives to determine which of the ones being considered is the best. Manual ap- 
proaches to the required calculations for such evaluations are too tedious to even 
consider. But with the information organized properly, a computer based deci- 
sion support system can be devised which can portray the appropriate facts 
quickly and reliably for the production planner. The requirements of such a 
structure are that it must be able to dynamically manage the batch production 
process, varying batching policies and expected yield variations. It must also 
support multiple processing stages and products competing for the same 
resources. MDS organization provides ways to develop planning information 
and product costs, while the Gozinto procedure provides the means to determine 
resource use in multistaged production processes. These organizational struc- 
tures can be manipulated to provide the information necessary to manage bat- 
ching. Suggestions for the use and development of these procedures can be 
found in Norback and Matthews (1981, 1982) and in Rice and Norback (1987). 
Details about the Gozinto procedure can be found in Vazsonyi (1958) and Mize, 
et al. (1971). 

The Gozinto Matrix is created through a procedure which organizes produc- 
tion information into a lower triangle invertible matrix. When manipulated, 
resource requirements information is derived for every stage of a multistaged 
production process. Further manipulations of the Gozinto Matrix can provide 
feedback on the effect of batching and suggest ways to manage and control the 
production plan. The following is an example on how to apply the Gozinto pro- 
cedure to determine the production requirements for producing a production 
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plan. The example is of two products competing for the formula Spaghetti 
Sauce. The products are Spaghetti Sauce with noodles (SS WIN) and Spaghetti 
Sauce without noodles (SS). This example shows how to manipulate and 
organize the structures to get product resource requirements, product costs, and 
establish the cost and resource impact of producing product under the both par- 
tial and full batch production policies. 

The Gozinto Procedure 

Step. 1. Define the amounts of the resources, formulas, byproducts, weight 
conversions, and intermediate products directly required to produce the products 
in the production plan (Tables 1 and 2). 

TABLE 1. 
PER CASE REQUIREMENTS 

Fina l  product 

Spaghet t i  Sauce 

per  case requirement: 

S.S. S.S. w/N 

Amount Amount 

Unit of without With 

Measure Noodles Noodles 

32 ounce g lass  j a r s  

Caps 

Label f o r  32 oz./w noodles 
Label f o r  32 oz. w/noodles 

Carton f o r  32 ounce 

Spaghetti  Sauce 

Spaghetti  Sauce w/noodles 

each 12 12 

each 12 12 

each 12 0 

each 0 12 

each 1 1 
pound 24 0 
pound 0 24 

The Production Plan: 

130 cases of 12, 32 ounce jars of Spaghetti Sauce 
180 cases of 12, 32 ounce jars of Spaghetti Sauce with Noodles 

Step 2. Diagram the production processes for the products required in the pro- 
duction plan. This diagram should show direct relationships between the in- 
termediate products, formulas, byproducts, and resources required for the pro- 
duction of each finished product. An example is given in Table 3. 
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TABLE 2. 
PER BATCH REQUIREMENTS 

Formula- 

Spaghetti Sauce with Noodles Unit of 

Per Batch Requirements: Measure Amount 

Spaghetti Sauce Formula 

Dry Noodles 
Water 

pound 

pound 

pound 

Formula- 

Spaghetti Sauce 

Per Batch Requirements: Unit of Measure Amount 

Water 

Acid, citric 

Beet color 

Textaid 

Starch 

Oil, soybean 

Spaghetti seasoning 

Cheese flavor 

Mushrooms, diced 

Fructose 

Salt, liquid 

Tomato paste 

Tomato flavor 
i 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

Step 3. From the diagram, create a list with units of all finished products, in- 
termediate products, formulas, byproducts and resources. Organize this list in 
order such that each item is listed above its required intermediary products and 
resources, i.e., nothing required by that item should appear above it in the list. 
(See Table 4). 



BATCHING 

TABLE 3. 
REQUIREMENTS DIAGRAM 

Spaghetti Sauce 

Without Noodles 

32 ounce case 

Jars 

Caps 

Label 

Carton 

Spaghetti Sauce 

(batch) 

Spaghetti Sauce 

(batch) 

Water 

Acid, citric 

Beet color 

Textaid 

Starch 

Oil, soybean 

Spaghetti seasoning 

Cheese flavor 

Mushrooms, diced 

Fructose 

Salt, liquid 

Tomato paste 

Tomato flavor 

Spaghetti Sauce 

With Noodles 

32 ounce case 

Jars 

Caps 

Label w/noodles 

Carton 

Spaghetti Sauce 

w/noodles (batch) 

Spaghetti Sauce 

w/noodles (batch) 

Dry $oodles 

Water 

Step 4. Create a square matrix of dimension the number of items in the list 
created from step 3, call this matrix N. Going from top to bottom and left to 
right, enter the row and column headings starting at the upper left of the matrix 



J.P. NORBACK AND M.A.L. RATTUNDE 

TABLE 4. 
GOZINTO ORDERING 

Item Number Item Descriptions Unit of Measure 

Spaghetti Sauce with Noodles 

Spaghetti Sauce 

Spaghetti Sauce with Noodles 

Spaghetti Sauce 

Spaghetti Sauce with Noodles 

Spaghetti Sauce 

Label with Noodles 

Labe 1 

Cap 
Jar 

Carton 

Dry noodles 

Water 

Acid, citric 

Beet color 

Textaid 

Starch 

Oil, soybean 

Spaghetti seasoning 

Cheese flavor 

Mushrooms, diced 

Fructose 

Salt, liquid 

Tomato paste 

Tomato flavor 

case 

case 

batch 

batch 

pound 

pound 

each 

each 

each 

each 

each 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

N. Each column represents an item unit produced by a combination of the row 
resource, intermediate, byproduct required to produce a single unit of each col- 
umn item. Properly entered values result in a matrix that is square and lower 
triangular. For example, 3 lb of citric acid is required to produce a single batch 
of Spaghetti Sauce Formula. Columns 7 through 25 are not shown because they 
have no nonzero entries. This matrix is shown in Table 5. 

Step 5. Create an identity matrix I of the same size as the matrix N. The in- 
verse of the difference between the identity matrix I and matrix N will be the 
Gozinto matrix T. 
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TABLE 5. 
THE MATRIX N 

Resource Reauirementp 

Descriptions 

S S S S s S 
w/N w / N  v/N S S S S S s 
cases  pound batch cases pound ba tch  

1 2 3 4 5 6 

S S w/N cases 

S S v / N  pound 

S S w / N  batches 

S S cases 

S S pound 

S S batches 

l a b e l  v/N each 

l a b e l  each 

cap each 
j a r  each 

carton each 

N - noodles pound 

Water pound 

C i t r i c  Acid pound 

Beet Color pound 

Textaid pound 

Starch pound 

O i l  pound 

S. season pound 

Cheese f lavor  pound 

!lushrooms pound 

Fructose pound 

S a l t  pound 

Tomato Paste pound 

Tomato Flavor pound 

The matrix N is lower triangular and by definition is invertible when it is sub- 
tracted from the identity matrix (Anton 1981). A computer package can quickly 
invert the difference of these matrices to derive the matrix T. The following 
represents the T matrix, the Gozinto Matrix: 
T. . = the amount of i required to produce 1 unit of j. The result for an inver- '4 

sion is shown in Table 6. 
The entries in matrix T will be the amount in detail of each row item required 

to produce each unit of column item. For example, to produce one case of 
Spaghetti Sauce with Noodles requires 0.027 lb of Citric Acid. 

The matrix T offers planning information in the form of production resource 
requirements. Having resource unit costs in hand permits the calculation of pro- 
duct unit costs. The production plan allows the computation of the total resource 
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requirements and the total cost of the plan. The following computations will sup- 
port the application of the partial batch production policy. Once presented, there 
will be a discussion of how the production could change the plan to support the 
whole batch production policy. 

TABLE 6. 
THE MATRIX T = (I - N)-' 

Eesource Reauiremmm w/N v/N v/N S S  S S  S S 

cases  pound batch cases pound batch 

Descript ions 1 2 3 4 5 6 

S S v/N cases  1 1. 
S S v/N pound 2 24.000 1. 
S S w/N batches 3 0.017 1/1441 1. 
S S 

S S 

S S 

l a b e l  v/N 

l a b e l  

cap 

j =r 
car ton  

T - noodles 

Water 

C i t r i c  Acid 

Beet Color 

Textaid 

Starch 

O i l  

S. season 

Cheese f l a v o r  

Mushrooms 

Fructose 

S a l t  

Tomato Pas te  

Tomato Flavor 

cases  4 

pound 5 

batches 6 

each 7 
each 8 

each 9 
each 10 

each 11 
pound 12 

pound 13 

pound 14 

pound 15 

pound 16 

pound 17 

pound 18 

pound 19 

pound 20 

pound 21 

pound 22 

pound 23 

pound 24 

pound 25 

Calculating Costs 

To derive unit costs for each stage in production requires the creation of a 
resource unit cost vector p. The vector p would be the number of rows in the 
matrix T in length, with the entries being the resource unit costs. Note that only 
resource costs are required as shown in Table 7. 
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TABLE 7. 
THE COST MATRIX 

Resource Unit Costs 

Descr ipt ions  

Unit 

Cost 

($)  

s s w/N 

S S w/N 

S S w/N 

S S 

S S 

S S 

l a b e l  w/N 

l a b e l  

cap 
j a r  

c a r t o n  

P - Noodles 
Water 

C i t r i c  Acid 

Beet Color 

Textaid  

S ta rch  

Oil 

S.  season 

Cheese f l avor  

Mushrooms 

Fructose 

S a l t  

Tomato Paste 

Tomato Flavor 

cases  1 
pound 2 
batches 3 

cases  4 

pound 5 
batches 6 

each 7 

each 8 

each 9 

each 10 
each 11 
pound 12 

pound 13 

pound 14 

pound 15 

pound 16 

pound 17 

pound 18 

pound 19 

pound 20 
pound 21 

pound 22 

pound 23 

pound 24 

pound 25 

Product Unit Costs 

Product unit costs provide managers with an idea of how much they can expect 
a production plan to cost. To get the resource unit costs for each stage of produc- 
tion, take the dot product of the vector p and the matrix T. The new matrix C 
would be of the same dimension as T; the entries would be the resource costs for 
each stage of production. The column totals would be the total unit production 
stage cost. The matrix C may be represented by the following: 



J.P. NORBACK AND M.A.L. RATTUNDE 

Table 8 shows the costs of our example. 

TABLE 8. 
PRODUCT UNIT COSTS 

v 

Descript ions 

v/N v/N v/N S S s S S S 
cases  pound batch cases pound ba tch  

1 2 3 4 5 6 

s s  v/N 
s s v/N 
S S  w/N 

S  S  
S S  

S  S  

l a b e l  w/N 

l a b e l  

cap 
j a r  
ca r ton  

C-noodles 

Water 
C i t r i c  Acid 
Beer Color 
Textaid 
Starch 

O i l  

S. season 

Cheese f l a v o r  
Mushrooms 

Fructose 

S a l t  
Tomato Pas te  
Tomato Flavor 

cases  
pound 
batches 
cases  
pound 
batches 

each 
each 

each 
each 
each 
pound 

pound 
pound 
pound 
pound 
pound 
pound 

pound 

pound 

pound 
pound 

pound 

pound 
pound 

Column Tota l s  5.844 0.159 231.533 1.935 0.081 121.174 

The C matrix offers managers production information regarding the resource 
costs for each stage of production. From this matrix, one can see that the cost of 
tomato flavor per pound of Spaghetti Sauce with and without noodles is negligi- 
ble. The cost contribution per batch and case of product is evident; the cost of 
tomato flavor per batch of Spaghetti Sauce is $3.159. 
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Production Plan Costs 

To get information for the planned production schedule, the scheduled infor- 
mation must be organized in a matrix, named S. The matrix S would have the 
dimension of the number of required finished products by the total number of 
production plans. The entries of Sij represent the number of units of product as 
required in plan j. The current plan is to produce 180 cases of spaghetti sauce 
with noodles and 130 cases without noodles. The matrix S is represented by the 
following: 

S = Spaghetti Sauce 32 oz with noodleslcases 
Spaghetti Sauce 32 ozlcases 

Plan 
180 
130 

Organize a product unit cost vector c of length the number of products in the 
production plan, the number of rows in the matrix S. The entries would be the 
sum of columns 1 and 4 in the matrix C. The dot product of the vector c and the 
matrix S is the total cost to produce each product. The resulting matrix V would 
be of size total number of products by the total number of production plans. For 
this example, the vector c is represented by the following: 

The dot product of the vector c and the matrix S would be the matrix V. 

V = Spaghetti Sauce 32 oz with noodles/cases $1,075.86 
Spaghetti Sauce 32 ozlcase 509.08 

Total $1,584.94 

The total costs to produce each production plan is the sum of each column. To 
produce the plan would cost the manufacturer $1,584.94. 

Production Plan Resource Requirements 

The production plan concerns itself with the production of the finished pro- 
ducts. The columns of the T matrix provides unit resource requirements for each 
stage of production that is represented by the columns. Create a matrix named T ' 
consisting of only those columns of finished products.required in the production 
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plan. For this example, columns 1 and 4 represent the product unit resource re- 
quirements. These columns are used to make up the matrix T ' and are presented 
by columns 1 and 4 of Table 6. 

To define the resource requirements of the production plan, take the product 
of the matrices T' and S, let the new matrix be R. The entries of the matrix R 
represent the resources required to produce the production plan. 

Table 9 shows the result of this multiplication. 

TABLE 9. 
PRODUCTION PLAN REQUIREMENTS 

ource Re- 

Dnscriptions 

S.S. S.S. 

w/N Total 

s s  rip 
s s  w p  
s d wyu 
3 s 
S S* 
S S 
Lbel w/N 

t b e  1 

Cap 
Jaf 
. Cqton 
R - Noodles 
Water 

Citric Acid 
Beet Color 

Te~taid 
Starch 

or1 
. S. season 
Cheese flavor 

Husnrooms 

, Fruccose 
Salt 

Tomaco Paste 

Tomaco Flavor 

cases 
pound 

batches 

cases 

pound 

batches 

each 

each 

each 

each 

each 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 

pound 
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To produce the production plan requires 3.70 batches of Spaghetti Sauce, 3.06 
batches of Spaghetti Sauce with noodles, and 11.10 lb of citric acid. The 
material requirements presented in the R matrix reflect the partial batch produc- 
tion policy. The manager would respond by producing just enough of each batch 
to make the planned volume of product. Defining the production requirements 
for producing whole batches of product requires further manipulation. Depen- 
ding on the accounting procedure, the costs generated by this matrix manipula- 
tion could be used as a "standard cost." This standard cost suggested by 
Horngren (1981) may be thought of as ''a budget for the production of a single 
unit." It provides a means to control direct material and direct labor, a way to 
monitor performance. 

Deriving Whole Batch Production Information 

The whole batch policy requires answers to a few questions. How much flex- 
ibility is required to modify the production plan? Is a shortage or excess accep- 
table? Can batches be rounded up or down? Once these answers are provided, a 
MDS could calculate how many more or less of each product would be produced 
and the cost. 

The manger must decide based on the number of batches defined in matrix R 
whether or round up or down, since whole batches are desired. If there is a roun- 
ding up, more products would result. A system of linear equations can help 
determine the impact of rounding up batches. 

A portion of the T ' matrix provides the batch requirements to produce each 
unit of product. With 2 products and 2 constraints of batches of formulas, the 
matrix is of size 2 x 2. 

This matrix is named T,. Another matrix is required of the same size as the 
matrix S with entries representing variables S,,, and Sz,,, the name of this 
matrix is S '. The product of these matrices must be less than or equal to the batch 
constraints imposed by the production manager. Let the constraint matrix be 
named A with the size of the number of batches of formulas by the number of 
production plans. Let the entries of A be taken from the matrix T but rounded. 
The effect of rounding down the number of batches of Spaghetti Sauce with 
Noodles to 3.0 and rounding up the number of batches of Spaghetti Sauce to 4.0 
is shown in the following computation: 
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Solving the system of linear equations we get the following: 

With rounding, the solution is S1 , = 176 cases, and S,,, = 150 cases. A produc- 
tion manager following the whoie batch production policy can expect to produce 
176 cases of spaghetti sauce with noodles and 150 cases of spaghetti sauce. The 
effect would be 4 cases under the planned volume of spaghetti sauce with 
noodles. For the product spaghetti sauce, 20 cases more than planned would be 
produced. By taking this revised production plan, and recalculating the MDS, 
the production manager can expect the total production cost to be $1,615.94. 
The difference in costs between the original and revised plans is $31.00. The 
price difference may be considered reasonable. However, the price difference 
will be bigger if the batch size is bigger. The production manager may choose 
the whole batch production policy for a smoother production operation. To 
determine the resource requirements of this revised plan requires the revised 
plan to be entered in the matrix S. The product of the matrices T and S would be 
the resource requirements defined by the matrix R. 

With more complex production plans, this system of linear equations can ex- 
pand to contain an objective function, say for example to maximize profit or 
minimize cost. Defining a system of linear equations provides for the addition of 
the constraints of labor, machinery and raw materials inventory. The addition of 
a constraint would be an additional row in the matrices of A and TI. With both 
partial and full batch production policies, a system of linear equations can be 
developed to provide feedback on production planning, capacity and budgetary 
control. 

Resolution 

The batch process suggests a lack of precision in production planning. The in- 
ability to get accurate product unit costs suggests the inability to evaluate the 
profit margins. A manager should know if a particular product is unprofitable, 
so a decision could be made to either stop or continue processing it. MDS pro- 
vide a flexible way to organize and manipulate information to assist in suppor- 
ting management decisions. By themselves, MDS have proven useful for single- 
staged production processes. Through the application of the Gozinto procedure, 
MDS prove useful for complex multistaged food processing production en- 
vironments. A comparison between the partial and full batch production pro- 
cesses is easily made by using MDS and solving a system of linear equations. An 
objective function could be applied to suggest an improved production plan 
keeping costs or profits in mind. The matrix manipulations suggest computer 
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programmability. The use of computers to store, retrieve and manipulate infor- 
mation quickly suggests that a manager could extract information in a timely 
manner. With a proper Management Decision Support System, managers can 
better control production rather than just manage it. 
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ABSTRACT 

Residence times and their distribution characteristics of potato cubes with 
aqueous solutions of sodium carboxymethyl cellulose (CMC), simulating non- 
Newtonian fluid foods, in a horizontal scraped sut$ace heat exchunger (SSHE) 
were investigated. Minimum and maximum normalized particle residence times 
(NPRTs) and standard deviations of mean values were not significantly aflected 
by the particle concentration while mean NPRTs of up to 10% particle concen- 
tration were signficantly lower than those of 20-40% particle concentrations (P 
< 0.05). Mean NPRTs were significantly influenced by process parameters in- 
cluding concentration of carrier, viz., viscosity, mutator speed and particle size 
(P< 0.001) as well as 2-way interactions among flow rate, mutator speed and 
particle size (P < 0.05 or 0.001). Furthennore, most of the individual particle 
residence time distributions in a horizontal SSHE flow could be described by 
either normal or gamma distribution models. 

INTRODUCTION 

The continuous flow thermal sterilization has been favorably used as an 
economical and efficient means for destruction of microorganisms in a variety of 
foods. Its advantages include less damage to the medium, shorter processing 
periods, uniform and improved product quality, reduced energy consumption, 
and ready adaptability to automatic control. Despite its advantages, development 
of this technology to processing of particulate foods has been somewhat limited 
due to the problems that have to be solved prior to performing successful 
treatments (Defrise and Taeymans 1988). 

'Approved as Journal Paper No. 12,721 of the Purdue Agricultural Experiment Station, USA. 
ZAddress Correspondence to: Dr. Rakesh K. Singh, Dept. of Food Science, Smith Hall, 
Purdue University, W. Lafayette, IN 47907. 
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One of the most important parameters affecting the heat transfer and thus 
subsequent sterilization efficiency in aseptic (continuous) processing of liquid 
foods with or without particulates is connected to the existence of residue time 
distribution (RTD). Conceivably, different elements spend different lengths of 
time in the processing system (heat exchanger or holding tube); thus, each fluid 
element receives a different degree of sterility. Especially for the processing of 
foods containing large particulates, this may result in considerable disparity bet- 
ween and lethality (or cook value) accumulated in the liquid fraction and the par- 
ticulates. 

From a public health standpoint, it is of great importance to identify the 
residence time of the fastest moving particle in the heating and holding sections 
of the aseptic processing system (Dignan et al. 1989). In addition, it is equally 
important to determine average (or mean) and maximum particle residence times 
to predict quality changes in the whole product so that possible overprocessing 
of the product can be avoided. It is impossible, however, to identify the fastest 
particle in a commercial operating system. Therefore, the particle residence time 
distribution must be measured and then it can be predicted statistically with a 
high degree of confidence (Berry 1989). 

Recently, a great interest has developed towards aseptic processing of 
heterogeneous food products (i.e., fluids containing discrete particulate food 
matter). The introduction of particulates into the fluid significantly complicates 
the flow conditions which influence the residence time distribution. A few 
studies related to the residence time distribution in a SSHE for processing liquids 
containing particulates have been published (Alcairo and Zuritz 1990; Defrise 
and Taeymans 1988; Sastry 1986; Taeymans et al. 1985 a,b). 

Taeymans et al. (1985 a,b) used calcium alginate beads suspended in water as 
a model system. Coomassiem blue and spores of Bacillus stearothennophilus 
were used as color and microbiological tracers, respectively. Results indicated 
that the flow patterns diverged from the ideal plug flow. It was also indicated 
that an increase of rotational speed increased the mean residence time of solid 
particles, which directly impacts the lethality. It is obvious that the tangential 
component of the velocity of the solid particle becomes more important when the 
scrapers rotate rapidly. They also reported that when the flow rate of the liquid 
increased, the mean residence time of the particles decreased and approached the 
value of the mean residence time of the liquid phase. It was observed that the 
residence time of paticles decreased with increase of concentration up to 8%, 
probably due to the fact that the centrifugation of the solid particles was restrain- 
ed by the presence of other solid particles; thus the path of a solid particle was 
reduced. 

Sastry (1986) developed a quantitative methodology for evaluating thermal 
process schedules for low-acid foods containing particulates of any shape using a 
finite element method. Simulation was conducted to study situations involving 
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unusually fast or slow-moving particles using values of Heat Exchanger 
Residence Time Ratio (HXRTR) ranging from 0.2 to 2.5. The HXRTR was 
defined as the ratio of particle residence time to the mean particle residence time 
within the SSHE. He indicated that the range was sufficient for the purpose of 
his study, even though Taeymans et al. (1985a) observed wider range of 
residence times. He concluded that the effect of heat exchanger residence time 
distribution on attaining commercial sterility was highly significant. The fast 
moving particles greatly increased the required process schedule. The same 
dramatic effects have been presented in a number of modeling studies (Lee et al. 
1990 a,b; Defrise and Taeymans 1988; Manson and Cullen 1974). Dail (1985) 
also indicated that the fastest moving particle should be used for process calcula- 
tions in any case, since it represented the worst case in terms of accumulated 
lethality; however, a systematic study on the residence time distribution of par- 
ticulates was not given. 

More recently, Alcairo and Zuritz (1990) presented a study of the residence 
times of a single spherical particle suspended in a non-newtonian fluid flowing 
through a SSHE. They concluded that an increase in particle diameter, blade 
speed or flow rate decreased the standard deviation of the residence times and 
narrowed the RTD but was unaffected by the change of viscosity. They also 
found that no effect of viscosity, blade speed and particle diameter levels on the 
minimum and mean particle residence times. Mean particle residence times were 
only 16% shorter than mean fluid residence times at the higher flow rate, 
whereas they were equal at the low and medium flow rate levels. In addition, it 
was assumed that their RTDs were normal probability distribution functions; 
however, this may not represent the actual characteristics of the observed 
distributions. 

It is evident from the literature review that information available on the RTD 
of foods containing particulates in a non-Newtonian fluid flowing through a 
SSHE is scarce. Especially, the one variable at a time experimental approach 
would fail to take into account of the important interaction effects, if any. 
Therefore, this study was designed to investigate the flow phenomena in the 
SSHE, which would allow more accurate predictions of sterility and quality, and 
help to design (or optimize) more adapted apparatus. 

The objectives of present study were: (1) to study the effects of process and 
product conditions such as fluid viscosity, product flow rate, SSHE mutator 
speed, particle size, particle concentration, and their 2-way interactions on 
residence time and RTD, and (2) to determine characteristics of the observed 
distributions. 
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MATERIALS AND METHODS 

Experimental Design 

A 3" factorial design in 3 blocks, confounded in 3 blocks of 9 runs each, as 
described by Montgomery (1984) was employed to determine the effects of in- 
dividual factors on particle residence time and their interactions. The block 
represents the concentration of carrier medium, therby viscosity, and other 
variables include flow rate, mutator speed and particle size. To avoid bias, the 
experiment runs were conducted in a random order. Using this confounding 
scheme, information on all the main effects and two-factor interactions is 
available. The remaining components of the three-factor interaction are combin- 
ed as an estimate of error. The levels and coded values of each variable (factor) 
are given in Table 1. 

TABLE 1. 
VARIABLE LEVELS AND CODED VALUES USED IN THE 3C' FACTORIAL 

DESIGN IN 3 BLOCKS AB'C~ CONFOUNDED 

Symbol Level 
Variables 

U d e d  Coded Uncoded Coded 

Flow late (mus) 

Mutator speed (rpm) i B 60 0 
110 1 
160 2 

Particle size (cm) d C 1 .O 0 
1.5 1 
2.0 2 

Model Aseptic Processing System 

A schematic of the experimental setup is illustrated in Fig. 1. The model asep- 
tic processing system consisted of a transparent SSHE (Contherm Division, 
Alfa-Laval, Inc., Newburyport, MA), connected with a holding tube to repre- 
sent the condition of those used in the commercial practice. The model SSHE 
was composed of an 0.6223-m long and 0.1524-m I.D. acrylic outer shield, so 
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A - Reservoir 
B - Waukesha Pump 
C - Sight Gua~e 
D - 'see-thru Horizontal SSHE 
E - Hydraulic Power Drive 

FIG. 1. SCHEMATIC DIAGRAM OF A MODEL HORIZONTAL SSHE 

that it was possible to observe the particle flow pattern inside the SSHE. The 
mutator (0.073-m diameter) inside the SSHE was driven by a variable speed 
hydraulic power drive (Vickers Div., Sperry Rand Corp., Troy, MI). A 
0.0762-m I. D. inletloutlet port Waukesha positive displacement pump (AMCA 
International, Waukesha, WI) with a 7.46-kW variable speed motor (Syncrogear 
Module, U.S. Electrical Motors, St. Louis, MO) was used to pump the product 
through the system. A 0.0445-m I.D. (0.0635-m O.D.) pipe was used to connect 
the pump and SSHE, and the product was circulated through a 56.78 stainless 
steel reservoir connected to inlet port of the pump. Two 0.0445-m I.D. and 
0.3048-m long sight gauges (SaniTech, Sparta, NJ) were connected just before 
the inlet and after the outlet of SSHE so that the residence time of tracer particles 
could be visually determined. The returning product was tangentially introduced 
to the reservoir and the SSHE to minimize the formation of air bubbles and to 
avoid bridging of the particles, respectively. 

Model Food Systems 

Fresh potatoes were brought from a local grocery store and cut into desired 
cube sizes just prior to the experiment, except for the samples used for the effect 
of particle concentration studies. Those samples were brought from Purdue 
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Food Store and were precut in 12.7-mm cubes. In addition, aqueous solutions of 
sodium carboxymethyl cellulose (CMC; Aqualon Company, Wilmington, DE) 
were used to simulate non-Newtonian pseudoplastic fluid foods. 

A total of 252-L aqueous solution of CMC was prepared one day before the 
experiment in a creamery pot with a mixing blade. The CMC powder was slowly 
added while blade was on for about 4 h which was sufficient to dissolve most of 
the powder. The solution was left overnight to remove air and further dissolu- 
tion. A fresh solution was used for each run to minimize the decrease in viscosity 
with time of shearing. Rheological properties (consistency coefficients and flow 
behavior indices) of CMC solutions were determined using a Brookfield digital 
viscometer (Model DV-I, Brookfield Engineering Laboratory, Inc., Stoughton, 
MA) at room temperature. All rheological properties were checked before and 
after each test run to determine whether or not significant decrease in viscosity 
had occurred. The properties of potato cubes and CMC solutions are given in 
Table 2. 

TABLE 2. 
DENSlTY AND RHEOLOGICAL PROPERTIES OF MODEL FOODS SYSTEM 

AT ROOM TEMPERATURE 

Consistency Flow Behavior 
Model System Density Coefficient Index 

Gum')  Pa.2) ( - )  

Potato cube 1074.9 f 4.0 

CMC 
0.4% 
0.8% 
1.2% 

Experimental Procedure 

The experiments were performed in two stages. First, the effect of particle 
concentration (single particle to 40%, wlv) was investigated to determine 
whether the effect of particle concentration (particle-particle interaction) on the 
particle residence times and distributions was significant. Second, the effect of 
process variables (viz., flow rate, mutator speed and particle size on residence 
time and its distribution) was examined using 1-3 tracer particles. 

All experiments were conducted under isothermal conditions (at room 
temperature) at zero heat flux. A 26.5-L prepared CMC solution was filled in 
the reservoir and pump was turned on to circulate for about 5 min for removing 
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the air bubbles from the system. Meanwhile, mutator speed and flow rate were 
set according to the specified conditions (Lee and Singh 1990). A Hasler 
tachometer (Hasler-Tel Co., Inc., New York, NY) with visual calibration was 
used to determine the mutator speed. The flow rate was adjusted by measuring 
the volume of the returning fluid and time. 

Once all the process variables were set, the specified amount or size of par- 
ticles was added in the reservoir and circulated for about 5 min to achieve a 
steady-state condition. Tracer particles (1-3) dyed with food colors (Durkee- 
French Foods, Inc., Wayne, NJ) were introduced and their individual residence 
times spent between the inlet and the outlet port of the SSHE were recorded 
manually. Data were collected at least 100 times consecutively, resulting in a 
total of 2700 data points in addition to 600 data points from the particle concen- 
tration studies. Occasionally, broken tracer particles were replaced by new ones. 

Statistical Analyses 

A total of 2700 residence time data from 27 treatments in addition to 600 data 
from particle concentration studies were normalized by dividing their respective 
average bulk fluid residence time to avoid any artifact of flow rate on the RTD. 
Statistical analyses were performed using the General Linear Model Program 
(SAS 1986) to test the effect of viscosity of carrier medium, flow rate, mutator 
speed, particle size and their partial 2-way interactions, as well as particle con- 
centration. Duncan's multiple range test was used to estimate significant dif- 
ference among means at the 5% probability level (Duncan 1955; O'Mahony 
1986). 

The frequency distribution of particles having residence times within certain 
time intervals was plotted for 27 conditions in addition to 6 conditions for parti- 
cle concentration study using 10 time intervals to describe the distribution. It is 
unlikely that any one known distribution would exactly fit the experimental data 
because of the severe skewness exhibited by some of the distributions. The best 
candidate for those kind of distributions would be the gamma distribution which 
is skewed to the right. 

The characteristic parameter for tank-in-series model, r = xZlsZ, where jI and s 
are the mean normalized particle residence time (NPRT) and standard deviation, 
respectively, was also used to characterize the distribution. If r is greater than or 
close to 50, the distribution approaches a normal distribution; thus, it was tested 
for its fit to the normal distribution. Otherwise, it was done for the gamma 
distribution. 

Pearson's xZ goodness of fit test was used to examine both distributions 
(Bickel and Doksum 1977). The statistic is, 
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where Pio is a probability of occurrence in the "ith" interval under the 
theoretical distribution. Chi-square is a measure of the departure of the observed 
N, from their expectation "n Piow under the null hypothesis Ho: distribution is a 
Gamma (8, r) or Normal @, sZ) against the alternative HI: distribution is not a 
Gamma (8, r) nor Normal (X, s2), where 8 =SI/sZ and r =X/s2, respectively. 

The probability 

The probability that a particle possesses a NPRT between x, and x2 is given by 
the following probability density function (PDF): 

where cumulative distribution function (CDF), F, for the normal distribution is 
given by : 

and F for the gamma distribution is given by: 

where y = x.8. The required probability can be obtained from a standard normal 
distribution table with x = 0 and s2 = 1 or using the PROBNORM Program or 
PROBGAM Program of statistical analysis system (SAS 1986). 

RESULTS AND DISCUSSION 

Normalized Particle Residence T i e  (NPRT) 

Effect of Particle Concentration. Table 3 presents the effect of particle con- 
centration on the normalized particle residence times (NPRTs) in a horizontal 
SSHE. Although one specific operating condition was chosen to study the effect 
of particle concentration (single particle to 40%, wlv), this should provide an in- 
sight into the influence of particle concentration on the residence time and its 
distribution. 

The particle concentration up to 40% did not significantly affect the minimum 
and maximum NPRTs and standard deviation of mean NPRTs (P < 0.05). All 
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TABLE 3. 
NORMALIZED PARTICLE RESIDENCE TDMES ' AS INFLUENCED BY 

PARTICLE CONCENTRATION IN A HORIZONTAL SSHE 

Particle 
Maximum - 

Concentration M i i u m  x s re* 
(96. w/v) 

single'" 0.687 " 1.393" 0.975 ' ' 0.140" 48.50" 
5 0.639' 1.444 ' 0.929 ' 0.174' 28.5 1 ' 

10 0.71 1 ' 1.506' 0.950' 0.163' 33.97' 
20 0.728 ' 1.944 ' 1.042b 0.193' 29.15' 
30 0.71 1 ' 1.580' 1.041 0.166' 39.33 ' 
40 0.625 ' 2.023 ' 1.068 0.190' 31.60' 

Measured at 534 m 4 s  flow rare. 110 rpm mutator speed and 1.5 cm potato cube as a aacer particle in 0.8% 
CMC solution as a canier. .. 3 Characteristic parameter for tanks-in-series model, r = x I sZ. where T( and s are mean normalized panicle 
residence time and standard deviation. respectively. 

-' Only the wer panicle was used 
Determined from 2 sets of 100 observations. 

* Means with the same superscript are not significantly different (P<O.OS). 

the minimum NPRTs represent the situation where the tracer particles stayed 
shorter than the average bulk fluid in the horizontal SSHE. No minimum NPRT 
below 0.625 was observed, indicating that no particle traveled faster than 1.60 
times the average bulk fluid velocity. It is interesting to note that the lowest 
minimum NPRT was observed when 40% particle concentration was used, 
while the highest value was observed with 20% particle concentration. This in- 
dicates that particle-particle interactions due to its concentration does not seem 
to always interfere the path of the tracer particles in the same way even at as high 
as 40% particle loading. On the contrary, the maximum NPRTs represent those 
particles that stayed longer than the average bulk fluid in the system. Although 
they were not significantly different from each other (P< 0.05), they seemed to 
increase as particle concentration increased except for the 30% particle concen- 
tration. It was found that some particles stayed about twice as long as the average 
bulk fluid when 20 or 40% particle concentrations were introduced. 

The mean NPRTs may be important to determine the overall quality of the 
product after processing. It can be seen that the mean NPRTs for up to 10% par- 
ticle concentration are significantly lower than those of 20-40% particle concen- 
trations (PC 0.05). It is also interesting to note that the mean NPRTs for up to 
10% particle concentration are less than 1, whereas they are greater than 1 for 
particle concentrations of 20-40%. This implies that particles spent relatively 
shorter times as compared to the average bulk fluid when 10% or less particle 
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concentration was used. However, particles stayed for relatively longer times in 
the system when particle concentrations of 2040% were introduced. This may 
indicate that a distinctive particle-particle interaction which restrained the path 
of the trace particle existed with the particle concentration of 2040% compared 
to that at 10% or less. 

The characteristic parameter (r) for tanks-in-series model was also calculated 
and compared for each experimental condition. It was found that r was not 
significantly different from condition to condition (P < 0.05), although it was 
higher when a single particle and 30% concentration were used than that for the 
remaining conditions. This parameter will be further discussed in terms of 
distribution characteristics. 

Effect of Process Parameters. Table 4 presents analysis of variance of mean 
NPRTs as influenced by the process parameters in a horizontal SSHE. It can be 
seen that all the main effects (P< 0.001), except for flow rate as well as 2-way 
interactions among flow rate, mutator speed and particle size, are significant (P 
< 0.05 or 0.001). Results of analysis of variance for minimum and maximum 
NPRTs and standard deviations or mean NPRTs are not given since their respec- 
tive main and interaction effects were not significant. The summary of the main 
effects of process parameters on the NPRTs is given in Table 5. 

TABLE 4. 
ANALYSIS OF VARIAN- OF MEAN NORMALIZED PARTICLE RESIDENCE TIME 

AS INFLUENCED BY PROCESS P-S IN A HORIZONTAL SSHE 

DF Sum of Mean 
Source Squares 

F 
Squares 

Concenttation (C) 2 7.24 3.62 96.44 '" 

Row Rate (* 2 0.10 0.05 129h3 

Mutator Speed (i) 2 3.52 1.76 46.85 '- 

Panicle Size (d) 2 7.68 3.84 1M.30" 

Ns NOI dgn16cant 81 P4.05. 
Highly significant at P4.05. ". Highly signikant at P4.001. 
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TABLE 5. 
NORMALIZED PARTICLE RESIDENCE TLMES AS INFLUENCED BY 

PROCESS P-S IN A HORIZONTAL SSHE 

Process Maximum - 
Minimum x s 

Parameters 

CMC concentration (%) 
0.4 0.759 ' 1.552' 1.059 ' 0.158' 
0.8 0.670' 1.721 ' 0.960 0.168' 
1.2 0.649' 1.593 ' 0.94 1 ' 0.179' 

Row rate (mUs) 
453 0.667' 1.523 ' 0.978 ' 0.166' 
534 0.699 ' 1.544' 0.991 ' 0.166' 
599 0.712' 1.799' 0.990 ' 0.173' 

Mutator speed (rpm) 
60 0.660' 1.892' 0.964' 0.194' 
110 0.707 ' 1.393' 0.958 ' 0.134' 
160 0.71 1 ' 1.581' 1.037 0.177' 

Particle size 
1 .o 
1.5 

- Means in the same column within a process parameter with the same superscript are not significantly 
different (P<0.05). 

Concentration. The concentration of CMC, viz., viscosity, does not 
significantly influence the minimum and maximum NPRTs and standard devia- 
tions of mean NPRTs (PC 0.05). However, it can be seen that minimum NPRT 
and standard deviation of mean NPRTs tend to increase as the concentration of 
CMC increases. On the other hand, mean NPRT significantly decreases as CMC 
concentration increases. It is interesting to note than mean NPRT is greater than 
1 (i.e., particle stayed longer than the average bulk fluid in the system) with 
0.4% CMC carrier, while it is less than 1 when 0.8 or 1.2% CMC were used. 
This can be explained by the fact that higher concentration of CMC provided 
more lifting force to the particles so that particles traveled faster, adjusting for 
other process conditions such as flow rate, mutator speed and particle size. At 
low viscosity conditions, where the majority of particles lag the fluid, a fastest- 
particle design strategy would lead to overprocessing of majority of particles in a 
SSHE. It may be expected that there exists an interaction between CMC concen- 
tration and other process parameters, however, it could not be tested due to the 
design constraint. 



136 J.H. LEE AND R.K. SINGH 

Flow Rate, Mutator Speed, Particle Size. The minimum and maximum 
NPRTs and standard deviations of mean NPRTs are not significantly affected by 
the flow rate of carrier medium, mutator speed nor particle size (P < 0.05). 
Nevertheless, similar trends of increase in minimum and maximum NPRTs and 
standard deviations of mean NPRTs as flow rate increases are noted. It is also 
noted that an increase in mutator speed or particle size seems to increase 
minimum NPRT while standard deviation of mean NPRTs seems to decrease as 
particle size increases. 

Mean NPRTs are significantly influenced by the mutator speed and particle 
size (P < 0.05). However, effect of flow rate on the mean NPRTwas not signifi- 
cant. As flow rate increases, the mean particle residence time seems to approach 
the average bulk fluid residence time. 

Increase in mutator speed from 60 to 110 rprn to 160 rprn significantly in- 
creases the mean NPRT, and increase in particle size by each level also 
significantly increaes the mean NPRT (P< 0.05). This indicates that mutator 
speed of 160 rprn may provide a distinctive tangential force applied to the par- 
ticles as compared with 60 or 110 rpm, so that the particles stayed longer in the 
system. In fact, average particles stayed longer than the average bulk fluid when 
mutator speed was 160 rpm, whereas they traveled faster than the average bulk 
fluid when the speed was 110 rprn or less. In addition, particles stayed longer in 
the system as their size increased due to the increase in their weight. Again, 
average particles stayed longer than the average bulk fluid when particle size of 
2.0 cm was used, while they stayed shorter when the particle size was 1.5 cm or 
less. 

Effect of Two-Way Interactions. It is important to realize that there also ex- 
ist significant interactions among flow rate, mutator speed and particle size. This 
indicates that the combination of process conditions of flow rate, mutator speed 
and particle size contributed to a significant effect on themean NPRT, whereas 
the flow rate alone did not. 

Tables 6 and 8 summarize the NPRT as influenced by 2-way interactoins bet- 
ween flow rate and mutator speed, flow rate and particle size and mutator speed 
and particle size in a horizontal SSHE, respectively. As mentioned earlier, the 
interactions for the minimum and maximum NPRTs and standard deviations of 
mean NPRTs are not presented, since they were not significant (P < 0.05). On- 
ly the mean NPRTs were significantly affected by the interactions (P < 0.05). 

Flow Rate x Mutator Speed. Significantly higher mean NPRTs were observed 
when flow rates of 453 and 534 mL/s and a mutator speed of 160 rprn were used 
(P < O.O5)(Table 6). In fact, they are greater than 1, indicating particles stayed 
longer in the system than the average bulk fluid. This supports a significant main 
effect of mutator speed in the sense that higher mutator speed prevented the par- 
ticles from moving forward, since the higher mutator speed means more tangen- 
tial force applied to the particles. This agreed with the results of Taeymans et al. 
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TABLE 6. 
NORMALIZED PARTICLE RESIDENCE TIME AS INFLUENCED BY TWO-WAY INTERACITON 

BETWEEN FLOW RATE AND MUTATOR SPEED IN A H0RIU)NTAL SSHE 

Flow Rate Mutator Speed P 

Means with the same supcrscrip are not sigruficantly diffaent (PeO.05). 

(1985a). At a higher flow rate of 599 mL/s and a mutator speed of 160 rpm, the 
mean NPRT is less than 1, indicating particles traveled faster than the average 
bulk fluid despite the same mutator speed due to higher pushing power induced 
by the higher flow rate. The same trends were found at lower mutator speeds of 
60 and 110 rpm, although some of them were not significantly different from 
each other, and values were less than 1. 

It was also noted that an increase in mutator speed while maintaining the flow 
rate did not always increase the mean NPRT. This confirmed the interaction bet- 
ween flow rate and mutator speed. The mean NPRTs were not significantly dif- 
ferent among others when flow rate was 599 mL/s regardless of mutator speed 
and when flow rate and mutator speed were 534 mL/s and 60 rpm, respectively 
(P < 0.05). In addition, no significant difference in mean NPRTs was found 
when flow rate of 599 mL/s and mutator speed of 110 rpm, 534 mL/s and 60 
rprn and 534 mL/s and 110 rprn were used (P< 0.05). It was also found that the 
mean NPRTs were significantly lower when flow rate was 453 mL/s and the 
mutator speed was 60 or 10 rpm, whereas it was significantly higher when the 
mutator speed was 160 rprn at same flow rate (P < 0.05). This indicates that 
mutator speed did not have a significant influence on the mean NPRT when the 
flow rate was 599 mL/s. Also, a mutator speed of 60 or 110 rprn did not affect 
the mean NPRTs regardless of flow rate. This indicates that mutator speed up to 
110 rprn did not exert a significant tangential force to the particles regardless of 
the flow rate. However, the mutator speed of 160 rprn induced tangential force 
significant enough to keep the particles longer than the average bulk fluid in the 
system except when the flow rate was 599 mL/s, whereas the effect of mutator 
speed was not significant as mentioned earlier. 
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Flow Rate x Particle Size. Table 7 presents a significant interaction between 
flow rate and particle size on the NPRT. The mean NPRT was significantly 
higher when a flow rate of 534 mL/s and particle size of 2.0 cm were used. 
Descending levels of significance for mean NPRT were found when flow rates 
of 599 and 453 mL/s with particle size of 2.0 cm were used (PC 0.05). This in- 
dicated that particles stayed longer (than the average bulk fluid) in the system 
when 2.0 cm particles were introduced regardless of flow rate supporting the 
main effect of particle size. It is interesting to note that the value was significant- 
ly higher when the flow rate was 534 mL/s than when it was 453 mL/s. When 
particle size of 1.5 cm or less was used, particles stayed for a shorter time than 
the average bulk fluid regardless of the flow rate. Particles of 1.5 cm size flow- 
ing at 453 mL/s traveled significantly slower than those particles at 534 mL/s 
while speed of the same size particles flowing at 534 or 599 mL/s, and that of 
1.0 cm particles at 599 mL/s were not significantly different from each other (P 
< 0.05). In addition, 1.0 cm particles at 534 and 453 mL/s represented the 
faster moving particles among other process conditions. It may be concluded 
that the effect of particles of less than 1.5 cm size was significant for flow rate 
534 mL/s or less but not for 599 mL/s (P < 0.05). This may be due to high 
enough momentum to overcome the weight differences between 1.0 and 1.5 cm 
particles at higher flow rates. 

TABLE 7. 
NORMALIZED PARTICLE RESIDENCE TIME AS INFLUENCED BY TWO-WAY INTERACTIOI' 

BETWEEN FLOW RATE AND PARTICLE SIZE IN A HORIZONTAL SSHE 

Row Rate Particle Size 
- 
X 

- Means with the same superscript arc not significantly different (M.05). 

Mutator Speed X Particle Size. A significantly higher mean NPRT was 
observed when mutator speed and particle size were 160 rpm and 2.0 cm, 
respectively. The next highest means occurred when 1.5 cm particles at 160 
rpm, 2.0 cm particles at 1 10 rpm as well as 2.0 particles at 60 rpm were used, 
while means were not significantly different among others (PC O.OS)(Table 8). 
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TABLE 8. 
NORMALIZED PARTICLE RESIDENCE TIME AS INFLUENCED BY TWO-WAY INTERACTION 

BEIWEEN MUTATOR SPEED AND PARTICLE SIZE IN A HORIZONTAL SSHE 

Mutator Speed Particle Size - 
X 

Means with the same superscript are not signilicantly different (P<0.05). 

The mean NPRTs were greater than 1 for those conditions, indicating that larger 
particles stayed for relatively longer times in the system as compared to the 
average bulk fluid due to their weight. In addition, 1.5 cm particles at 160 rpm 
mutator speed stayed for relatively the same time due to higher tangential force 
applied to the particles by higher mutator speed. It was also found that 1.5 cm 
particles at mutator speeds of 60 and 110 rpm, and 1.0 cm particles at 160 rpm 
stayed for relatively the same time in the system while 1.0 cm particles at the 
mutator speeds of 60 and 110 rpm and 1.5 cm particles at 110 rpm traveled much 
slowly through the model SSHE. This indicates that an increase in mutator speed 
and particle size increased tangential and gravitational forces applied to the par- 
ticles, which worked against the particle flow. However, effect of particle size 
up to 1.5 cm was not significant for the mutator speed of 110 rpm. 

Distribution Characteristics 

Effect of Particle Concentration. Table 9 presents the residence time 
distribution characteristics in terms of P-values of xZ test along with distribution 
characteristic parameters as influenced by the particle concentration in a 
horizontal SSHE. As indicated earlier, r value was close to 50 when a single par- 
ticle was used, therefore, it was tested for the normal distribution. The remain- 
ing distributions were tested for the gamma distribution. There was insufficient 
evidence to reject H, except for the distribution when 40% particle concentration 
was used (P< 0.01). Most of the distributions were described by gamma model 
except when only the tracer particle was used. This indicates that the distribu- 
tions were skewed to the right because the particles stayed for relatively long 
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TABLE 9. 
RESIDENCE TIME' DISTFUBUTION CHARACTERISTICS AS INFLUENCED BY 

PARTICLE CONCENTRATION IN A HORIZONTAL SSHE 

Particle - Distribution 
Concentration x s 0" P Characteristic P-value * 

(%. w/v) 

singlee 0.975' 0.140' 49.74' 48.50' normal 0.6899 
5 0.929 0.174 30.68 28.51 gamma 0.68 18 
10 0.950 0.163 35.76 33.97 gamma 0.0591 
20 1.042 0.193 27.97 29.15 gamma 0.0190 
30 1.041 0.166 37.78 39.34 gamma 0.5839 
40 1.068 0.190 29.58 31.60 gamma 0.0023 

' Measured at 534 mUs flow rate, 110 rpm mutator sped and 1.5 cm potato cube as a a particle in 0.8% 
CMC solution as a carrier. 
0 = j l /  s2, where jl and s are mean and standard deviation, respectively. 

' ChBTactcristic paramuer for tanks-in-seaies model, r = 2 / 2. 
* P-value used f a  Pearson's x2 goodness of fit test. 

Only the mxr panicle was uscd ' Duermined h m  2 sets of 100 observations. 

times as compared to the average bulk fluid. This might be due to particle- 
particle interactions. In addition, there was no evidence to affect the shape of 
distribution by the particle concentration. 

Comparisons were made between the experimental and theoretical values of 
the CDF or NPRT for each condition. Results indicated that the model did fit the 
data well (Fig. 2 and 3). Nevertheless, the reason for low P-value when 40% 
particle concentration was used was mainly because of severe "tailing" effect, 
probably due to the particle-particle interaction. Some limited number of tracer 
particles, not enough to cause significant difference in the mean NPRT, stayed 
for longer times in the system, resulting in a skewed distribution to the right. 

Effect of Process Parameters. Tables 10 through 12 present the residence 
time distribution characteristics as influenced by process parameters in a 
horizontal SSHE when 0.4, 0.8 and 1.2% CMC was used, respectively. In- 
dividual distribution was tested using Pearson's xZ goodness of fit test and CDFs 
to compare the experimental and theoretical values. It was rather difficult to 
isolate the single effect of process parameter on the distribution characteristics. 
However, it can be found that the number of distributions described by the nor- 
mal distribution seemed to decrease as CMC concentration increased but in- 
creased as the flow rate and particle size increased. This indicates that the "tail- 
ing" of particles increases with the increase of CMC concentration, decrease of 
flow rate and particle size; thus, the distribution was skewed to the right ap- 
proaching the gamma distribution. 



PRTD IN A HORIZONTAL SSHE 14 1 

TABLE 10. 
RESIDENCE TIME DISTRIBUTION CHARACERISTICS AS INFLUENCED BY PROCESS 

PARAMEERS IN A HORIZONTAL SSHE WHEN 0.4% CMC WAS USED 

Flow Mutator Particle - 
s e Distribution P-value 

Rate Speed Size r 
Chamteristic 

0 0 0 0.940 0.092 111.06 104.40 normal 05596 
0 1 2 1.061 0.115 80.23 85.12 normal 0.8805 
0 2 1 1.224 0.302 13.42 16.43 gamma 0.4268 

1 0 1 0.995 0.091 120.16 119.55 normal 0.821 1 
1 1 0 0.924 0.095 102.38 94.60 normal 0.7204 
1 2 2 1.309 0.308 13.80 18.06 gamma 05879 

2 0 2 1.085 0.132 62.27 67.56 normal 0.1253 
2 1 1 0.953 0.074 174.03 165.85 normal 0.7792 
2 2 0 1.039 0.210 23.56 24.48 gamma 0.3383 

The number of gamma distributions having P < 0.001, thus rejecting the 
gamma distribution, seemed to increase with an increase of CMC concentration 
and decrease of mutator speed. Especially for the mutator speed of 60 rpm when 
0.8 or 1.2% CMC solution was used as a carrier, the distributions could not be 
represented by gamma model due to severe skewness to the right. In such cases, 
some tracer particles were found to reach an equilibrium of forces and stayed as 
long as 4 min and 54 s when a flow rate of 599 mL/s, mutator speed of 60 rpm 
and particle size of 1.5 cm were used with 1.2% CMC solution as a carrier. It is 
interesting that the equilibrium only occurred where the blades overlap. 
However, it is less likely to happen in actual practice where a single particle is 
usually not processed. Particle-particle interactions may well have existed in 
such cases, as indicated earlier. 

Occassionally, tracer particles were observed flowing backward, which con- 
firms the back-mixing occurring inside the SSHE. This all contributed to the 
"tailing" of the distribution to the right which was the reason to reject the gam- 
ma distribution. Comparisons between the experimental and theoretical values 
of the CDF of NPRTs for each condition indicated that the model did fit the data 
well when P> 0.01 (Fig. 2 and 3). 
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NPRT 

FIG. 2. NORMAL CUMULATIVE DISTRIBUTION FUNCTION OF NORMALIZED 
PARTICLE RESIDENCE TIME IN A HORIZONTAL SSHE 

(a) 534 mLls, 110 rprn and 1.5 cm potato cubes as tracer particles in 0.8% CMC solution as a 
carrier. (b) 453 mLls, 110 rpm and 2.0 cm potato cubes in 0.4% CMC solution. (c) 453 mLls, 

160 rpm and 2.0 cm potato cubes as tracer particles in 0.8% CMC solutions as a carrier. 
(d) 534 mLls, 160 rpm and 1.5 cm potato cubes as tracer particles in 1.2% CMC solutions 

as a carrier. Legend: experimental, - theoretical. 
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NPRT NPRT 

FIG. 3. GAMMA CUMULATIVE DISTRIBUTION FUNCTION OF NORMALIZED 
PARTICLE RESIDENCE TIME IN A HORIZONTAL SSHE 

(a) 534 mLls, 110 rpm and 1.5 cm potato cubes as tracer particles in 5% (wlv) 1.27 cm potato cubes 
in 0.8% CMC solution as a carrier. (b) 453 mLls, 110 rpm and 1.5 cm potato cubes in 0.4% CMC 
solution. (c) 453 mLls, 110 rpm and 1.0 cm potato cubes as tracer particles in 0.8% CMC solutions 

as a carrier. (d) 599 mLls, 110 rpm and 1.0 cm potato cubes as tracer particles in 1.2% CMC 
solutions as a carrier. Legend: W experimental, - theoretical. 
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TABLE 11. 
RESIDENCE TIME DISTRIBUTION CHARACTERISTICS AS INFLUENCED BY PROCESS 

PARAMEERS IN A HORIZONTAL SSHE WHEN 0.8% CMC WAS USED 

Flow Mutator Panicle - 
s 0 

Distribution P-value 
Rate Spe-ed Size characteristic 

gamma 
gamma 
normal 

gamma 
normal 
gamma 

gamma 
normal 
nomal 

TABLE 12. 
RESIDENCE TIME DlSTRIBUTION CHARACTERISTICS AS INFLUENCED BY PROCESS 

PARAMETERS IN A HORIZONTAL SSHE WHEN 1.2% CMC WAS USED 

How M u w r  Particle - 
S 0 

Distribution P-value 
Rate Speed Size r Chamcteristic 

gamma 
gamma 
gamma 

gamma 
normal 
normal 

gamma 
gamma 
normal 
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CONCLUSIONS 

Within the range of process parameters investigated, minimum and maximum 
NPRTs and standard deviation of mean NPRTs were not significantly affected 
by the particle concentration. However, a distinctive difference was found 
among mean NPRTs between up to 10% particle concentration and 2040% (P 
< 0.05). The concentration of CMC , viz . , viscosity, mutator speed and particle 
size (P< 0.001) as well as 2-way interactions among flow rate, mutator speed 
and particle size (PC 0.01 or 0.001), showed a significant impact on the mean 
NPRTs. However, these processing conditions did not significantly influence 
the minimum and maximum NPRTs and standard deviation of mean NPRTs (P 
< 0.05). 

Pearson's x2 goodness of fit test indicated that most of the individual particle 
residence time distributions in a hortizontal SSHE flow could be described by 
either normal or gamma models. Particle-particle interactions caused ' 'tailing " 
of some particles, resulting in skewed distributions to the right. The "tailing" of 
the particles increased with the increase of CMC concentration, decrease of flow 
rate and particle size' thus, the distribution was skewed to the right approaching 
the gamma distribution. Comparisons between the experimental and theoretical 
values of the CDF or NPRTs for each condition indicated that the model did fit 
the data well when P > 0.01. Caution must be exercised in application of the 
results presented here unless the conditions and the apparatus design are similar 
to those used in these experiments. 
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ABSTRACT 

A detailed model of crawjlsh processing operations was developed using the 
SLAM 11 simulation language. Ihe simulation model was used to compare 
overall plant performance for two crawjlsh cooking schemes, boiling water and 
steam infusion, and to evaluate processing parameters for diferent plant 
capacities. For all the range of operating levels included in this study 
(2,400-19,000 lb of live crawfish/day or 360-2,900 lb of tail meat/day), the 
steam infusion cooking scheme rendered shorter processing times than those re- 
quired by the boiling water cooking scheme. Moreover, the batch sizes and 
amount of resources used are smaller for the steam infusion cooking scheme. Ihe 
simulation model is a valuable tool to analyze the performance of crawjlsh plants 
as well as to determine the impact of changes in technology on the overall pro- 
cess. 

INTRODUCTION 

Crawfish, Procambarus sp., is a lobster-resembling crustacean of economic 
and cultural importance in Louisiana. Commercial processing of crawfish 
started in St. Martin Parish, Louisiana, in the 1950s (Morse 1977). Currently, 
Louisiana produces approximately 90% of the crawfish consumed in the United 
States (Marshall et al. 1987), as well as crawfish exported to European coun- 
tries. 
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The steps in the processing of crawfish depend on the type of crawfish product 
demanded by the consumers. Some of these crawfish products are as follows: 

(1) whole, live crawfish 
(2) whole, cooked, and frozen crawfish 
(3) cooked, peeled, and deveined crawfish meat (crawfish tail meat) 

Among these, the cooked, peeled and deveined crawfish requires the greatest 
number of processing operations. A schematic diagram of the processing for 
crawfish tail meat is shown in Fig. 1. 

Receiving and 
weighing of 

Washing I n g  I 
debris 

Cooking 0 
ll?!-I crawfish shells 

washing of tail 

I meat I fat 

Vacuum packing 71 I chilling I 

FIG. 1. FLOWCHART OF CRAWFISH PROCESSING OPERATIONS 
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A crawfish processing plant for the production of cooked, peeled, deveined, 
and frozen crawfish was simulated using the SLAM 11 simulation language. 
SLAM II is a process-oriented language that can be used for the simulation of 
discrete and continuous processes. This simulation language can be interfaced 
with FORTRAN subroutines, allowing the implementation of network models 
that cannot be readily represented using the built-in SLAM I1 routines. 

The processing capacity of commercial crawfish plants ranges from 900 to 
19,800 lb of live crawfishlday (Moody 1989). The simulation program in this 
study was run for plant capacities ranging from 2,400 to 19,000 lb of live 
crawfishlday, which covers most of the commercial range. 

A fundamental problem in the processing of crawfish is that picking or peeling 
or crawfish is carried out manually. Therefore, the picking operation, being the 
slowest, is the bottleneck of the processing line. Moreover, manual handling of 
the product at this stage of the process can cause its contamination when ap- 
propriate sanitary practices are not, followed. 

Another problem is the relatively low processing rate obtained with the con- 
ventional boiling water cooking method. In this cooking method, water is added 
to a pot, and heat is applied until the water begins to boil. Then, a basket contain- 
ing the crawfish to be cooked is immersed in the pot. The temperture of the boil- 
ing water decreases due to the fact that some amount of energy is consumed to 
heat the product during the initial contact. The product is allowed to boil for 
several minutes, and then the basket is removed from the pot. As this operation 
is repeated several times, the pot has to be cleaned after every fifth batch in order 
to maintain sanitary conditions. This particular step causes a delay in the cooking 
operation, since a resource (cooking pot) is out of service for some period of 
time. 

An alternative cooking method, the steam infusion cooking scheme, has also 
been employed in a pilot scale experiment (Baskin and Wells 1990) and in some 
commercial crawfish processing applications. In this cooking scheme, crawfish 
are loaded into an empty kettle, which is then closed. Pressurized steam is in- 
jected into the kettle, the product is rapidly cooked, the steam is released when 
the kettle is opened, and the cooked crawfish are dumped into the chute. This 
cooking scheme does not require periodic cleaning. 

The specific objectives of this research are: 

(1) The modeling and simulation of all the stages of a crawfish plant for the 
production of cooked, peeled, and deveined crawfish. 

(2) The comparative evaluation of the impact of using two cooking schemes, 
boiling water and steam infusion, on plant throughput, processing times, 
and labor needs. 

(3) The extension of the evaluation of cooking schemes for different batch 
sizes and plant capacities. 
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METHODOLOGY 

Many authors have used modeling and simulation for sound evaluation of food 
processing plants (Shah et al. 1985; Starbird and Ghiassi 1986). A model is an 
abstraction of a real system on which some simplifications and assumptions are 
usually made (Jenson and Jeffreys 1977). Thus, modeling can be approached 
from different views and using different methods based on the nature of the pro- 
cess. Simulation is the design and implementation of an experiment involving a 
model. Together, modeling and simulation can be used to evaluate the impact of 
changes in process technology and to estimate optimal design capacities in plan- 
ned facilities. 

Some processes can be suitably represented using differential equations in 
which the independent variable is time. In those processes the variables that 
describe the state of the system change continuously with time, and they are 
categorized as continuous processes. Other processes, however, are discrete in 
nature, and appreciable changes in the process variables occur only at time inter- 
vals (e.g., in a flexible manufacturing system). In discrete-type systems, atten- 
tion must be focused on the events that alter the state of the system. Keeping 
track of those events and states over time will give an adequate representation of 
the process. Also, some processes exhibit both discrete and continuous natures. 

There are situations in which a processing plant must be studied using either a 
discrete or a continuous model depending on the parameters of interest or the 
precision desired. For instance, in a crawfish processing operation, the use of a 
discrete model is needed if average processing times, average labor needs, and 
average plant throughputs are to be estimated. On the other hand, a continuous 
model is required when changes of temperature over time during the cooking 
operation are to be modeled. 

Both discrete and continuous processes can be successfully simulated using 
computers. Several computer languages are available to accomplish that purpose 
(e.g., BASIC, FORTRAN, C, etc.). Moreover, a variety of simulation 
languages and software packages are available to simulate specific types of pro- 
cesses (e.g., SLAM 11, PROCESS, ASPEN PLUS, DYNAMO, etc.). 

In this research, SLAM 11, a process-oriented simulation languague, is used to 
simulate crawfish processing operations. SLAM 11 can be used for the simula- 
tion of both continuous and discrete process models. Several SLAM 11 nodes, 
blocks, and arcs are available to simulate equipment, activities, and other pro- 
cessing operations such that a process flowchart can be converted into a 
network-type model. A complete description of the capabilities of this simulation 
software package is given by Pritsker (1986). 
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Two network models of a crawfish plant for the production of crawfish tail 
meat using the boiling water and steam infusion cooking scheme were the tools 
for the study of crawfish processing operations. Numerous experimental runs of 
the SLAM I1 network models were run on an IBM 3084 mainframe computer 
under the VMICMS operating system. The process equipment and labor needed 
in the processing plant were simulated using resources as described in SLAM 11. 
Both the boiling water and steam infusion cooking schemes are batchwise opera- 
tions, and a batch node was utilized to simulate this part of the process. The 
batch node groups a specified number of entities into a single entity. In this par- 
ticular case, the batch size corresponded to the amount of crawfish cooked using 
either cooking scheme. The entities continue to flow independently through the 
process after cooking is completed. That step is accomplished using an unbatch 
node. 

A segment of the SLAM II network model used to simulate the cooking 
schemes is shown in Fig. 2. Different activity durations (such as cooking and 
chillinglfreezing times, peeling rates, loading, unloading, and cleaning times) 
are typical of local crawfish processing plants. Those activity durations and their 
distributions are shown in Table 1. The cooking times for the steam infusion and 
boiling water cooking schemes are the same as those reported by Baskin and 
Wells (1989). The peeling rate used in this study includes downtime and was 
estimated based on a 4 lblh average picking rate as reported by Moody (1980). A 
triangular distribution was used for the picking operation based on its nature. 
The picking operation has a lower limit based on minimum rates determined 
through motion and time studies. There is not a specific higher limit, but the pro- 
bability of having picking rates much greater than the mode is very low. Thus, a 
skewed normal distribution or an asymmetric triangular distribution can be used 
to model this particular activity. 

It should be noted that the entity in this simulation study was one pound of tail 
meat. Thus, after the 40-pound sacks of crawfish (Moody 1980) reach the plant, 
their weight is expressed as pounds of tail-meat. Huner (1988) states that 85% of 
the live weight of crawfish is waste; therefore, a 15% yield was assumed for 
conversion of live crawfish to finished weight of tail meat. The use of pounds of 
tail meat rather than raw crawfish weight in the simulation helps to reduce the 
number of entities in the SLAM 11 files. Thus, the dimension of the arrays need- 
ed to run the simulation is smaller, and consequently, the memory requirement is 
also reduced. 

The SLAM I1 programs used to simulate both the steam infusion and the boil- 
ing cooking schemes comprehend all the steps or operations that are needed to 
obtain cooked, peeled, deveined, and chilled/frozen crawfish tail meat. 
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FIG. 2. SEGMENTS OF THE SLAM II NETWORKS USED TO SIMULATE 
THE COOKING OPERATION IN THE BOILING WATER (A - B) 

AND STEAM INFUSION (A' - B') PROCESS MODELS 
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TABLE 1.  
ACTIVITY DURATIONS AND PROBABILITY DISTRIBUTIONS USED IN THE 

BOILING WATER (BW) AND STEAM INFUSION (SI) COOKING SCHEMES 

Description Cooking Probability Time (minutes) 
scheme distributions min mode max 

Receive 
Convey 
Load pot 
Cooking time 
Unload pot 
Empty chute 
Picking time 
Packing time 
Chilling time 
Receive 
Convey 
Load kettle 
Cooking time 
Unload kettle 
Empty chute 
Picking time 
Packing time 
Chilling time 

UNF 
UNF 
UNF 
UNF 
UNF 
UNF 
TRlAG 
UNF 
UNF 
UNF 
UNF 
UNF 
UNF 
UNF 
UNF 
TRlAG 
UNF 
UNF 

aThe notation UNF and TRlAG indicates the uniform and triangular 
probability distributions, respectively. 

RESULTS AND DISCUSSION 

Estimation of Resources 

In order to cover the range (2,400-19,000 lb of live crawfishlday) considered 
in this work, different batch sizes were utilized in the boiling water cooking 
scheme. The batch sizes, baskets, pots, and plant throughputs (expressed in 
pounds of tail meatlday) for the boiling water cooking scheme are presented in 
Table 2. In the boiling water cooking scheme, the shift length is constant (8 
hlday). For the steam infusion cooking scheme a fixed batch size, 60 lb, was us- 
ed, and in order to obtain plant throughputs within the aforementioned range, the 
shift length was varied according to the desired plant capacity. The number of 
kettles, pickers, and plant throughputs are included in Table 3. The results 
reported in Tables 2 and 3 correspond to simulation runs that use a number of 
resources so that the processing line is balanced and a near optimal utilization of 
resources is obtained. 
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TABLE 2. 
BATCH SIZES, BASKETS, POTS, AND PLANT THROUGHPUTS FOR THE 

BOILING WATER COOKING SCHEME ACCORDING TO THE SIMULATION RUNS 

Run Tail meat Batch size Number of 
number (Iblday) (Ib) Baskets Pots 

An example of how a near optimal number of pickers was obtained for a fixed 
number of pots and baskets is shown in Table 4. A given number of pots and 
baskets (6 and 7, respectively in this study) can be used to obtain different plant 
throughputs depending on the number of pickers working in the plant. However, 
processing should be scheduled so that after an 8-h period, there is no material 
left in the processing line (in the water boiling cooking scheme). Another factor 
considered in the estimation of the number of pickers needed for a given plant 
throughput is the utilization of the picker. It can be seen from Table 4 that as the 
number of pickers increases, their average utilization decreases. Additionally, 
the average time in the system decreases as the number of pickers increases. 

As discussed above, the optimal number of pickers for a fixed number of 
baskets and pots depends on several parameters. In the example shown in Table 
4, 85, 94 and 110 pickers are required to obtain plant throughputs of 2,580, 
2,610 and 2,580 lb of tail meat with average time in the system of 102.0, 85.0 
and 78.0 minutes and percent of line balances of 0.69, 0.68, and 0.69, respec- 
tively. It can be seen from these simulation results that there is a compromise 
between the foregoing parameters. For instance, although the percent of line 
balance is approximately the same in the three simulation results, plant 
throughput, picker utilization and average time in the system are affected by the 
number of pickers selected for the peeling operation. In this particular case, and 
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TABLE 3. 
PICKERS, KETTLES, HOPPERS, SHIFT LENGTH, AND PLANT THROUGHPUTS 

(EXPRESSED IN POUNDS OF TAIL MEAT) FOR THE STEAM INFUSION 
COOKING SCHEME ACCORDING TO THE SIMULATION RUNS 

Run Tail meat Shift length Pickers Number of 
number (Iblshift) (min) Hoppers I Kettles 

based on the reported data, 94 pickers for a plant throughput of 2,610 lb of tail 
meat were considered to be a near optimal combination. 

It can be seen from Tables 2 and 3 that the number of kettles required to cook 
the crawfish in the steam infusion method is always fewer than the number of 
baskets and pots required to cook the crawfish in the boiling water cooking 
method for all levels of operation. Moreover, the batch size is smaller in the 
steam infusion cooking scheme. 
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TABLE 4. 
SAMPLE RUNS SHOWING THE PROCEDURE USED TO DETERMINE THE NEAR 

OPTIMAL AMOUNT OF RESOURCES NEEDED FOR DIFFERENT PLANT THROUGHPUTSa 

Pickers 

a In these runs, the fixed resources are 7 baskets and 8 pots. 
b Near optimal number of pickers selected based on performance parameters. 
c %LB is the percent of line balance=(input-output)'lOO/input. 
d PTP is the plant throughput in pounds of tail meat. 
e %PU is percent picker utilization. 
f ATS is the average time in the system. 

Regression Equations 

A plot of the number of 200-lb capacity baskets required for different levels of 
plant throughput for the boiling water cooking scheme is shown in Fig. 3. The 
first order regression equation 

where B is number of baskets of 200-lb capacity 
TM are pounds of tail meat 

was chosen to estimate the number of baskets for any operation level within the 
range (2,400-19,000 lb of live crawfishlday or 360-2,900 lb of tail meatlday) 
covered by the simulation study. As a rule of thumb, the number of pots either 
equals or exceeds by one unit the number of baskets required. This can be 
verified by looking at the data in Table 2. A similar result can be drawn from 
Table 3 concerning the number of kettles required for a given plant throughput in 
the steam infusion cooking scheme. Moreover, a plot of the shift length in 
minutes versus plant throughput is shown in Fig. 4. The regression equations 

PTP(1 kettle) = -246.18 + 3.5437 SL R2 = 0.996 (2a) 
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PTP(2 kettles) = -779.82 + 7.456SL R2 = 0.998 

where PTP is plant throughput in pounds of tail meat 
'SL is the shift length in minutes 

were calculated based on the data in Table 3 and can be used to estimate plant 
throughputs within the ranges given in Table 3. Extrapolation of the regression 
equations (2a) and (2b) indicates that above plants throughputs of 270 lb of tail 
meatlshift, there is the option to use either 1 or 2 kettles to obtain the desired 
operation level. 

Plant throughput in 
crawfish tail meat  (Ibs) 

FIG. 3. BASKETS (200-lb CAPACITY) REQUIRED FOR 
DIFFERENT LEVELS OF OPERATION 

Another important aspect of the simulation results is the number of pickers 
needed to carry out the peeling operation. A plot showing the number of pickers 
versus pounds of tail meat for the boiling water cooking scheme is shown in Fig. 
5. A first order regression equation 
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where P is number of pickers 
TM are pounds of tail meat 

that estimates the number of pickers needed for different levels of operation is 
included in the figure. For the steam infusion cooking scheme, the number of 
pickers needed for a given plant throughput can be estimated from Table 3. 

// 

El 1 kettle 

d 2 kettles 

0 !/ . I I I I 

100 200 300 400 500 

Shift length (SL) in minutes 

FIG. 4. PLANT THROUGHPUTS CORRESPONDING TO DIFFERENT 
SHIFT LENGTHS AND NUMBER OF KETTLES 

Average T i e  in the System 

Noticeable differences were observed in the average time in the system for the 
boiling water and steam infusion cooking schemes. In order to illustrate the dif- 
ferences in average time in the system for the 2 cooking methods under study, as 
well as the use of Fig. 3 and 5 and Table 3 in the estimation of the amount of 
resources needed to obtain 1,500 lb of tail meat, the following example is 
presented. 

Regression equations shown in Fig. 3 and 5 can be used to estimate the 
number of baskets and pickers needed for a 1,500-lb plant throughput. These 
values are 4 and 50, respectively. Five pots can be selected based on the rule of 
thumb that the number of pots may equal or exceed by one unit the number of 
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Plant throughput in 

crawfish tail meat (Ibs) 

FIG. 5. PICKERS REQUIRED IN BOIL PROCESS FOR 
DIFFERENT LEVELS OF OPERATION 

baskets. The simulation results for the selected resources are a plant throughput 
of 1,552 lb of tail meat and an average time in the system of 107 minutes with a 
standard deviation of 15.7. 

Similarly, the information in Table 3 is used to estimate that 82 pickers, 2 ket- 
tles, 1 hopper, and a shift length of 310 min are needed to obtain 1,500 lb of tail 
meat for the steam infusion cooking scheme. The simulation results for the 
selected resources are a plant throughput a 1,494 lb of tail meat and an average 
time in the system of 60.4 min with a standard deviation of 3.5. 

Thus, in this particular example, the boiling water cooking scheme requires a 
longer time in the system (77% longer) than the time needed in the steam infu- 
sion cooking scheme. Moreover, it is important to note the difference in the 
value of standard deviation of the average time in the system for both cooking 
schemes. Additionally, the example illustrates that the plant throughputs obtain- 
ed are very close to the design value of 1,500 lb. 

Sensitivity Analysis 

Some important factors to be considered in simulation studies are the 
stochastic nature of the processing data and the robustness of the model to 



F.A. ESCOBAR, J.H. WELLS AND A.M. WAIKAR 

TABLE 5. 
SENSITIVITY ANALYSIS RESULTS FOR CHANGES IN 

RECEIVING RATE CORRESPONDING TO THE BOILING WATER (BW) 
AND STEAM INFUSION (SI) COOKING SCHEMES 

Run Cooking Receiving PTPa Change Change 
No. scheme rate in PTP in PTP 

(min ) (Iblshift) (Iblshift) (%) 

a PTP is the plant throughput in pounds of tail meat. 

changes in processing parameters. The stochastic nature of process data is ac- 
counted for in the simulation of the crawfish plant by assuming a probability 
distribution for all the activities. Thus, processing data can vary within a given 
range in a random fashion. Some experimental runs to determine the impact of 
changes in the low and high limits of the triangular distribution assumed for the 
peeling activity indicated that there are changes in the output of the plant, but the 
changes were not found to be significant. 

Much greater changes in plant throughput were observed, however, when the 
receiving rate or receiving frequency were changed on the runs corresponding to 
the boiling water and steam infusion cooking scheme. Changes in the receiving 
rate for the boiling water (BW) cooking scheme, as indicated in Table 5, caused 
a change in plant throughput of 11.26%. In the steam infusion (SI) cooking 
scheme, however, changes in the receiving rate caused a change in plant 
throughput of only 2.97 % . Therefore, the model corresponding to the boiling 
water cooking scheme is relatively sensitive to changes in the receiving rate, 
while the model for the steam infusion cooking scheme is relatively stable. 

CONCLUSIONS 

(1) Two network-based models that simulate crawfish processing operations 
were implemented using the SLAM 11 simulation language. Both SLAM 11 pro- 
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grams integrate all the resources, activities, and operations required to obtain 
cooked, peeled, deveined, and chilledlfrozen crawfish tail meat. One of the pro- 
grams simulates a processing plant that uses the boiling water cooking scheme, 
whereas the other simulates a plant that uses the steam infusion cooking scheme. 
The programs require distinct resources that are inherent to either technology. 

(2) The simulation study covered a wide range of operation levels that 
characterize the commercial production of crawfish, and it is a valuable aid to 
estimate the major equipment and labor needs for commercial crawfish plants 
using the boiling water or the steam infusion cooking schemes. In addition, 
regression equations were derived to estimate the number of pickers and baskets 
used in the boiling water cooking method. 

(3) A comparative evaluation of the foregoing cooking schemes reveals that 
the average time in the system is always smaller when the steam infusion cook- 
ing scheme is used. Also, the amount of equipment and batch sizes needed to im- 
plement the steam infusion cooking scheme is considerably smaller. 

(4) An analysis of robustness of both models to variations in processing 
parameters indicated that the model corresponding to the boiling water cooking 
scheme is relatively sensitive to changes in receiving rate. Thus, the steam infu- 
sion cooking scheme is less sensitive to changes in processing parameters. 

NOMENCLATURE 

B Number of baskets of 200 lb capacity 
P Number of pickers 
PTP Plant throughput, lb 
R2 Correlation coefficient 
SL Shift length, min 
TM Tail meat, lb 
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