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1. INTRODUCTION 

Expression: Expression or pressing is a process in which liquid contained in 

pores in a solid matrix or contiguous array of solid matrices or particles is 

expelled by compaction or squeezing. The pressed mixture is often called a 

"presscake", or "cake" for short. Mechanically-, hydraulically- and 

pneumatically-driven moving surfaces provide compaction in most expression 

equipment. Incidental compaction of solid-fluid mixtures also causes 

expression. Fluid is pressed out of moist soils when added soil or structures 

are placed on top of them. If gas pressure acts on a soft cake whose pores are 

so fine that capillary "suction" pressure exceeds the applied pressure, the gas 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 3 

won't displace fluid directly: but the applied pressure will compact the cake and 

express fluid. 

Weight-driven expression occurs in piles of moist solids and in sediments at 

the bottom of bodies of fluid. Centrifugal force compacts solids and expels 

fluid in centrifuges. Fluid drag also causes compaction. Attractive forces 

between particles in cakes cause expulsion of fluid during syneresis. Forces 

induced by electrical fields can also cause expression. Thus expression can be 

caused by mechanical and pneumatic force, gravity, centrifugal force, drag 

forces, electrical fields and attractive forces between solids. 

Scope of Review: This review covers how theory, expression equipment and 

its operation apply to expression of fluid from biological solids, particularly 

cellular biological solids. Expression behavior of non-biological solids will also 

be reviewed for comparison purposes. 

Alternative Processes: Solutes in fluids expressed from cellular biological solids 

often can also be recovered by extraction, which generally provides higher 

yields, but requires removal of solvents, resulting in higher energy costs. Multi- 

stage, countercurrent combinations of imbibition and expression can sometimes 

provide solute yields close to those obtained by solid-liquid extraction. 

Combinations of expression and solvent extraction are frequently used to 

recover vegetable oils. Expression is preferred for simply removing water or 

other fluids from cellular biological solids or for recovering organelles and 

sparingly soluble intracellular materials from such solids. 

Enzymes that convert cell wall solids and other insoluble solids into soluble 

matter are now used to increase juice solids yields and reduce or eliminate solid 

pressing residues and needs for expression. However, these processes may 

change the taste of juices. 

2. USES OF EXPRESSION 

Expression is used to recover valuable fluids, e.g. vegetable oil and fruit juice 

and organelles. It is also used to reduce fluid contents of solids that are going 
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4 SCH W ARTZBERG 

to be dried and used for fuel, feed or paper, or to  reduce the rriass and volume 

of moist processing and municipal wastes. Expression also ocIzurs when curds 

are compacted and fused together, when filtered fiber slurries are compacted 

into felts and paper, and when slurries of fine particles are compacted t o  form 

molded parts. 

Table I lists biological press feeds, estimated amounts of feed pressed per 

year and resultant products generated by pressing. 

3. EXPRESSION EQUIPMENT 

Single-Screw Presses; In this common type of press, a screw turns inside a 

perforated barrel. Examples are shown in figs. 1 ,  2 and 3. Cake, fed in at one 

end of the barrel, moves down the screw because friction between the cake 

and barrel or baffles prevents the cake from turning in the barrel. The cake 

compacts because either: a) the screw’s root diameter progressively increases; 

b) i ts pitch progressively decreases; c) the diameter of the barrel decreases; d) 

cake outflow is throttled; or e) combinations of these actions occur. Expressed 

fluid f lows out through openings in the barrel. Barrels made of perforated sheet 

metal (see fig. 1 )  are used when pressing relatively soft fruits. Screws for 

pressing crushed wine grapes often extend only part way down the barrel; 

pressing also occurs in the screw-free zone because of solids-cuutflow throttling. 

Medium weight presses with barrels wi th coarse perforations lined with finer 

screens on their inside are used to  press apples. Units wi th 7,000 t o  8,000 

kg/hr pressing capacity require 9.3 kW (1 2.5 HP) to  drive and provide 69% to 

74% juice yield for apples’. Large-diameter screw presses are used t o  dewater 

pulp and paper sludges, e.g. a 0.9-m diameter unit can handle 50,000 kg/day 

of sludge. 

Screws designed to  handle very wet feeds, e.g. bleached paper pulp, may 

operate wi th their axes tilted 60’ up from the horizontal, and are driven at their 

upper (discharge) end2. Dilute slurry enters the open, bottom of the barrel. 

Fluid drains through perforations in the barrel and the solids thickens as they 

move upward, forming a plug near the top of the barrel. The plug compacts, is 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 5 

TABLE I Expressed Materials, Annual Amount Processed Worldwide, 

and Products Obtained 

Material Amount Processed Products 

Per Year 

1 O9 kg/year 

Cellular Biological Solids 

Sugar Cane 

Spent sugar beet shreds 

Oranges 

Grapefruit 

Citrus pulp and peel 

Wine Grapes (initial pressing) 

Grape Pomace 

Pineapple trimmings, small fruit 

Apples (grated or milled) 

Cooked apple pomace 

Alfalfa 

Moistened cassava shreds 

Shredded tobacco 

Shredded leather 

Dyed, bleached or washed cloth 

Spent coffee grounds 

676 

242 

27 

1.9 

13.1 

50.5 

8.5 

3.8 

1.9 

1.5 

Waste treatment sludge 

Flaxseed (34% oil) 

Peanuts (45% oil) 

Copra (63% oil) 

Palm kernels (47% oil) 

Rapeseed (35% oil) 

Sesame seed (45% oil) 

Corn germ 

rough est. 250 

1.8 

8.5 

5.0 

3.6 

26 

1.5 

1.8 

sugar juices 

cattle feed 

orange juice, peel oil 

grapefruit juice 

cattle feed 

grape juice, pomace 

alcohol production stock 

pineapple juice 

apple juice 

pectin liquor 

alfalfa protein, feed 

cyanogen-free cassava 

regenerated tobacco leaf 

regenerated leather 

moist cloth, dyes, bleach 

partly dried fuel 

partly dewatered sludge 

linseed oil, presscake 

peanut oil, extractor feed 

coconut oil, extractor feed 

palm oil, extractor feed 

oil, extractor feed 

sesame oil, extractor feed 

corn oil, cattle feed 

(conrinued) 
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6 SCHWARTZBERG 

TABLE I Continued 

Material Amount Processed 

Per Year 

1 O9 kglyear 

Olives (20-25% oil) 8.6 

Oil-rich fish (e.g. menhaden) 21 

Cooked meat scraps 7.5 

Cocoa 1.7 

77%-90% moisture paper webs 1,360 

bleached paper pulp 

waste paper pulp 

we t  bark from debarking drums 

Degraded Cellular Material 

Peat 

Brown Coal 

Curds and Flocs 

Cut, cheese curds (94% liquid) 

Fully drained curd cubes 11 

100 

Alum precipitated pectin 

Products 

olive oil 

fish oil, fish meal 

cocoa but:ter, cocoa kibble 

tallow, grease, meat meal 

60%-70% moisture paper 

high consistency pulp 

partly dewatered pulp 

fuel 

partly dried fuel 

partly dried fuel 

immersed curd cubes 

pressed blocks of cheese 

31  % to  50.3% moisture 

12.5% solids pectin ppt. 

FIGURE 1 Light-weight, single-screw press (Brown International) 
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FIGURE 2 Medium-weight, single-screw press (Beloit-Jones) 

OQ /Forcefeeder 

Gear box cooling system 

FIGURE 3 Heavyweight, single-screw press (oil expeller) with breaker bars, 

baffles and wedge-bar cage (French Oil Machinery Company) 
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8 SCHWARTZBERC 

forced out of the barrel by the screw, and is broken up by breaker bars on the 

screw drive shaft and discharges. Expression occurs only near the top of the 

barrel, filtration near the bottom. 

Moderately heavy barrels (see fig. 2 )  are used when pressing harder 

materials, materials wi th thick cell walls (e.g. spent coffee grounds, bleached 

paper pulp), materials that can stand intense pressing (e.g. grapes used t o  

produce juice for sweetening) and solid residues from less stringent pressing 

operations, (e.g. grape pomace left after juice recovery for wine, citrus peels 

and pulp left after juice recovery). 

Solids often discharge through flow constrictions that provide back 

pressure, which is adjusted by varying opening size, or by pressing a spring- 

loaded or hydraulically or pneumatically loaded throttling element, e.g. a cone, 

against the advancing cake. A motor-driven, rotating cone that turns at a 

different speed than the screw may be used. I ts face may be perforated to  

permit added outflow of fluid. 

Heavy Duty Screw Presses: Oil is expressed from cooked, pretreated oil seeds 

in screw presses (expellers) wi th cages made of heavy case-hardened bars (see 

fig. 3). To prevent extruded solids from plugging openings between the bars, 

the openings widen in the direction of oil outflow. 0.5 mm openings and 4% 

open area may be used near a press's feed end, and 0.13 m m  openings and 

1 YO open area near its discharge end. Most of the expelled oil f lows radially 

outward, but, if the cage openings are too narrow or the rate of compaction is 

too great, oil f lows back down the screw towards its feed end. This reduces 

friction between the cake and the barrel wall so that the cake sometimes turns 

en-masse; and the screw no longer conveys the cake, a condition known as 

"oiling up". Breaker bars and baffles that project inward from the barrel wall 

and f i t  between gaps in the screw are used to  prevent hard-to-press cakes from 

turning en-masse. The bars and baffles also reduce cake blinding by breaking 

up the cake and inducing solids turnover. 

Pressures up to  110  MPa (16,000 psi) are generated in oil expellers. 

Expellers may be equipped with meters that indicate power use or screw-drive 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 9 

torque. Solids output throttling can be adjusted to provide drive power 

expenditures or torques that provide good pressing. 

Two expellers may be connected in series, e.g, a vertical first screw and a 

horizontal second screw, or two, coaxial screws driven at different speeds 

inside a common housing. The first screw has a constant root diameter, turns 

faster (e.g. at 12.2. rpm) than the second, expels entrained air, expresses 40% 

to  50% of the oil in the feed and forces material into the second section. The 

second screw has an expanding root diameter, flights interrupted by breaker 

bars, turns at a slower speed (e.g. 42 rpm) and can expel up to 85% of the 

remaining oil. A large oil expeller may handle 17,400 kg feed/hr, have a 2.5-m 

long cage and an average ID of 0.38-m and require a 447 kW (600 HP) drive3. 

Oil seeds that contain 25% oil, or less, are usually flaked and directly 

subjected to solvent extraction. Screw presses, used to recover oil from plant 

matter with higher oil contents, can provide residual oil contents as low as 

3.5%. Fines expelled with oil are separated from it and recycled to the press. 

To minimize wear and problems caused by fines recycling, high-oil-content 

feeds are usually prepressed rather than fully pressed4. Prepressing removes 

two  thirds of the oil and generates cake containing 15% to 18% oil. 95% to 

98% of the residual oil is recovered by subsequent solvent extraction. 

Throughput can be doubled when full-press expellers are used as prepresses, 

but it is preferable to use units specifically designed for prepressing. Most oil 

screw presses in the U.S. are prepresses; thousands of full-press units are still 

used in developing and underdeveloped countries4. 

Porous, vapor-puffed, cylindrical "collets" produced in heated, single-screw 

extruders5 are now often used instead of flakes to facilitate solvent extraction 

of oil. Flaked or unflaked oil seeds or prepressed cake are used to feed the 

extruder. The discharge end of some extruders is fitted with a cage where oil 

is expressed, yielding collets containing less than 30% oil when high-oil-content 

feeds are used. Such extruders act as prepresses as well as puffing devices. 

Heavy-duty, single-screw presses are also used to press juice from sugar 

cane and remove water from paper pulps, from styrene-butadiene rubber and 

from bagasse discharged from cane sugar extraction systems. 
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10 SCH W ARTZBERG 

HIGH COMPRESSION RATIO 

FIGURE 4 Axial cross section of twin-screw press and graph showing volume- 

reduction during pressing (St~rd-Bartz' ,~) 

Twin-Screw Presses: These presses contain intermeshing counter-rotating tw in  

screws housed in a close-fitting perforated casing, shaped like a broad-waisted 

figure eight. The intermeshing screws provide positive conveying. Cake 

compacts as it moves down the screws because the casing diameter decreases 

and screws' root diameters increase. Fig. 4 shows a cross-section of a twin 

screw press and illustrates how cake volume changes during pressing6. Twin- 

screw presses with capacities up to  85,000 kg/hr are available. More than 

2,300 are in use today: roughly 65% for dewatering spent sugar beet pulp, 

3 0 %  for expelling oil and water from cooked oil-rich fish, and smaller 

percentages for expelling protein-rich juices from alfalfa, dewatering sugar beet 

trash, tails and leaves, pressing spent brewers and distillers grains, expelling 

hydrocolloid juices and pressing fat from cookedldried meat scraps or from 

heated moist meat scraps in rendering operations7. Pressures around 7 MPa 

are generated. 1.5 to  1.9 kWh of energy are required per 1000 kg of feed; up 

t o  3 kWh/ton of feed may be required for pressing alfalfa7. Operation when 

pressing spent sugar beets has been improved so that dry solids contents of 

3 2 %  are now obtained versus only 20% in 1976 '. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 11 

HYDRAULIC 
CWNDER 

PRESSURE GAGE 
HYDRAULIC 

I 
JUICE 

RECENER 

C -CLOTH COVERED 
PRESS CAKE 

RACK 

FIGURE 5 Rack-and-cloth press 

Rack-and-Cloth Presses: In these presses, series of cloth pouches sandwiched 

between wooden, plastic or metal racks are pressed between heavy plates, 

one of which is driven by a screw or screws, or, more often, by a hydraulic ram 

(see fig. 5). Ground or milled fruit is deposited on and spreads across a cloth. 

The corners of the cloth are folded over, forming a pouch, called a "cheese", 

which is placed on a rack; and another rack is placed on top of it. The process 

is repeated until there is a stack of 10 or 12 cheeses and racks. The stack is 

placed between the plates. Then the top and bottom plate are driven together 

at roughly constant speed with the stack between them, until a desired 

maximum pressure is reached. The stack is held at that pressure for 5 to 20 

minutes, during which the moving plate advances at a progressively diminishing 

rate. Juice pressed out of the fruit flows through the cloths and gaps or 

depressions in the racks into a juice collection system. Then pressure is 

released, the plates are separated, and the racks and cheeses are unloaded. A 

typical pressing cycle takes 30 minutes. The process is repeated as often as 

needed. Often, two  sets of cloths and racks are used. One is dumped, filled 
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12 SCHWARTZBERG 

and assembled on a transfer trolley or rotating table while the other is being 

pressed. The cloths are washed and sterilized frequently t o  prevent fouling and 

bacterial buildup. A press wi th 12, 0.76-m square cheeses can process roughly 

800 kg apples/hr and requires 1 . I  kW to  operate. 

Rack-and-cloth presses are widely used by small-scale applejuice 

producers, and can provide roughly a 75% yield of juice of high quality using 

50-mm t o  75-mm deep cheeses and maximum cake pressures as small as 0.35 

kPa; but require large amounts of labor t o  operate. Presses that can provide up 

t o  1.5 MPa pressures and handle 90-mm deep cheeses are available. They 

usually provide only slightly greater yields than presses operating a t  0.35 MPa. 

To improve productivity, readily fillable, preformed pouches are sometimes 

used instead of cheeses. Grooved plastic or corrugated stainless-steel plates 

may be used instead of wooden frames. In some systems, plates and pouches 

are mounted in frames that permit quick assembly and disassembly and are 

pressed together by platens that move horizontally. Nevertheless, the process 

remains laborious. 

Presses containing a single pair of hydraulically-driven, 0.8-rn square, 

vertical plates, have been used t o  reduce labor requirements. The plates, made 

of stainless steel slats wi th 0.25-mm gaps between them, are enclosed in a 

140-mm wide perforated cageg. The presses are fed wi th milled fruit through 

an opening at the top of the cage. The opening is closed and the plates are 

pressed together by the rams, forcing juice out of the perforations in the plates 

and cage. The maximum pressure used, 3.1 MPa, is much higher than those 

used in rack and cloth presses. A t  the end of the press, the plates are pulled 

back; the latched bottom of the press opens; and the pressed cake drops out. 

The pressing cycle is illustrated in fig. 6. Thirty to  one-hundred pressing cycles 

are carried out per hour. The presses are used mainly t o  press apples. Large 

amounts of rice hulls, a filter aid, have to  be added to  provide good pressability. 

Juice yields of 92% are claimed; but costs are high because of the rice hulls 

used. Only 2 0  units of this type have been sold. 

Box and Pot Presses: Presses in which feeds were wrapped in pouches and 

placed on perforated mats and grids of drainage channels in a series of boxes 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 13 

LOAD 

PRESS 

UNLOAD 

FIGURE 6 Pressing cycle for rapid-cycling, perforated-plate press (Stoll I I  Press) 

(Hubert C. Stollenwerk lnc.’) 

were once used to express oil from materials such as conditioned cottonseeds. 

Pressures up to 11 MPa were used. Similar systems that contained series of 

cylindrical frames into which mat-, cloth- or metal screen-lined drainage plates 

could slide (see fig. 7) were once used to press oil out of slurried milled cocoa 

and milled palm nuts, but have been almost completely replaced by screw 

presses for this purpose. They are still used in small olive oil mills and for 

production of specialty oils. Vertical or horizontal arrays of plates and frames 

are placed between platens that are then driven together by hydraulic rams. 

Pressures up to 42 MPA (6000 psi) are applied to the cake. The frames may 

be manually cleaned, assembled and filled; more often they are filled with fluid- 
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14 SCHWARTZBERG 

Drive Plate 

-+ Base Plate 

FIGURE 7 Pot press 

like slurry, similar t o  the way frames are filled in plate-and-frame filter presses. 

Partly automated unloading is also provided". Except for the higher pressures 

used, the basic process is similar to  that used with rack and cloth press. Milled 

cocoa was pressed in units of this type. The feed contained 54% cocoa 

butter; the discharged cake, "cocoa kibble" contained 10 to  12% cocoa butter. 

Cocoa kibble is used t o  make chocolate. 

Curb Presses: Milled or crushed fruit is often pressed between plates in 

cylindrical cages made of wood slats, metal bars or rib-reinforced perforated 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 

C -CAGE BARS 

:I Fd CATCH 

RAM 

BASE PLATE 

H - CAGE HOOPS 

sheet metal in units called curb presses (see fig. 8). Vertical curb presses have 

been used for centuries to press grapes and are still used in some wineries and 

for home production of cider and wine. Heavyweight curb presses were once 

used to press oil seeds. Crushed wine grapes are pressed between vertical 

plates in horizontal perforated cylinders in large-scale modern curb presses 

called spindle presses' ' .  The plate are driven together by long screws or 

hydraulic rams that often project beyond the end of the cylinder (see fig. 9). 

Cheese Presses: Cheese is pressed to: a) knit curds together into a block, b) 

form rinds, and c) regulate their water content by expelling whey. Relatively 

little whey is expelled, but pressing should provide blocks with prescribed, 

uniform moisture contents. Milled curds for semi-hard cheeses are loaded into 

perforated, cylindrical or rectangular metal or plastic molds; curds for hard 

cheese are loaded into cloth-lined hoops12. Large, hard cheeses are pressed at 

0.4 to 0.8 kPa up to 24 hours; semi-hard cheeses at 0.1 to 0.3 kPa up to four 
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16 SCHWARTZBERG 

Perforated Cover 

FIGURE 9 Spindle press (Troost”. Reprinted with permission of Verlag Eugen 

Ulmer.) 

hours. Low pressures are used at first t o  allow whey t o  run off slowly. Full 

pressure is applied later to  fuse curds together and form the rind. Platens 

driven by pneumatic or hydraulic rams do the pressing. Often groups of molds 

mounted in a single frame are pressed at the same time. Rams may press up 

to  seven curd-filled hoops stacked one on top of the other. Cheeses are often 

soaked in brine after pressing and lose more water by osmosis. 

Flexible Outf low Tubes Plates move together within a cylindrical shell in 

highly automated presses made by Bucher-Geyer. Cloth covered, grooved 

rubber tubes run between the plates and are attached t o  them a t  each end (see 

fig. loll3. Milled fruit mash is pumped into the cylinder through a pipe at the 

center of one plate. The inlet valve automatically closes when the cylinder is 

full. Then a hydraulic ram pushes the opposing plate toward the feed plate at a 

programmed rate over a 1 to  1.5 hour period, pressing juice out of the mash 

into the grooves on the cloth-covered, contorting tubes. The juice runs down 

the grooves into manifolds in the end plates, and from there into a juice 

collection tank. Pressing is often interrupted by temporarily pulling back the 

ram and rotating the cylinder to  break up the cake and reduce outflow-surface 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 17 

Piston 

1 Hydraulic 
Pump and 
Controller - Filter-Cloth Covered Flexible Ribbed Tube 

Mashed Fruit 
Juice Discharge Plenum and Lines 0 

FIGURE 10 Press with flexible outflow tubes (Bucher-Guyer Ltd13) 

blinding. After the pressing is complete, the cylindrical shell and the ram are 

pulled back by hydraulic jacks. The tubes straighten, breaking up and 

discharging the cake. Then the internal parts are washed, the cylinder is 

reclosed, and the cycle is repeated. Press chambers up to  1.7-177 in diameter 

with a capacity of 6 m3 are available. Pressures up to 1.4 MPa are used. 80% 

juice yield is obtained. 

Pomace (pressed fruit) is sometimes repulped with weak juice and 

repressed. Then it IS repulped again with water and repressed again to provide 

the weak juice used in the previous step14. 

pomace to countercurrent expression, yielding added juice solids that bring the 

juice-solids yield up to 95%. Up to four stages of repulping and repressing 

have been used. 

This effectively subjects the 

Roll Mills: Juice is pressed out of chopped and shredded sugar cane in roughly 

5,000, three-roll mills, like the unit depicted in fig. 11. The residual solid is 

called bagasse. Hard, cast-iron rolls, up to  1.38-m in diameter and 2.75-m 
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18 SCH WARTZBERG 

FIGURE 1 1  Three-roll mill (Fulton Iron Works."I 

long, are used15. Rolls as small as 0.32-m in diameter and 0.63-m long may be 

used in small mills. Two-roll mills are sometimes used, particularly for  initially 

crushing cane; and mills containing four, five or six rolls have come into use. 

Friction between rolls and the cane, or bite provided by grooves on the rolls, 

drags the cane through the nips between rolls. In three-roll mills, cane is 

pressed between the top roll and the first bottom roll (feed or cane roll) and 

then between the top roll and the second bottom roll (bagasse or discharge 

roll). A turn plate directs cane leaving the first pair into the second pair. 

Hydraulic rams, one above each bearing of the "floating" top roll, press the roll 

down on the cane. The force applied per unit length of roll ranges between 

1 .2x106 Newtondm for small mills to  2 . 7 ~ 1 0 ~  Newtondm for large mills16. 

Modern roll mills are usually driven by geared-down steam turbines. Electric 

motors are also used; reciprocating steam engines may be used in older plants. 

A large mill processing 120 kg cane/s (1 1,500 tons cane/day) requires 950 kW 

of drive power. 

No matter how hard cane is pressed, the bagasse leaving a mill still contain 

roughly 45% fluid. A process called compound imbibition is used to  obtain 

high sugar yields. Cane and resulting bagasse are pressed by five or six roll 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPRESSION OF FLCID FROM BIOLOGICAL SOLIDS 19 

mills in series. Roughly 0.27 kg water/kg of original cane is sprayed on and 

absorbed by bagasse leaving the next-to-last mill. The dilute juice expelled in 

the last mill is sprayed on and mixes with discharged bagasse two mills ahead. 

This pattern is repeated in all mills from the third mill on. Juice expressed in a 

mill is sprayed on and mixes with discharged bagasse two mills ahead (in the 

direction of liquid flow), effectively providing countercurrent imbibition and 

expression. The extra press liquor provided by this process leaves the second 

mill and is combined with juice from the first mill, raising the yield of sugar 

from 71 % to more than 95%. 0.5 kg of sprayed bagasse is pressed for every 

unit of fresh cane pressed. Around 6 8 0 ~ 1 0 ~  kg of cane is pressed each year. 

Since bagasse produced from that cane is pressed four to five times, roughly 

2,200x109 kg of material per year is pressed in sugar cane mills. Sugar is also 

recovered from cane by diffusive extraction instead of pressing; but bagasse 

leaving the extractor is pressed; pressed cane is also often used as extractor feed. 

Closely-spaced 12-mm deep, V-shaped grooves circle around most rolls (see 

fig. 12). Wider and deeper grooves may be used on the first and second mills 

of milling trains. Feed rolls also often contain thin, 30-mm deep channels every 

sixth groove to facilitate juice drainage. Grooves that cross encircling groves at 

right angles or in a chevron pattern are also used. Perforated top rolls, called 

Lotus rolls, are starting to be used. Liquid pressed through small holes on the 

roll’s grooved surface runs out of holes in the roll’s end plates. 

Rolls turn at 3 to 6 rpm. Linear speeds at the rolls periphery range between 

0.08 and 0.46 mls. Nip clearances between top rolls and feed rolls during 

pressing are larger than clearances between the top rolls and discharge rolls; 

clearances also decrease going from the first t o  last mill. Typical feed and 

discharge clearances in first mills in trains are 57 mm and 29 mm respectively. 

In last mills, the corresponding figures are 38 mm and 8 mm. Pressures peak 

about 5’ ahead of the center of the nip. Based on pin-gauge measurements, 

peak pressures of roughly 40 MPa (6,000 psi) may be reached at the crowns of 

groove teeth”. Fig. 13 depicts how pressures at a tooth crown vary with 

angular position close to the center of a nip (0’) for different compression 

ratios. Local pressures averaged over the whole groove surface are roughly 

0.33 to  0.45 times as great as the crown pressure. 
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20 SCHWARTZBERG 

TOP ROLL 

DRAINAGE GROOVE 

FIGURE 12 Groove arrangement for roll mills used to press sugar cane 

FIGURE 13 Pressure versus angular position in roll mill during pressing of finely 

shredded sugar cane containing 12.8% fiber. Roll diameter: 0.66 m. Roll 

Surface Speed: 0.1 5 mls (Murry and Holt17) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 21 

Forming 

Felt - Paper 

Forming 
Section 

Y Press Section 

1 

FIGURE 1 4  Press roll arrangements in press sections of paper-making 

machines. Reprinted by permission of Van Nostrand Reinhold, copyright 

1970. 

Roll mills are also used to  press washed wood chips, knots, bark, wood 

fiber clumps, flax pulp and bleached wood pulp. 

Paper Mill Presses: Thin aqueous slurries of cellulose fibers are converted into 

a continuous, moving sheet of moist paper by filtering off water in paper- 

making machines. The sheet is pressed between apposing pairs of rotating 

cytinders (press rolls) to remove more water; finally it is dried. The moist sheet 

is carried through the pressing section and gaps between rolls on moist felt 

belts at speeds ranging 0.05 mls to 25 mls (usually 2.5 to 15 m/s). Fig. 14  

shows examples of roll pressing arrangements. Usually, two or three pairs of 

pressing rolls are used; up to nine pairs may be used in "cylinder" machines 
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22 SCH WARTZBERG 

that make heavy papers. Rolls range between 0.25- and 1.5-m in diameter and 

are up t o  10.7-m long. 

Both rolls may be solid, or a solid roll may be paired with a perforated 

suction roll. In fig. 14, the rolls wi th sectors drawn near their nips are suction 

rolls. A t  least one roll in a pair is covered with a thick layer (e.g. 25  mm) of 

rubber; often both are. Solid rolls may be made of steel or cast iron covered 

with rubber or hard plastic; some used to  be made of granite. Granite rolls 

occasionally explode, so their use is being phased out. Suction rolls are made 

of bare or rubber-covered bronze or stainless steel perforated by evenly spaced, 

4- t o  4.8-mm diameter holes covering 18 to 25% of their surface. 

Bottom rolls have fixed bearings; bearings of top rolls slide in tracks and 

are loaded to  apply 8.8- to  53-kN of force per meter of roll length18. This 

causes the rubber coating to flatten at the nip, producing a 25- to 50-mm long 

pressing zone. Average pressures acting on paper and felt in this zone range 

from 0.18 t o  2.1 MPa. The pressure forces water out of the paper into and 

through the felt. Expression rates depend on the initial moisture content of the 

paper; they are much greater for the first pair of rolls in a series than for the 

second pair. Respective first and second roll water removal rates r e p ~ r t e d ’ ~  for 

Kraft paper containing 0.1 0 kg dry fiber/m2 were 17.65 kgls and 4.83 kg/s. 

Assuming each nip was 50-mm wide, these respectively correspond to  nip- 

area-based expression rates of 50  kg/(m2-s) and 13.6 kg/(m2-s).  Similar nip- 

area-based expression-rate figures for first and second rolls for newsprint 

containing 0.052 kg dry fiberlm’ were 33.3 kg /m2-s  and 6.8 kg/m2.s 

respectively. Transit times (for a 50-mm nip) were six milliseconds for Kraft 

and four milliseconds for newsprint. The first rolls expressed 4 5 %  to  53% of 

the water that entered them; second rolls expressed roughly 23% of the water 

that entered them. 

When paired plain rolls are used, expressed water flows out of the 

saturated felt and is caught by a vacuum scoop (see fig. 15). The f low path in 

the felt is roughly 25- t o  35-mm long and roughly as wide as the felt is thick, 

i.e. 0.7- to  1.4- mm wide. When a suction roll is used, most of the expelled 

water f lows directly across felt just ahead of the nip, where the suction box of 

the roll is placed (see fig. 16). Since suction boxes are 125- to  250-mm wide 
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PLAIN PRESS NIP 

23 

Bottom Roll 

FIGURE 1 5  Flows in the vicinity of the nip of a pair of plain pressing rolls in a 

paper-making machine 

Top Roll 

FIGURE 16 Flows in the vicinity of the nip between a plain pressing roll and a 

suction roll in a paper-making machine 
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24 SCHWARTZBERG 

and nips are 25- to  50-mm wide, flow paths for water passing directly through 

the felt are 0.7 to  1.4- mm long and at least 25- to  50-mm wide. Most of the 

f low resistance is in the paper rather than in the felt. 

5 1 to  74 KPa (1 5 to  22-in Hg) of vacuum are applied to  suction boxes, 

which are isolated from the rest of the suction roll’s interior by wiper blades. 

Suction draws expelled water through the felt and into the holes in the roll. In 

fast-turning rolls, water is thrown out of the holes by centrifugal force after the 

holes leave the suction zone. In slow-turning rolls, water may be drawn into 

the suction box. 

Capillaries in papers are much smaller than in felts. If felts and papers do 

not separate when they leave a nip, capillarity will draw water out of the felt 

back into the paper as soon as nip pressure is released. Therefore, at low 

pressing speeds, fine felts, which exert more capillary action, provide greater 

water removal than coarse felts”. Water removal peaks at intermediate 

pressing speeds. A t  low speeds there is time for capillary pull-back of water 

from the felt; a t  high speeds there is not enough time for water t o  f low out of 

the paper. 

Long rolls supported at both ends deflect. To even out nip pressure, paper- 

machine press rolls are crowned, i.e. have a slightly larger diameter in the 

middle of their span. Most rolls are smooth. In Venti-Nip rolls, 2.5- t o  3-mm 

deep, 0.25 t o  0.3-mm wide grooves, spaced 3.2-mm apart spiral around the 

roll and vent it, permitting higher pressures t o  be usedlg. This results in an 

added 2 t o  8% reduction in water content without crushing the paper. 

Other Roll Mills: Pairs of rubber-covered rolls are also used t o  press water or 

process liquid out of cloth during dyeing, bleaching and drying operations. 

Small pairs of rubber covered rolls were used for water removal from washed 

clothes in old-fashioned washing machines. Pairs of counter-rotating grooved 

rolls are used t o  crush wine grapes and expel grape juice. The rolls are 

sometimes driven at different speeds to  tear the grape skins. lntermeshing 

lobed rolls are also used for the same purpose (see fig. 17). Large clearances 

are used between crushing roll surfaces so as t o  avoid crushing seeds and 

stems and consequent release of extractable tannins. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 25 

FIGURE 17 Lobed rolls for crushing wine grapes (Troost” . Reprinted with 

permission of Verlag Eugen Ulrner.) 

FIGURE 18 Graham press: an internal double-roll press used for pressing wine 

grapes (Troost’ ’ . Reprinted with permission of Verlag Eugen Ulrner.) 

Pairs of shallow perforated cylinders with vertical axes (see fig. 18) are 

used to press juice out of crushed wine grapes’ ’. One cylinder runs inside the 

other so that their surfaces nearly come together in a pinch zone where 

pressing occurs. Juice pressed out of the crushed grapes passes through the 

perforated cylinders into shallow catch basins and is removed by pumping. A 
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FEED 
I ,- SCRAPER 

SCHWARTZBERG 

-D 

PRESSED 
CAKE 

’ LIQUID 

WIDEST GAP ROTATl NG 
DISCS 

(LIQUID POINT OF MAXIMUM 
OUTLET COMPACTION 

FIGURE 19 Disc press (Davenport Machinery and Foundry Co.) 

similar press wi th a horizontal axis is used to  press oil from oilseeds2’. A solid, 

inner roller w i th  a grooved surface rotates inside a shallow cylindrical case 

containing outflow slits around its curved surface. Oil seed feeds are fed into a 

wide space between the roll and the case by an auger. Clearance between the 

stationary, curved outflow surface and the rotating roll progressively decreases 

until a nip is reached, compacting the cake and expelling oil through the 

outf low slits. Pressed cake passes through the nip and is discharged. 

Disc Presses: Solids are pressed in the nip between individually driven, 

rotating, shallow, conical perforated discs in disc mills (see fig. 19). Disc 

presses are used for dewatering spent brewer’s grains and bleached paper pulp. 
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EXPRESSlON OF FLUID FROM BIOLOGICAL SOLIDS 21 

FIGURE 20 Cake compression during filtration: a) for constant-pressure 

filtration; b) for constant-rate filtration 

Drag-Induced Expression: Drag forces due to flow cause filter cakes to 

consolidate slightly during filtration, as shown in fig. 20a for constant-pressure 

filtration. Fig. 20b is for constant-rate filtration, where slightly more 

consolidation occurs than for constant-pressure filtration. 

Diaphragm Presses: Filter chambers are sometimes fitted with diaphragms to 

which hydraulic or pneumatic pressure is applied after filter cake deposition is 

complete. The pressure forces the diaphragm against the cake, pressing fluid 

out of it. Fig. 21 depicts operation of a plate and frame filter press in which 

diaphragms are placed over alternate plates”. Automatic means of opening 

the press and discharging the cake can be provided. In some units, (see fig. 
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FILTRATION EXPRESSION CAKE DISCHARGE 

FIGURE 2 1 Pressing cycle for plate-and-frame filter press containing inflatable 

diaphragms over every other plate. (Shirato et al.” Reprinted from Filtration, 

Principles and Practices, p. 372 by courtesy of Marcel Dekker, Inc.) 

22)  a continuous belt of filter cloth passes over rolls placed at the ends of each 

plate-frame assembly23. Up to twenty frames, stacked in a vertical array 

providing 31.5 m2 of outflow area, are used. After filtration and pressing end, 

the frames and upper plates are lifted, the belt advances and passes over a roll, 

dumping the cake. Doctor blades help provide clean removal of cake from the 

cloth and rolls. The cloth is washed after it leaves the final plate-frame 

assembly; then returns to  the first assembly. Large rolls of disposable filter 

paper may be used instead of continuous cloth belts. In other units, separate 

belts are used for each frame. 

Expanding Tube Presses: Presses based on use of an inflatable tube are 

inexpensive and can be very efficient when pressing soft fruits”. Ground or 

milled fruit is loaded through an open, hinged door in a long perforated stainless 

steel cylinder (fig. 23). The door is closed. Then a rubber tube inside the 

cylinder is inflated, compressing the fruit between the tube and the cylinder 

wall, and forcing liquid out through the perforated wall. Sometimes solid 

walled cylinders are used, and the liquid is forced into V-shaped perforated 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 29 

slurry 
water 1 air 

I '  
U 

a 
filtrate or 

press liquor 

filter belt 

diaphra 
i 

FIGURE 22 Multi-chamber, vertical, plate-and-frame filter press fitted with 

expandable pressing diaphragms in each frame and a motor-driven continuous 

filter cloth belt to  provide automatic cake discharge (Larox l n ~ . ~ ~ )  

drainage channels attached to the inside of the cylinder. Pressure is often 

released from time to time while the cylinder is rotated to break up the cake. 

This reduces outflow surface blinding. After pressing, the cylinder is rotated 

and opened to dump the pressed cake. Labor requirements are lower than for 

rack and cloth presses but greater than for screw presses. The presses are 

inexpensive and produce juice of good quality, but the inflatable tube wears out 

and has to be replaced fairly frequently. 

Fig. 24, shows a cylindrical tank whose wall has V-shaped perforated juice- 

drainage channels attached to it on one side24. A semi-cylindrical, food-grade 

polyurethane diaphragm is attached at its edges to the channel-free half of the 

wall and initially lies close to that half of the wall. Milled fruit is loaded through 
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ROTATINQ TO DISCHARGING 
BREAK UP CAKE 

PERFORATED STAINLESS STEEL DRUM 

AIR ROTARY JOINT 
LINE 

FIGURE 23 Expanding-tube press (Wilmes press) 

End of Loading Pressing Under Way Pressing Complete 

C =Juice Drainage Channel 

FIGURE 24 Tank press fitted with a hemi-cylindrical inflatable diaphragm 

(CMMCZ4) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 31 

a door in the channel-lined side or is pumped in through a line attached t o  one 

end of the cylinders axis. Then the door or line is closed. Compressed air is 

injected between the channel-free wall and diaphragm, pushing the diaphragm 

towards the channel-lined wall, compressing the fruit and pressing juice out 

through the perforated channels. Successively higher pressures are applied in 

three steps. For apples, 200 kPa is used in the final step. To reduce 

expression of tannins, only 130 kPa is used when pressing crushed grapes for 

wine making. The operating cycle is similar to  that used with expanding tube 

presses. The diaphragm changes little in length or area during the pressing 

cycle. Therefore it wears out less frequently than tubes do in inflated tube 

presses. When the tank is ready t o  be unloaded, the diaphragm is pulled back 

against the channel-free wall by vacuum, and the door is opened. During 

unloading the tank rotates, and spiral flights in the channel-free wall convey 

spent mash t o  the discharge door. 

Belt Presses: Feeds are pressed between pairs of moving, polyester cloth belts 

that simultaneously serve as conveyors, filter cloths and pressing elements25- 

27. Moist feed, e.g. milled fruit, waste treatment sludge, is deposited on the 

lower belt in a free-drainage section. After enough fluid drains through the 

cloth, a pressable cake forms, and the top belt moves down against the cake. 

The belts are pressed together, expelling fluid from the cake as they travel. 

Then they separate and pass around rolls to  start on return paths. The bottom 

belt turns downward and the cake drops off. Both belts are cleaned with high 

pressure sprays before returning to  the press feed zone. Data for dewatering 

of waste-treatment sludge by belt presses are provided by Dick and 

Andreasen and Nielsen2’ and Roest et a ~ ~ ’ .  

Paired-Roll Belt Presses: In paired-roll presses, the belts are pressed closer ,and 

closer together by a series of pairs of opposed rollers (see fig. 25). Paired-roll 

belt presses with belts up to  3.6-m wide are available. Most are used t o  

dewater waste-treatment sludges; much smaller numbers are used t o  press 

juice out of milled f r ~ i t ~ ~ , ~ ’ .  
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FE& UPPER BELT 

FIGURE 25 

I nc .25) 

Continuous belt press with paired opposing rolls (Andritz-Ruthner 

Impermeable Belts: In some belt presses one belt is permeable and the other is 

not. In the unit shown in fig. 26, a food-grade, fiber-reinforced impermeable 

rubber belt is used t o  press wash water out of cottage cheese curds carried on 

a woven polyester belt passing over a perforated drum32. Pressure on the 

curds is regulated by adjusting the tension applied t o  the rubber belt. Wine 

grapes are sometimes dejuiced in systems where crushed grapes carried on a 

perforated belt moves over a long, slightly curved grid of stainless steel slats 

wi th drainage gaps between them33. An impermeable upper belt presses the 

grapes against the slat-supported lower belt, expelling juice. Again, pressure is 

controlled by adjusting roll-applied tension in the upper belt. In other belt 

presses used for wine grapes, the solid belt is pressed against a perforated 

lower belt by loaded rollers. Very light pressure is usually used for both 

cottage cheese and wine grape pressing. Several pressing and juice collection 

zones are used in some belt presses for grapes. Progressively greater pressure 

is applied as the crushed grapes move through the system". Juices collected 

from different zones may be used for different purposes. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 33 

FIGURE 26 Belt press fitted with a single perforated cylinder (Stoelting3’) 

Serpentine Belt Presses: Well over 2,000 serpentine belt presses are in use. In 

these presses, the pair of belts passes back and forth over rolls in a zigzag 

pathz52z6t34-36. Pressure is controlled by adjusting belt tension. 

presses, the rolls are of the same size; in others, rolls of progressively smaller 

diameter are used. Belt presses containing combinations of paired rolls and 

rolls mounted in a serpentine array are also used. Ten rolls of progressively 

smaller diameter are used in the unit shown in fig. 27. The first three press 

rolls in the unit are perforated; all the others are solid. Presses with belts up 

to 2.7-m wide are available. A press with a 2.2-m wide belt requiring 5.1 Kw 

of power to  operate can press 5.6 kgls of apples (2x104 kglhr) and provide 

83% juice yieldz6. Serpentine presses for pressing wine grapes have similar 

capacities. Serpentine presses have been used to  obtain dry solids contents up 

to 50% for spent sugar beets’. Holdup times of solids in such presses are 

three to  five minutes. 

In some 

Belt presses are sometimes used in series to  improve juice recovery. Cake 

discharged from the first press is first washed with press juice from a second 

press, and then with water on the belt-filter section of the second press. The 
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1. Mash deposition 
2 Wedge area 
3. 
4. 
5. 

6 .  
7. 

Low-pressure press zone 
High-pressure press zone 
Juiw run-off 
Belt cleaning 
Press-cake discharge 

I 
5 6. 

FIGURE 27 Serpentine belt press (Gebr. Bellmer GmbH and C O . ~ ~ )  

filtrate obtained from the first washing is combined with juice from the first 

press. Dilute juice expelled in the serpentine section of the second press is 

used for the first washing. Up to  92% juice yield is obtained. 

Large numbers of belt presses are used to dewater waste-treatment 

sludges. Dewatered waste treatment sludges in Germany will soon have t o  

have dry solids contents 2 35% to  be deposited in landfills. Since freshly 

treated sludges often contain less than 3 %  solids, they are usually first passed 

over high capacity drainage belts or drum filters to  provide pressable feed for 

the belt press. Presses that can handle up to  21 kg/s ( 7 . 6 ~ 1 0 ~  kg/hr) of pre- 

concentrated sludge are available. Sludges containing up t o  30% solids are 

obtainable w i th  serpentine presses; up t o  50% solids can be obtained when 

non-biological materials are pressed. Sludges from belt presses fitted wi th 

paired rolls contain up to  24% solids. Multi-unit belt pressing systems operate 

2 4  hours a day, 365 days a year are used in many municipal waste treatment 

plants: e.g. twenty-four serpentine presses handle waste treatment sludge for 

Milwaukee; 1 0  are used in Akron. Belt presses are also used to  dewater harbor 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 35 

and waterway dredging sludges, waste-paper-treatment sludges, paper-mill 

pulps, slaughterhouse and feed-lot wastes, fine coal slurries and soil treatment 

intermediates. 

Waste-treatment sludges are usually mixed with soluble polymeric agents to 

flocculate them before being pressed on belt presses. If insufficient polymer is 

used (e.g. < 8 to 10 g/kg sludge), the fluid effluent will contain too much 

solids and the cake will drain slowly. There should be less than 500 mg solids 

per liter of discharged liquor. If insufficient polymer is added, there may be 

2,300 mg solids per liter of discharge. Excess polymer does not further reduce 

solids in the effluent or further improve drainage rates37. Effectiveness of 

polymer addition depends on how it is mixed with sludge. Required mixing 

times are inversely proportional to  the shear rate provided by the mixer; but 

excessive shear rates cause flocs to break down and reduce filtration and 

pressing effectiveness and 

The solids content of sludges discharged from belt presses can be 

increased, e.g. from 28.1 % to 32.4%, by pretreatment with 2.5 to 5 ppm of 

an enzyme mixture having carbohydrase, lipase and protease activity3*. 

Dewatering benefits decrease and ultimately disappear when higher enzyme 

doses are used. 

Pressures between 35 kPa and 140 kPa are used in belt presses operating 

with polymer-treated sludges. Cake dryness generally does not increase as 

pressure increases. Solids contents of sludges discharged from such belt- 

presses can be predicted by tests carried out in a 10-cm square cell fitted with 

drainage belt cloth on its bottom. A 30-mm deep layer of sludge is deposited 

and allowed to  drain for one minute, and is then pressed for two minutes at the 

pressure to be used on the belt37. 

The solids content of polymer-treated sludge initially containing 6% solids 

may increase to 8% in the free drainage zone of a belt press, and then increase 

to 15% to 17% in the pressing section. Final solids contents usually increase 

as belt speed decreases, e.g. go from 15.5% at a belt speed of 1.45 mimin to  

16.9% at a speed of 1.25 m/min. In some cases, however, solids contents of 

discharged sludge shows slight maxima at intermediate belt speeds37. 
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36 SCHWARTZBERG 

Multi-Layer Belt Presses: 20- to  30-mm thick layers of feed are deposited on 

each of 20  parallel, moving cloth belts in large presses developed for pressing 

spent sugar-beet pulp39*40. After loading, the belts and feed come t o  rest 

between a 23-rn long battery of hydraulic presses, which apply 1 0  MPa 

pressure for 15  minutes on the parallel belt-load array. After pressing the belts 

pass over rollers that cause spent cake to  discharge. 

Cylindrical multi-layer arrangements have also been used4'. Spent sugar- 

beet pulp is deposited on a 1.3-m wide, 300-m long moving cloth belt which 

winds around a mandrel. After loading is completed, the rolled assembly is 

placed inside a cylinder lined with an elastomeric membrane. Water is pumped 

into the space between the cylinder and membrane, applying 5.3 MPa pressure 

t o  the roll t o  for 10 t o  15 minutes. The roll is removed from the cylinder and 

unwound causing the cake to  fall off. 

In both cases, expelled fluid f lows out transversely through the cloth. 

Press-cake dry-matter contents of 50% have been obtained with the parallel 

belt arrangement, 53% with the cylindrical arrangement. 

Citrus Juice Expression: Most citrus fruit have thick, tough skins that contains 

highly flavored oils. If pressed juice from these fruits contains too much of 

these oils, i ts quality and storage stability are impaired. Therefore equipment 

that expresses juice while limiting expression of skin oil is usually used. 

FMC Extractors: FMC extractors are used to  press juice from oranges or 

grapefruit separated according t o  size4'. Individual fruits drop into an upward- 

facing, open, ribbed S.S. cage that fits the fruit. A mating downward-facing, 

upper cage with ribs that interdigitate wi th the ribs in the lower cage is pressed 

against the fruit (see fig. 28) forcing it downward against the sharp, circular 

knife-edge of a 25-mm diameter "prefinisher' tube that protrudes slightly 

upward through a hole in the base of the bottom cage. This cuts a round hole 

("coin") in the fruit's peel. The top cage is pushed down, forcing juicy fruit 

flesh down the prefinisher tube and ultimately shreds the peel. The shredded 

peel extrudes through the top cage, is washed by sprays to  recover expelled 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 

FIGURE 28 FMC citrus juice extractor (FMC c ~ r p o r a t i o n ~ ~ )  

31  

peel oil and is then blown away by an air blast. Juice expelled from the flesh 

forced down the prefinisher tube drains through a grid of fine holes in the side 

of the tube. A sharp-edged "orifice" tube is pressed upward inside the 

prefinisher, severing juice cells that remain stuck in drainage holes. This also 

forces pressed flesh into the orifice tube, displacing flesh already there and 

forces spent flesh out of an opening near the tube's bottom. Extractors have 

four to  six pressing heads and can handle 300 to 700 pieces of fruit a minute. 

Reamers: Reamers rotate inside halves of cut citrus fruit seated in cups in 

extractors43 made by Brown International (see fig. 29). The cups prevent the 

fruit from turning. The reamers and cups pass through processing stations on 

apposed moving belts or conveyor. The fruit half enters the cup cut face up. 

The reamer and cup come together. The reamer rotates inside the fruit while 

the cup, fruit and reamer pass over a juice collection trough. Then the reamer 

and cup separate and the fruit's skin drops out of the cup. Such "extractors" 
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38 SCHWARTZBERG 

FIGURE 29 Operation of multi-head reamer system for expressing juice from 

citrus fruit (Brown I n t e r n a t i ~ n a l ~ ~ )  

use multiple pressing heads and process 300 to 700 fruit per minute. Single 

head reamers are used for citrus-juice extraction in bars and homes. 

Decanter Centrifuges: Decanter centrifuges contain a scroll inside a rapidly 

rotating shell, containing a cylindrical section and a truncated conical section 

(see fig. 30). Centrifugal force causes the solids in slurry fed into the 

cylindrical section t o  deposit on its inside wall and compact, forcing fluid out of 

them. The scroll rotates at a slightly different speed than the centrifuge and 

conveys the solids towards a solids discharge port at the narrow end of the 

conical section. The solids emerge from the liquid and compact further as they 

move through the cone. Scroll centrifuges are sometimes used to  gently press 

juice out of crushed wine grapes. They are used to  press juice out of other 

fruits44 and widely used t o  expel mixed fruit water and olive oil out of olive 

pulp. Olive pulp is mixed with water to  increase expressed fluid yield when 

centrifugal expression is used. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 39 

FIGURE 30 Decanter centrifuge (Alfa-Lava1 S h a r p l e ~ ~ ~ )  

Decanter centrifuges are extensively used to compact and expel water from 

waste-treatment sludges. Discharged sludge from conventional decanter 

centrifuges contains about 25% solids. Waste-treatment-sludge dewatering 

data for decanter centrifuges are provided by Dick and Ballz8, Andreasen and 

Nielsen2’ and Roest e t  a ~ ~ ’ .  Sludge is now dewatered in units with smaller 

solids discharge ports and scrolls with heavy-duty drives that force solids into 

the narrow end of the cone, pressing added liquid out of them. Such units can 

process 50 m3/hr of digested sludge and provide discharged sludge containing 

30 to 35% solids45. 

Decanter centrifuges providing up to 10,000 g‘s and having shallow liquid 

pond depths and long scrolls are used to separate and express fluid-rich 

microbial debris and cells in biotechnological  application^^^. Cake drynesses up 

to 89% have been obtained with e. coli cell debris in a small-scale, 8 100-g unit 

operating at a low conveyer speed and a feed rate of 0.06 m3/hr. Units 

requiring 45 to 90 kW of power that are capable of handling 15  m3/hr of feed 

are available. In some units, computer-based systems automatically control the 

fluid content of discharged solids when feed solids content varies47. The 

power used to drive the scroll is sensed. Scroll speed automatically decreases 

when power-use drops because discharged solids are too dilute and increases 

when power-use rises because discharged solids are too concentrated. 
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Other Centrifuges: Expression occurs when sediments consolidate to  form 

dense plugs in clinical and laboratory centrifuges. Expression has been carried 

out in perforated basket centrifuges, which were used t o  dewater waste- 

treatment sludge as early as 1 90248 

Lowe et al.49 used a batch, perforated-basket centrifuge with 0.5-mm holes 

to  recover juice from milled apples in a two-stage system. A screw press 

served as the second stage. Cakes of partly pressed mash were periodically 

plowed out of the centrifuge and fed into the screw press, which worked more 

efficiently because of the centrifugal dejuicing. 60% to  75% of the available 

juice was recovered in the centrifuge. The centrifuge initially rotated just fast 

enough (e.g. 100 rpm for a 0.9-m diameter basket) to  hold mash against the 

basket wall. Feed was fed in to  form a 75-mm to  150-mm thick cake, which 

was lightly compacted using slow rotation for another 15  t o  60 seconds. Then 

speed was progressively increased to  full speed (e.g. 200 rpm) and held there 

until a desired level of juice recovery was obtained. This typically took t w o  

minutes. When prolonged holding was used, the residual cake weight dropped 

t o  35% of the original feed weight; centrifugation was stopped well before this 

point. Juice produced in the centrifuge was much clearer than juice produced 

in the press; combining the t w o  juice streams provided juice of acceptable 

clarity. Overall juice yields of about 82% were obtained. 

Mercone centrifuges, i.e. centrifuges in which a vertical, conical scroll 

rotates in perforated, vertical, conical shell, are used t o  continuously press juice 

from hammer-milled apples5'. The scroll rotates at a slightly different speed 

than the shell and conveys apple mash pumped into the narrow top end of the 

unit downward through the shell to  i ts wide, bottom-discharge end. Typically, 

75  gallons of mash per minute are fed into a unit, 50  gallons/min of fluid are 

expelled and 25  gallons of presscake discharges per minute. Three centrifuges 

are used in series t o  provide countercurrent expression. Water is mixed with 

the presscake leaving the second centrifuge to  provide feed for the third 

centrifuge; and weak juice expelled in the third centrifuge is mixed w i th  

presscake leaving the first centrifuge to provide feed for the second centrifuge. 

Juices from the first and second centrifuge are combined as product. 85% of 

the juice solids in the apples are recovered. Presscake discharged from the 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 41 

third centrifuge is mixed with water again and pressed in a fourth Mercone, 

yielding weak juice used for production of vinegar. 

4. TECHNICAL BACKGROUND 

Definitions: Special definitions and abbreviations will be used to  facilitate 

discussion, e.g. CBS frequently will be used as an abbreviation for cellular 

biological solids. Porous outflow surfaces or combinations of such surfaces 

and filter papers, cloths or screens that cover them will be called "media". 

Insoluble solids that cannot pass through media are called "fixed solids", 

sometimes abbreviated as FS. Fluid, the material that can pass through the 

media, often contains dissolved solids and may contain fine solids not retained 

by the media. These fines would be retained by other media with smaller 

openings or might be partly trapped in a cake by depth filtration. Therefore, 

whether fines are part of the fixed solids or part of the fluid depends on the 

nature of the media and any depth filtration that occurs. Unwanted fines 

carried through the media by fluid are called "dregs". Solids that extrude 

through the media are called "foots". 

When cake compositions are expressed on an as-is weight fraction basis, 

Y, is the as-is weight fraction of water in a cake, and Ys is the as-is weight 

fraction of dry fixed solids. Water contents of cakes are also often expressed 

on a dry-fixed-solids basis, designated by the symbol X, whose units are kg 

waterlkg FS. "Non-expressible water" is water so strongly bound to  or so 

strongly entrapped in a cake that it cannot be expressed at all. I t  can be 

removed by drying. X,, is a cake's content of non-expressible water. Cell 

walls often strongly adsorb roughly 0.25 to 0.35 kg water/kg FS. Based on 

residual X a t  very high pressures, X,, for separated but otherwise-unaltered, 

hollow wood fiber cells = 0.40 kg water/kg FS5'. Removal of lignin and 

hemicellulose by pulping causes X,, for wood fiber cells to increase to 0.65 to  

1.2 kg water/kg FS depending on the method of pulping used. Therefore X,, 

for cell walls may depend on its lignin content. 

E ,  the porosity, is the fraction of cake volume occupied by pores, i.e. not 

occupied by fixed solids, and (1  - E ) ,  the solidosity, is the fraction occupied by 
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42 SCHWARTZBERG 

fixed solids. Presscakes frequently contain air or other gases. The fraction of 

the cake volume occupied by air or gas is (1 - s )  ‘ E ,  where s is the fractional 

saturation of the pores. 

Cellular biological solids contain many internal pores. V indicates the 

fraction of cake volume occupied by pores inside particles, and E’ indicates the 

fraction of cake volume occupied by pores outside the particles. The solidosity 

of cakes containing porous solids, is 1 - E‘  - V; the total porosity, E = E’ + V. 

The “apparent solidosity” of cakes containing particles wi th closed pores is 

(1 - &’I. 

Compaction and Flow Paths: Liquid may move in the direction of compaction 

or in other directions when cakes are pressed. When a cake is confined 

between a moving, flat, impermeable ram and a parallel porous outflow surface, 

compaction and f low occur in the direction of ram movement. When a cake is 

compacted between parallel porous plates, there is a “neutral-plane’’ where the 

relative velocity between the fixed solids and the fluid is zero. Compaction and 

f low on either side of this plane occurs towards the apposing porous plate, and 

the neutral plane effectively acts like a ram. Both of these types of expression 

involve uniaxial compaction and flow, and both can be analyzed in the same 

way. 

Cakes are sometimes pressed between expanding or contracting imperfor- 

ate cylindrical surface and a concentric perforated surface. Fluid moves radially 

outward or inward away from the expanding or contracting surface and 

towards the perforated surface; compaction occurs in the same direction. 

In screw presses where screws with a diminishing pitch are used and/or 

where solids outflow is restricted, compaction primarily occurs in the axial 

direction and f low primarily occurs in the radial direction. Axial compaction and 

radial f low also occur in curb presses, where cakes are compacted between 

solid end plates coming together in perforated cylindrical barrels. In each of 

these cases, drag due to  f low causes additional compaction in the radial 

direction. 

Solids follow spiral flow paths as they compact and pressure builds up in 

screw presses, generating a pressure gradient along the spiral path. The built- 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 43 

up pressure causes radial outflow; the fluid pressure gradient along the spiral 

path forces some fluid backward. This fluid discharges through barrel 

perforations in regions where the cake is less compacted. Based on observed 

rates of solid or fluid discharge and nominal conveying rates for screws, some 

slippage or local back-movement of solids occurs in screws. Part of that back- 

movement may be caused by drag exerted by backflowing fluid. 

Compaction is mainly axial in cases where perforated plates move together 

inside perforated frames. Mixed axial and transverse f low occur. The 

transverse f low causes transverse compaction. 

In roll mills, fixed solids move forward through the nip between pairs of 

rolls; expelled fluid does not. Some of the expelled fluid moves backward 

through the advancing solids and some moves into grooves on the roll surfaces 

and then f lows backward. Compaction primarily occurs roughly at right angles 

to the direction of solids f low.  The fluid flowing directly backward passes 

through progressively less compacted cake and sooner or later turns away from 

the solid f low path and drains out of the advancing bed”. The greatest applied 

pressure occurs slightly upstream of the nip. This generates a fluid pressure 

gradient that pumps some fluid through the nip. 

Solid Stress and Fluid Pressure: Particles deform when saturated cakes are 

compressed, and fluid f lows in pores between the particles. Consequently 

stress increase, AP,, develops in the particles, and a flow-induced pressure 

increase, AP,, develops in the fluid in the pores. Fig. 31, adapted from 

Terzaghi and Peck5’, provides a way of visualizing how AP, and AP, behave 

during uniaxial compression and flow. It depicts a layer of saturated soil or 

presscake as a series of plates separated by liquid layers containing many 

parallel springs. Fine channels pass through each plate. The springs represent 

mechanical resistance t o  consolidation, the factor generating AP,; the fine 

openings in the plates represent the filtration resistance of the bed, the factor 

causing P, t o  rise. When pressure increase, APT, is applied, liquid f lows 

through the openings in the plates and out of the bed, generating a flow- 
induced rise in P,. Initially, counterpressure provided by the springs does not 
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Compressive 
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1 Basin 1 l u l  11 Expelled Fluid 
Expelled Fluid 

FIGURE 31 Terzaghi-Peck model for consolidation of saturated soils52 

increase. Therefore, AP, initially = APT. Then the springs compress in regions 

where fluid has flowed out of spaces between plates, generating stress 

increase, AP,, which partially counterbalances APT. Therefore, f low 

progressively slows down; and AP, progressively decays and ultimately 

approaches 0. AP, = 0 initially, but progressively increases and gradually 

approaches APT. In unsaturated cakes APF = 0, not APT, when compaction 

starts. 

AP, + AP, = APT in all parts of saturated cakes; but local P, and P, 

change as local outflow and compaction occur. 

P,, PF and P,, i.e. for cases where PT # 0 prior to  pressing, or for changes in 

PT in cakes that are already undergoing deformation. APT, AP,, and AP,, the 

respective changes in PT, P, and P, caused by the change in load, are simply 

added t o  the P,, P, and P, that existed before load changed and P, = P, + P,. 

A similar equation applies for 

Cakes effectively contain an infinite series of differentially small rheological 

elements. Therefore cake compaction can be described in terms of a partial 

differential equation (PDE) and associated initial and boundary conditions (IC 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 45 

and BC). Solutions of such PDE often satisfactorily describe initial stages of 

moist soil consolidation and expression of fluid from filter  cake^^^.^^. 

Nature of P,: Fluids transmit pressure equally in all directions; so P, acts 

uniformly on all exterior surfaces of particles at given levels in a cake. Solid 

stresses do not act uniformly in all directions. P, is the axial component of 

solid stress. The corresponding transverse component is P,. B = P,/P,. 6, an 

analog of Poisson’s ratio, often appears to remain constant as Ps changes. 

By definition, Ps = P, - P,. Thus Ps measures by how much total axial 

force per unit area exceeds P,, i.e. it is the local excess axial stress acting on 

particles averaged over the whole area. Particles only occupy (1 - E ’ )  of that 

area. Therefore the true mean excess axial stress in particles = Ps/(l - E ’ ) .  

The local excess stress varies from point to point. It is greater than Ps/(l - E ’ )  

where particle surfaces press on one another. 

Bulk Specific Volumes and Porosity Ratios: Volumes and heights or 

thicknesses of presscakes change during pressing. The volume or mass of dry 

fixed solids remains constant and can provide a convenient frame of reference 

for describing volume changes during pressing. V is the local bulk volume per 

unit mass of dry fixed solids, (in S.I. units, m3/kg FS). The porosity ratio, e = 
&/(I  - E ) ,  is the pore volume per unit volume of fixed solids. V, is the value of 

V at the start of pressing and V, is its final value. e, and e, are the 

corresponding values of e. 

e is useful for dealing with cakes containing non-biological solids where 

particle volume does not change during pressing. Cellular biological solids 

(CBS) deform much more than non-biological solids and contain relatively 

closed pores. Curds and flocs of biological origin also deform readily and 

contain very fine open pores. V and E are often difficult to determine for such 

solids, and flows within such solids behave quite differently than flows in 

spaces between particles. V can be more readily determined than e for 

presscake containing CBS. Therefore expression involving CBS will often be 

analyzed in terms of V instead of e. Conversions between e, & and V involving 

use of ps, the intrinsic density of fixed solids, are listed in Table II. 
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46 SCHWARTZBERG 

TABLE II Conversions between variables 

(Entries provide variable listed at top in terms of variable listed at left.) 

To determine V, a measured volume, Q,, of cake is sampled, leached t o  

remove soluble solids, and then dried to  constant weight, M,. V = Q,/M,. V,, 

the specific volume of the fixed solids = llp, . V, 5= 0 . 6 7 ~ 1 0 . ~  m3/kg FS for 

CBS; for soils it ranges from 0 . 3 3 ~ 1 0 - ~  to  0 . 5 ~ 1 0 . ~  m3/kg FS, and = 0 . 4 ~ 1 0 ' ~  

m3/kg FS on the average. 

V and e Ranges: V, and e, and typical e, and V, for different classes of 

materials are listed in Table Ill. 

V,, the initial V for fluid-filled particles by themselves = V;(l - E ' )  at the 

start of pressing. V,/V, for moisture-rich CBS usually lies between 11 and 49, 

but sometimes is as low as 4. Vc is the V at which a cake becomes 

completely saturated when all gas is cleanly expelled. V, depends on s,  the 

fractional saturation. Vc equals V, when s = 0 and it equals V, when s = 1. 

Fluid clings t o  particles in drained cakes. Therefore V, is always greater than 

V, and usually less than V, for drained cakes. 

Non Expressible Water: Moist cakes contain non-expressible water. Therefore 

V, for such cakes is always somewhat greater than V,, the bulk specific 

volume of the fixed solids and non-expressible water they contain. V, = 

Vs( l  + X,;V,) where V, is the specific volume of water, (i.e. = 1 x 

m3/kg). Some V, are listed in Table Ill. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 41 

Material e0 

Fruit 28 t o  90 

Table Ill Typical V and e for different types of cakes 

(Units of listed V are 1 ~ 1 0 . ~  m3/kg FS) 

VO ef v f “U 

19 t o  60 1.5 t o  15 1.7 t o  1 1  1.1 to 
1.25 est. 

Oil seeds 

Sugar 
Cane 

Waste 
Treatment 

sludge 

Kraft Pulp 

Other 
Pulps 

Hard 
Particles 

Most  soils 

~ ~ 

4 t o  8 3.3 t o  6 0.06 t o  0.74 t o  0.74 
0.16 0.83 

15 t o  17 10 to  4.7 3.8 
11.3 

13 to 23 9 t o  16 3.5 t o  6 3 t o  5.3 

5 t o  5.5 4 t o  4.3 2.25 2.1 7 1.07 t o  
1.27 

6 to  13 4.7 t o  9.3 2.4to 2.7 2.3 t o  2.5 1.07 t o  
1.85 

0.54 to 0.25 to  
0.82 0.33 

0.7 t o  1.3 0.68 to 0.25 t o  0.5 to  0.6 0.5 
0.92 0.5 

Swellable 
Clays 

5.  SOLID STRESS 

1.7 t o  5 1.1 t o  2.4 0.45 to  0.58 to  
2.3 1.32 

Ps Correlations: It usually is assumed that P, only depends on e during 

compression. Function P,(e) provides P, when e is specified. A n  inverse 

function e(P,) provides e when P, is specified. V varies linearly as e varies. 

Therefore P,(e) can readily be converted into function P,(V), which provides P, 

when V is specified. V(P,) provides V when P, is specified. 

P, usually does not  increase linearly as e or V decreases; and P,(e) and 

P,(V) are usually non-linear functions that depend on the nature of the material 

being compressed. For many soils54t55. 
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for P, > Pref. e = eref when P, = Pref. C, is known as the coefficient of 

compressibility. E q  ( 1 )  is frequently used in expression literature. For sandy 

soils, C, = 0.02 t o  0.2; for clays, C, = 0.04 t o  1.1. Most C, fall between 

0.04 and 0.4, but are higher for clays with high initial moisture contents. For 

foods that obey E q  (1). C, range between 1 and 5.6. 

Ps(V) are more convenient to use for CBS than P,(e). For materials that 

obey E q  ( 1 ) :  

V = Vref when Ps = Pref. K = pslC,. In addition to  working well for many 

soils, Eqs (1) and (2) also work well over some P, and V ranges for spent 

coffee grounds56, alfalfa57, protein curds58, s o l k a - f l ~ c ~ ~  and sugar beets6'. 

Eqs ( 1 )  and (2) probably have a mechanistic basis. P,, the normal stress 

acting on interfaces between particles is proportional to  P,. f, is the coefficient 

of friction between particles and A, is the contact area between particles. The 

frictional force acting on adjacent particles moving relative t o  one another 

during compaction is P,.f,*A,, i.e. and therefore is proportional t o  P, - f,-A,. 

A, increases because particle surfaces overlap each other more and more as 

compaction proceeds. dA, is proportional to  - dV during uniaxial compaction of 

a confined bed of particles. P, must increase to  overcome friction between 

particles for compaction to  proceed. Therefore dPs is proportional to  

P,-f,.dA, and -P,.f,.dV. I f  f, and all other proportionality constants are 

combined in a single constant, K, dPs = -K.P,.dV, which when integrated 

yields E q  (2). 

Eqs  ( 1 )  and (2) do not apply over the whole pressing range. As V 

approaches Vu. Ps increases more rapidly than described by E q  (1 ) or E q  (2). 

For initially uncompacted cakes P, + 0 as V -.+ V,. Since Eq (2) does not 

satisfy this condition, it is not valid at V close to  V,. Fig. 32 depicts how 

log(P,) probably varies as V changes between V, and V,, when E q  (2) applies 
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0.1 d 0.001 O.&Z 0.633 O W  0.605 0.0% 
I I 1  I I U  

V ( m3/ kg FS) 

FIGURE 32 Log Ps versus V including non-linear ranges for materials that 

obey E q  (2) over much of their potential consolidation range 

between Vref and V,. Below V,, P, turns up sharply as V decreases; and above 

Vref, P, probably increases linearly V decreases. Eqs (1 ) and (2) apply between 

1 Mpa to 10 Mpa for sandy 0.1 Mpa to 200 MP, for clays, 0.1 Mpa to 

1.2 Mpa for spent coffee grounds; and 4 Kpa to 100 Kpa for protein curds. 

Compressive Stressstrain Maps: The P, behavior versus V behavior depicted in 

fig. 32 is in some ways similar to that shown in maps of Ps versus compressive 

strain developed for porous solids by Ashby6'*62. A modified Ashby map is 

shown in fig. 33. It shows steep P, versus (V, - V)/V, behavior at (V, - VIN, 

close to  0 and near (V, - V,)/V,. The intermediate region in Ashby maps is 

usually flatter than shown in fig, 33, but for biological solids, P, often rises 

more steeply than usually depicted for that r e g i ~ n ~ ' , ~ ~ , ~ ~ .  Densification and 

the rapid Ps rises that accompany it start at lower (V, - V)N, when cell walls 

are thick, i.e. VsN, is large. P, also is larger prior to densification when cell 

walls are thick. Ashby6' shows that strength and deformation properties of 

cellular porous solids depend strongly on V,/V,. Properties such as the elastic 

modulus, various types of yield stresses and fracture toughness tend to be 
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." , 0.3 
{ 1 Liiear Elasticity ,, ,,, nC 

- 
0.0 0.2 0.4 0.6 0.8 i.0 

( V O  - V ) / V o  

FIGURE 33 Modified Ashby compressive stress-strain map for porous solids6' 

proportional t o  (Vs/V0)"'. m depends on the property in question and usually 

lies between 1.5 and 2 for foams with open cells and between 2 and 3 for 

foams with closed cells. Ashby's strength versus Vs/Vo relationships provide 

bases for estimating how the deformation properties of cellular tissue will 

change as cell wall thicknesses change during growth and ripening. 

Irreversibility: Consolidation is not reversible. As shown in fig. 34, Ps 

decreases extremely rapidly when V or e is allowed to  increase following 

c o m p a c t i ~ n ~ ~ , ~ ~ * ~ ~ .  Ps drops to  0 after slight increases in V or e and rises very 

rapidly if pressing is resumed. After a small decrease in V, Ps follows the Ps(V) 

curve that would have applied if pressing had not been interrupted. Thus the 

initial part of a P, versus V curve for a previously pressed material would be 

different from that for an unpressed material of the same type. Consequently 

Ps(V) often depend on past compression history. Friction between particles 

opposes both compaction and expansion. Therefore it probably contributes t o  

Ps irreversibility. 
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2.5 5.0 7.5 

V (m3/kg)x1 ,000  

FIGURE 34 Irreversibility of P, versus V behavior during compaction and 

expansion 

Because of irreversibility, P,(V) used for compaction cannot be used as-is 

for expansion. Even if Eq (2) applies for expansion, K will be much larger for 

expansion than for compression. 

Other P,(e): P, for waste-treatment sludges65 and clays has been correlated by 

P,/ Pref = E, [ eref /el (3) 

L e ~ n h a r d ~ ~ , ~ ~  found n were between 1.4 and 10 for waste-treatment sludges. 

Another equation used for sludges and clays65 is 

e - e,  
e ,  - e,  

= exp [-AP,l ( 4 )  

with A ranging from 0.09 to  0.53/Pa for waste-treatment sludges and from 

0.007 to  0.02/Pa for concentrated clays. The following relationship is 

frequently used for filter cakes6* 
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( 5 )  

Leu6' indicates that b = 0.05 for slightly compressible filter cakes, 0.1 5 for 

moderately compressible cakes and 0.30 for very compressible cakes. 

Other P,(V): Many other types of non-linear P, versus V correlations have 

been reported for CBS. Several are presented below. The constants used are 

indicated by E wi th a subscript. n is used as an exponent for V terms and b is 

used as an exponent for P, terms. For sugar cane and baga~se:~'.~, 

E p =1 
V" 

Different n have to  be used for different pressure ranges7', e.g. n = 5 when 

P, is between 5MPa and 8 2  MPa (an important P, range in sugar mills) and n 

= 2.5 for P, between 7 kPa and 390  kPa7'. Murry and Holt17 found that P, = 

E,[(Vc/V - E,]' for sugar cane and bagasse at low Ps, E, markedly increases 

and E, slightly increases as the coarseness of the shredded cane or bagasse 

increases. E, is much higher for bagasse (23  to  53 MPa) than for cane (0.28 

to  0.9 MPa). E, ranges between 0.24 and 0.28 for cane and 0.0235 and 

0.028 for bagasse. 

For paper pulp a t  P, between 4 kPa and 2.0 MPa73z74 and for talc, 

polystyrene latex, metal powders, metal oxides and sulfides, CaCO,, activated 

carbon, iron blue pigment, solka floc and diatomaceous earth5' at P, between 7 

t o  70 kPa and P, = 7 MPa. 

which when integrated for b # 1 yields 
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b ranges between 0.65 and 1.35, and frequently is reasonably close to  1 a t  

high P,; e.g. b = 1 for solka floe and grade SF carbonyl iron, 1.035 for 

polystyrene latex, and 1.07 for tungsten powder. If b = 1, Eq ( 2 )  is obtained 

when Eq ( 7 )  is integrated. 

Eq (9) has been used for dry, and oil- and water-saturated absorbent cotton, 

wool felt and a s b e s t o ~ ~ ~ , ~ ~  at  P, between 1.7 MPa and 138 MPa, dry paper 

pulp, pulp moistened with various different liquids. wool fibers and sawdust77 

at  P, between 27.5 MPa and 138 MPa; and dry polymer granules78 at P, > 14 

MPa. 

E 
l I l ( P , )  = E, + 6 V 

For apple pulp7’ at P, between 400 kPa and 1.8 MPa 

The units of P, in Eq (10) are Pascals. 

V(P,) Dependence on Time: In tests used t o  measure P, versus V behavior, P, 

is maintained constant while V equilibrates. At equilibrium, P, = P, and V = 

V(P,). Relatively long times may be required for equilibration. Waits of a day 

or more are used when determining Ps(e) for soils; and i t  is recognized that true 

equilibrium is not reached even then. One-day tests apparently yield true 

values for C,; and time-induced changes in Ps(e) apparently can be accounted 

for by allowing eref t o  decrease slightly as time increases. 

In pressing tests with other materials, P, was maintained constant until no 

more liquid was expelled. Often, only 2 to  15 minutes was allowed for 

equilibration. The time allowed for equilibration is not given in many cases. 

Equilibrium was not reached even after 2 hrs for milled apples7’, nor was it 

reached after 4 hrs for oil seedsE0(*’. 

Kormendy7’ and Mrema” noted that after a while IogIV - V(Ps)I decreased 

linearly as holding time, t,, increased, which agrees with pressing equations 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



54 SCH WARTZBERG 

based on the model in Fig. 31. Kormendy used this observation to  determine 

V(P,). 

Wilder83 noted that for paper pulp E, in Eq (6) increases linearly as log(t,) 

increases. This relationship can only apply over a limited time range, otherwise 

V would ultimately approach 0. 

K O O ~ ~ , ~ '  used Eq (1 1) for t, between 0.5 and 4 hr for oilseeds pressed in a 

curb press. 

pp is the particle density prior to  pressing, pF the oil density and p i ts viscosity. 

E, varied wi th the type of seed used and was higher for seeds with high oil 

content. The exponent m also varied; e.g. it was 1 /4 for soybeans and 

cottonseed, 116 for rapeseed, peanut and tung and 1 /12 for sesame seed and 

castor beans. Similar equations with different constants have been reported". 

These relationships cause V to  ultimately become negative at large t,. 

Therefore they cannot be true at very large t,. 

Effect of Pressing Rate on P,: As rates of pressing increase ram pressure, P,, 

at equal V increases55~72~79z84. It is usually assumed that this occurs solely 

because P, increases as flow rates increases. Both P, and P, were measured 

during constant speed pressing of spent coffee groundss5 end used to  calculate 

P,. P, = P, - P,. It was found that Ps depended on pressing speed as well as 

on V. 

Secondary Consolidation: Primary consolidation in soils is often followed by 

slower secondary consolidation of smaller extent caused by "plastic creep"86. 

The model in fig. 31 is modified in fig. 35a to  account for such creep by 

placing a Kelvin-Voigt element (a spring and dashpot in parallel) in series w i th  

each original spring. If the added element represents part of the rheological 

behavior of solid particles in a cake, Ps should be time dependent. 

Compactions of cellular biological particles causes outflow from particles. 

This outflow causes much more cake volume reduction for CBS than secondary 
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Porous Plate , 

$ Spring 

r - l  

Bed flow Resistance 

Particle-Particle 
Interaction 

Response 

I b) Bed Flow Resistance 

FIGURE 35 Kelvin-Voigt modifications of Terzaghi-Peck model; a) use of a solid 

dashpot to model creep; b) use of a perforated dashpot to model outflow from 

particles of cellular biological solids 

consolidation does for soils. The dashpot in 35a is replaced by a perforated 

one in 35b to depict pressing of fluid out of particles into spaces between 

particles. 

Internal Pressure: Excess pressure P, builds up in fluid inside CBS particles 

during pressing, and sooner or later forces fluid out of particles. Particles of 

CBS usually contain many cells separated by walls with small pores. Thus 

individual particles may act like miniature presscakes. Therefore, as shown in 

fig. 36, miniature versions of the array shown in fig. 31 may be used instead of 

Kelvin-Voigt elements to  model pressing responses of CBS particles in cakes. 

Exudation rates are probably proportional to P,, the available flow area and 

the hydraulic conductivity of cells walls involved, and are inversely proportional 

to flow path length. Hydraulic conductivities have been measured for some cell 

wa11s87-92, but usually are not known. P, can be measured during pressing; P, 

is hard to measure, and is usually treated as part of P,. Since P, usually 

depends on the pressing rate or local rate of compaction, local Ps for CBS 
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n II u II II II II II II II 11 II ii _II II II 

FIGURE 36 Use of Terzaghi-Peck sub-elements in Terzaghi-Peck model t o  

account for deformation and f low inside of particles of cellular biological solids 

should also be a function of pressing rate or of local aV/at as well as being a 

function of V or e. 

6. CELL AND TISSUE STRUCTURE 

Cells: Cell properties can greatly affect the pressing behavior of plant material. 

Therefore, plant cell structure will be discussed in some detail. Plant cells are 

encased in a selectively permeable lipoprotein membrane, the plasma 

membrane, surrounded by a relatively rigid wall made of cellulose fibers 

imbedded in a matrix containing hemicelluloses, pectins and small amounts of 

glycoproteins (see fig. 37) all linked together mainly by hydrogen bondsg3. 

Acidic pectins in the matrix are also cross-linked by Ca++ ions. Large amounts 

of lignin, an amorphous polyphenol, are found in many plant cell walls. Lignin 

cements cells together in wood, which contains 20% t o  35% lignin by weight. 

Fruit and vegetable cells are cemented together by protopectin, an insoluble 

form of pectin; the junction region is called the middle lamella. 

Some plant cell walls are only 0.1 pm thick, others are many micrometers 

thick, e.g. some wood cell walls are 7 p m  thick. The wall supports the cell and 

provides a base for bonding it to  other cells. Most animal cells have walls that 
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FIGURE 37 Model of cell-wall structure (Alberts et al.93 From Molecular 

Biology of the Ce//, Garland Publishing, Inc.) 

performs similar functions; but they consist of fibrous proteins, e.g. collagen, 

embedded in a hydrated polysaccharide gel. 

Cells contain an internal, fluid-filled compartment, the vacuole, surrounded 

by a second membrane, the tonoplast. Vacuoles usually occupy most of the 

interior of cells of juicy plant materials. The cytoplasm, the cell region between 

the tonoplast and the plasma membrane, contains the cell nucleus, organelles 

and other physiologically active units. It may also contain grains of starch and 

oil droplets. Active cells take in water and expel wastes. Most of the 

resistance to passage of water and small molecules occurs in the plasma 

membrane; less than 10% occurs in the wall. Therefore resistance to expulsion 

of juices or diffusion of water or solutes out of cells can be greatly reduced by 

denaturing or rupturing the plasma membrane. 

Typical plant cells diameters range between 20 pm and 130 pm. Wood 

cells are 1 mm to 7 mm long, but only 16 pm to 44 pm wideg4. Cell diameters 
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EPIDERMAL CELLS 

PALISADE CELLS 

SPONGY 

CELLS 
PARENCHEMAL 

EPIDERMAL CELLS 

FIGURE 38 Cross section of a young alfalfa leaf. The highly porous mid- 

section occupied by spongy parenchymal cells is more completely filled when 

the leaf matures. 

vary w i th  time and position in the plant. The average diameter of apple cells 

three weeks prior to  full ripeness is roughly 100 pm; at full ripeness i t  IS 

roughly 130 pmg5. Thicknesses of apple cell walls vary between 0.5 p m  and 

1 .O pm. In late stages of growth, wall thickness decreases as cell diameter 

expands. Sugar beets cells have an average diameter of roughly 40 pm and a 

wall thickness of roughly 0.8 pm; individual cell diameters range from 20 prn to 

60 p-n96-97. 

Some cells have a great deal of intercellular space between them, e.g. 

intercellular space occupies roughly 25% of the volume of apple tissue and 

roughly 30% of the volume in sugar beets. On the other hand, cells in most 

seeds, are tightly packed. Fig. 38, a sketch of a young alfalfa leaf, shows a 

case where both tightly packed and loosely packed cells are presentg8. 

Expelled fluid encounters very little in-particle resistance to  flow after leaving a 

cell when the amount of intercellular space is large. Unfortunately, intercellular 

space often collapses quickly during p r e s ~ i n g ~ ~ , ~ ~ .  Vascular systems of plants 

may also facilitate f low of expelled juice. In sugar beets, part of the vascular 

system (fine, highly lignified tubes, "tracheary" elements, 20 t o  40 pm in 
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diameter) remains open during p r e s ~ i n g ~ ~ , ’ ~ .  Expelled fluid has to travel 

through many cell walls in series when material made of densely packed cells is 

pressed. Therefore in-particle flow resistance for such materials will be large. 

Most cell walls have pores with diameters ranging between 3.5 and 4.2 

nm93. Pores in cells with thick walls may have effective diameters as small as 

1 nrnloo. Large molecules cannot pass through such pores. Comparisons of 

solute diffusion coefficients in water and in spent coffee grounds, a CBS with 

completely denatured plasma membranes, indicate that pores occupy roughly 4 

to  5% of cell wall area. Exterior surfaces of cells located on the outside of 

plants are covered by a waxy cuticle that greatly reduces transfer of any sort. 

Solid components in the wall hydrogen-bond with one another instead of wi th 

water when plant tissue is completely dried, and cell wall pores effectively 

close. Plant cell walls and epidermal cells have to be ruptured in order to  

express organelles and high molecular weight solutes. 

Turgor: Excess internal pressure, “turgor“, develops inside biologically active 

plant cells due to osmotic imbalances between intracellular and extracellular 

fluid. Turgor pressure provides much of the structural strength of plant cells. 

It ranges from 50 kPa (0.5 atm) in some large single-celled algae to 5 MPa (50 

atm) in some stomata1 guard cells (cells that regulate gas exchange in 

leaves)93. Plasma membranes and cell walls in living plants are under tension 

because of turgor. Most of the strength of plasma-membrane cell-wall 

combinations is provided by the wall. Tension in the wall counterbalances 

tension in the membrane. Plant cell walls are very strong in tension, but buckle 

easily when turgor pressure is relieved. Cells that have their walls removed and 

are placed in water rapidly swell, and their plasma membranes burst. 

If plasma membranes are denatured, e.g. by heating plant tissue to  50°to 

7OoC or by chemical treatment”’, turgor disappears and cells deform much 

more readily. Heating above 7OoC causes pectin to dissolve. This allows cells 

to break apart fairly readily when subjected to stress. Pectin also breaks down 

slowly as fruits age after harvest; consequently fruits soften as they age. 

These changes greatly affect the pressability of fruit. 
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Growing cells have only a primary wall containing randomly oriented, highly 

hydrated cellulose fibers. Water and dissolved solutes make up roughly 60% of 

the weight of primary walls in biologically active cells87. Turgor pressure 

causes primary walls t o  stretch as cells grow. Therefore cell walls often 

become thinner as fruits ripen. 

Secondary walls are laid down inside the primary wall after cells stop 

growing. Secondary walls often consist of several layerslo2. Cellulose fibers in 

some of these layers lie largely parallel to  each other; in other layers there may 

be a cross-weave pattern. Such fiber arrangements greatly strengthen wood 

cells, which remain strong in the absence of turgor. 

Plasmodesmata: Interiors of adjacent cells connect through fine membrane- 

lined channels, "plasmodesmata", that interconnect neighboring plasma 

membranes and pass through cell walls at "pits", round depressions in the wall. 

In some cells, the pits is only 10 to  20% as thick as the rest of the 

Therefore pits are weak points in walls. Plasmodesmata are usually 20 t o  40 

nm in diameterg3; diameters of 8 0  to  120 nm have been reported for 

oilseeds82. There may be as few as 0.008 plasmodesmata per pm2 of cell 

surface, and as many as 140 per pm2 on nectar-secreting cell surfaces. Often 

there are less than 1 plasmodesmata/pm2. There would be roughly 7850  

plasmodesmata in the wall of a 50  pm diameter cell containing 1 plasmo- 

desmata/pm2, but the plasmodesmata would cover less than 0.13% of the wall 

area. Therefore in cells wi th denatured membranes, plasmodesmata provide 

much less area for transport of small molecules than cell wall pores do. 

Plasmodesmata also seal when cell membranes are denatured by heating". 

Intact plasmodesmata allow molecules t o  pass directly from cell t o  cell. 

Flow within the symplast, i.e. the space bounded by interconnected plasma 

membranes, is called symplasmic flow8'. Flow that takes place in dead 

vascular cells (xylem) and in extracellular parts of plant tissue, including f low in 

pores between cells and in hydrated cell walls is called apoplasmic flow. 

Plant tissue is far from homogeneous in structure. Cell size varies w i th  

radial position in apples and from the top of an apple t o  i ts bottom. Alfalfa 
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leaves contain several different types of cells, and leaf characteristics vary from 

the top of an alfalfa plant to its b ~ t t o m ” ~ .  Sugar cane, a very frequently 

pressed material, has a core (pith) that contains fine-walled sugar-rich cells, and 

a rind made up of hard, woody cells that contain less sugar’05. Straight 

sections of sugar cane are also separated by woodier nodes. In wood, cells 

that form in the spring are small and their walls are thin. Wood cells that form 

in the summer are larger and their walls are thickg4. The alternation in cell wall 

thickness and cell size is responsible for annual rings in wood. In spite of such 

non-uniformity, pressed materials are usually treated as if they are 

homogeneous in nature when expression is analyzed. In industrial scale 

pressing, initial inhomogeneity is partly averaged out by mixing of feeds and by 

processes that convert tissue into particles; but errors due to inhomogeneity 

can easily occur when small test samples of material are pressed. 

7. COMPACTION AND FLOW 

Uniaxial Compaction and Flow: To illustrate how compaction and flow in 

presscakes are described mathematically, let us examine uniaxial compaction 

and flow in a cake pressed between an impermeable flat ram and a flat outflow 

surface in a cylinder with impermeable walls. See fig. 39. 

The cake height is Z and it contains mass W of fixed solids per unit of cross 

sectional area. As shown, 2 and heights of local bits of fixed solids decrease 

during pressing. To provide coordinates whose positions do not change with 

time during pressing (see fig. 401, axial coordinates based on w, the mass of 

fixed solids between the ram surface (w = 0) and positions in the cake will be 

used. Such coordinates are called material coordinates or reference-substance 

coordinates. It is assumed that fixed solids initially present at any w/W remain 

there during pressing. 

In the literature, w is usually measured from the outflow surface, i.e. w = 0 

at the outflow surfaces. To provide positive flows in the direction of increasing 

w, the opposite convention is used here. This affects the sign of some terms 

in equations, but does not affect basic results significantly. 
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initial Condition 

Media 

1 
n 

@ Area = 

aaaa 8 Q Expressed Fluid 

FIGURE 39 Ram. cake and outflow media setup during uniaxial expression 

Ram 

t = O  

Ram - 

Cake 

t = l  
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t - 2  
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T 

- lil t = O , 1 , 2  

FIGURE 40 Changes in Z-based and (w/W)-based coordinates during uniaxial 

compression 
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i U+dU 

Net volume outflow rate = Ad U = 

Volume reduction rate = - dw(dV/dt)A 

Therefore dU/dw = - dV/dt 

FIGURE 41 Balance between net outflow and volume changes for a dw thick 

slice during uniaxial compression 

V,, the average value of V, = ZNV. The cake may contain air. If so 

interparticle flow of fluid will occur between w, and w2 when 

Vc is the value of V when all air has just been expelled, i.e. the largest V at 

which cake contains only fluid and solids. If all air initially present is cleanly 

displaced during pressing, outflow occurs when V, 5 V,. 

U is the local superficial fluid velocity relative to the fixed solids. Since the 

fixed solids and fluid move together a t  the ram surface, U = 0 at w = 0. Fig. 

41 shows flow into and out of a slice of unit area and thickness dw during 

compaction. The net rate of outflow = (aU/aw).dw. If the fluid and fixed 
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solids are incompressible and the cake does not contain air or other 

compressible gas, the net rate of outflow equals -(aV/at) edw, the rate of 

volume contraction in the slice. Therefore 

U at  w is given by 

P, versus wlW: It will be assumed that P,, and Ps in w /W planes do not vary 

wi th lateral position during pressing. This assumption, used by most workers 

in the field, is supported by measurements by Sawamoto”‘, but contradicted 

by equilibrium Ps measured by Tiller and Lu’07 in tests where wall friction was 

quite large. Therefore, whether or not Ps is uniform across wNv  planes may 

depend on the relative magnitudes of wall friction and shear forces produced by 

friction between particles during pressing. 

Flow Friction: If field forces, i.e, gravity and centrifugal force, are negligibly 

small, dPF/dw will be governed by Eq ( 1  6) for f low through filter  cake^^^,'^^ 

CY is the local specific filtration resistances and p is the viscosity of the fluid. 

Alternative  expression^^^^'^^ based on Darcy’s permeability law are often used: 

e.g. Eq ( 1  7 )  is used in soil mechanics 

h is the fluid pressure drop expressed in terms of liquid head and k’ is the 

Darcy’s law permeability. This become 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 65 

where the pressure gradient driving flow is dP,/dw. 

Eqs (16), (17) and (18) are equivalent and all lead to equivalent results in 

analyzing expression. When field forces and friction between the cake and the 

side wall of the pressing device are negligible, dP, = - dP,. Hence Eq (1  6) 

becomes 

Note: a = (gp,V)/(k' p ) .  

Eq (1 9), rearranged and partially differentiated with respect to w, becomes 

8. PARTIAL DIFFERENTIAL EQUATIONS 

Using Eq 114) and substituting -aV/at for aU/aw, one obtains 

If, as previous workers in the field52,53 have assumed, P, is solely a function of 

V, Eq (21 ) can be converted into 

where C = - (1 /p  cY)(dP,/dV). Kormendy' '' derived an equivalent equation. 

Similar equations in terms of E or e instead of V and sometimes in terms of k' 

instead of a are often used in soil mechanics and work on expression 22,52*54. 

Kormendy"' showed that they all are equivalent. C is often treated as a 

constant, or a mean effective C is used, causing Eq (22) to reduce to  
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66 SCHWARTZBERG 

A n  analogous, frequently used equation in terms of e is 22 

w is the volume of dry fixed solids per unit area between levels in the cake and 

the ram. C, = -(dPs/de)/(pcup,). Since w has the dimensions of length, C,, like 

diffusivity and thermal diffusivity, has the dimensions m2/s in the SI system. 

By contrast, the SI dimension for C are (kg FS2/m4-s). C, is converted into C 

by multiplying it by ps2. 

PDE in terms of e and z instead of e and w are used in soil mechanics, 

where relative deformations are small. Use of z as a variable instead of w sr w 

can cause computational difficulty when deformations are large. 

Use of a constant C in solving Eq (23) or of a constant C, in Eq (24) often 

works fairly well for soil consolidation and for pressing tests carried out w i th  

non-biological cake at constant ram pressure, P,. V and cake properties 

change greatly for milled fruit or waste-treatment sludges pressed at constant 

P,. Therefore C or C, cannot be treated as constant for such materials’ lo-’ ’ ’. 
20- t o  50-fold variations in C, occur during constant-rate pressing of casein 

curds, halved cranberries and spent sugar beet pulp”3. C, for such materials 

may also vary wi th pressing rate. Thus Eqs (23) or (24) cannot be used w i th  a 

constant C for many biological materials. 

P, based PDE: Eq (21 1 can be converted to  one solely in terms of Ps, i.e. 

which is equivalent to  

Again, it is often a ~ s u m e d ~ ~ , ~ ~  that a suitable mean value of C can be found 

and that Eq (27) can be used instead of Eq (26) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 67 

A similar equation can be written with w used instead w and C, instead of C. 

Analogous PDE: Eqs (22) and (23) can be written in terms of the 

dimensionless variables (V - V,)/(V, - V,), w/W and C,,,t/W2. Eq (27) can be 

made dimensionless by using (P - P,)/(P, - P,), w/W and C,,,t/W2 as variables. 

The subscripts o and 00 respectively indicate initial value and equilibrium value. 

Kormendy' ' showed that if media resistance was negligibly small, juice yields 

were functions of t/W2 during pressing of milled apples at constant P,. 

Dimensionless forms of Eqs (23), (24) and (27) are formally identical to 

dimensionless PDE describing conductive heat transfer and diffusive mass 

transfer in solids. Therefore PDE solutions for such transfer can be adapted to 

solve Eqs (23), (24) and (27). If C and factors involved in relevant BC are 

constant, available solutions of analogs of Eq (23) can be used to treat cases 

where media resistance (R,) is important1l5*' '' or cases where constant rate 

compaction is used' 

variables have to  be used, e.g. Ct/W2 in place of the Fourier number or Fick's 

number and R,hW in place of the heat-transfer or mass-transfer Biot number. 

18. Appropriate replacements of dimensionless 

Some Standard Solutions If C is constant, media resistance is negligibfe, V is 

initially uniform and less than V,, and constant-pressure expression is used 

If two  parallel outflow surfaces are used, there is a surface between thern 

where U = 0. This surface, the "neutral surface" effectively acts like a ram. 

In such cases W is based on half the cake load. It can be shown that 

(2,  - Z)/(Z, - 2,) can be used in place of (V, - V,)/(V, - V,) in the left-hand side 

of Eq (28). When (V, - V,)/(V, - V,) > 0.415 or Ct/W2 > 0.135, the first 

term in the series can be used alone with less than 1 % error. 
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68 SCHWARTZBERG 

Large numbers of terms are needed i f  E q  (28) is used when t is small. E q  

(29) can be used then instead of E q  (28). Use of E q  (29) causes less than 1 % 

errors when (V, - V,)/(V, - V,) < 0.62 or Ct/W2 < 0.3 

z , - z  - v , - v  = 2 .  - Ct 
z, - z, v, - v, [ scw2  

When cakes obtained from constant-pressure filtration are pressed at the same 

pressure as soon as filtration ends, V at the start of pressing = V, + 
(d2).1V, - V,).cos(~w/2W). In such cases, E q  (30) can be used t o  predict 

pressed cake thickness if C is constantz2. 

v, - v, - z, - z = 1 - exp[-$($)]  
v, - v, z, - z, 

If desired, C,t/n2 can be used in place of Ct/W2 in Eqs (28) to  (30) .  fl is the 

value of w at  the outflow surface. 

Wall Friction: To obtain high pressures, expression tests are sometimes carried 

out in small-diameter tests cells where wall friction cannot be neglected. 

Shirato’lg assumed that the local frictional force per unit of wall area between 

the cake and cylinder wall = f;P,, where f, is the coefficient of friction 

between the cake and the wall. B 3 P,/P,. Therefore, the local friction force 

per unit area = B-f, -Ps. For pressing tests carried out in a cylinder of bore 

diameter D when dPF/dw = 0, a force Balance yields 

When interparticle flow occurs and dPF/dw # 0 

aps - 4 B f , P s V  aP, 
aw D a w  

- - -  - 

Substituting E q  (16) in Eq (32) one obtains 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 69 

1 u = I[dp. + HVP, 
a k  dw 

(33) 

where H = 4Bf,/D. Differentiating Eq  (33) with respect to w and substituting 

for aUBw from Eq (14), one obtains 

Field Forces: While gravity and centrifugal force can be neglected in most 

cases of expression, gravity is important when sediments compact and expel 

fluid in settling tanks, and centrifugal force is important when cakes compact in 

centrifuges. In such cases 

0 depends on the nature and direction of the field force. 0 = g when gravity 

is the only important field force and acts in the direction of flow; 0 = -g if 

gravity acts in the opposite direction. Similarly, when centrifugal force is the 

only important field force, 0 = w2r when centrifugal force acts in the direction 

of flow: and 0 = - w2r when centrifugal force acts in the opposite direction. In 

the present instance w means angular velocity. When wall friction is negligible, 

use of a force balance and accounting for buoyancy effects, yields 

Manipulation like that used in obtaining Eq 121) yields 

- ' S p F i e ]  (37) 
av a t  - ;:I:$ a 

V g F  also equals pF/p,. in this review, we will only deal with cases where field 

forces are negligible. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



70 SCHWARTZBERG 

Need for Numerical Approach: R, and cake properties for cellular biological 

solids vary strongly during pressing. Wall friction complicates PDE describing 

expression in small-diameter test equipment. Therefore numerical solution of 

Eq (21) or (34) often have to  be used to  analyze pressing behavior. 

Boundary Conditions: One boundary condition (BC) for Eq (21 ) or (34) is: 

u = o  a t  w = O  ( 3 8 )  

Consequently 

dP, = -HVp, a t  w = o 
d w  

( 3 9 )  

If wall friction is negligible, H = 0 and aPS/aw = 0 at w = 0. Further 

a t w = w  ( 4 0 )  
d Z  u = --  
d t  

Fixed-Rate Expression: Eq. 41 provides a useful boundary condition when ram 

speed, -dZldt, is constant or a known function of time, i.e. 

When wall friction is negligible this reduces t o  

a t w = W  

Expression at Constant Pressure: If a constant ram pressure, PT, is used and 

media resistance, R,, is negligible 

P, = P, a t w = w  ( 4 3 )  

When media resistance is significant, flow pressure AP, occurs across the 

medium, and 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 71 

P, = P, - A P m  = P, - pR, a t w = W  ( 4 4 )  ( it) 
Since -dZ/dt is not specified when constant P, are used, it must be determined 

by other means. 

lnitiat Conditions: If V is initially uniform, the initial condition is 

v = v, a t  a l l  w when t = 0 ( 4 5 )  

and, if Ps is solely a function of V, 

P, = P,(V,) a t  a l l  w when t = 0 ( 4 6 )  

If pressing occurs after filtration, the P,, P, and V versus w profiles at the 

start of expression and the end of filtration are the same. Saturated mixtures 

of milled fruit and juice liberated from ruptured cells are often used as press 

feeds. If the free-juice content is large, expression may effectively be preceded 

by a period of ram-driven filtration. If so, the initial conditions for ram-driven 

solids compaction will be the conditions at the end of filtration. If the cake is 

saturated and solids compaction starts immediately, V = V, = V, at all w. If 

the cake is not saturated, V = V, > V,. Numerical methods for determining V 

versus w when V, > V, are described later. 

9. NUMERICAL METHODS 

One can readily solve Eq (21 ) or Eq (34) by finite-difference methods if 

appropriate BC and IC are known and Ps and (Y are solely functions of V, i.e. 

local P, can be obtained from Ps(V) and local 01 can be obtained from (Y(V) once 

local V are known. This section describes how this can be done for cases 

where: a) the cake is saturated; b) a known pressing rate is used; c) wall 

friction has to be accounted for; and d) V versus w is initially known. The 

pressing rate (-dZ/dt) may be constant or a prescribed function of time. 

N nodes, equally spaced in terms of Aw, are used. Node 1 is at the ram 

surface and node N at the outflow surface. Nodes 2 to (N - 1 )  are at the 
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centers of Aw-thick slices. Node 1 is at the inner surface of the first slice, 

which is Aw/2  thick; and node N at the outer surface of the last slice, which is 

also Aw/2  thick. Index I or subscript I is used t o  indicate that a variable is 

evaluated a t  the Ith node. Thus V(I) and [AV/Atl, respectively represent V and 

AV/At for the Ith slice. Based on V(I) and [aV/atl, determined from prior steps 

and application of Ps(V) and d V ) ,  V(I), Ps(I) and a(I) are known at all I .  If U(I) 

is the velocity leaving 

Therefore, in general 

slice I, the velocity entering slice 

and, based on Eq (33) 

[A, + B,] 
1 

= p (AW)2 

I ,  = U(I  - 1 ) .  

where for slices 2 to  (N - 1)  

and 

where V(I+ 1/21 = W(I) + V(I+ 1 )1/2 and V(I-1/2) = [V(I) + V(I  - 1 )1/2. 

d I +  112) and a(I - 1 /2) and Ps(I + 1/21 and Ps(I - 1 /2) are respectively evaluated 

at V( I  + 1 /2) and V(I - 112). 

Surface Nodes: Since the slice thickness is only Aw12 and U, = 0 at I = 1 

1 P s ( l )  - P s ( 2 )  
a ( 1 . 5 )  

A, = 2 

and 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 13 

At  I = N the slice thickness is also Aw/2, but Uout = -dZ/dt, the pressing rate. 

Therefore 

and 

P, (N - 1.2) V ( N  - 1/2) 
a (N - 1/2) B, = H ( A w )  ( 5 4 )  

When V, 5 V, and w = W, U,,, = U,. Eq (1  5) can be expressed in finite 

difference form and summed from I = 1 to n to obtain U,, the fluid velocity 

leaving slice n. Noting that U,"(l) = 0, one obtains 

I f  I = N is used as the upper limit in Eq (55), one obtains U(N), which 

should equal - dZ/dt. Agreement between U(N) and -dZ/dt provides a test of 

computational correctness when prescribed -dZ/dt are used. 

AP,, the fluid pressure drop across the media is given by 

R, usually varies during pressing and may be a function of V or P, at the 

outflow surface of the cake, i.e. of V(N) or P,(N). R, appears to be a function 

of V, for some cakes. This may occur because the amount of sediment 

deposited on a unit area of media is proportional to the amount of fluid that has 

passed through that area, i.e. W.(V, - VJ. In any case, R, has to be 

correlated in terms of the most appropriate variable or variables. 

P,(N), the fluid pressure at the outflow surface of the cake, = AP,,. PF(l), 

the fluid pressure at node 1 is given by 
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74 SCHWARTZBERG 

PF( 1 ) is the fluid pressure at the ram surface. P,(I) are obtained by substituting 

the V(I) in P,(V). The ram pressure, P, = P s ( l )  + PF(1). 

New V(I) are obtained using 

V(1,J) = V(1,J-1) + [aV/at(I,J-l) ] At ( 5 8 )  

where A t  is a small time step. J, a time-step index, usually does not have to  

be expressed specifically. 

A t  must be small enough t o  prevent computational instability. Criteria for 

stable A t  were obtained from a modified form of Eq (34) in which P, is the 

dependent variable 

at 
( 5 9 )  

Stability: Eq (59) is converted into a finite-difference equation that provides 

(AP,/At), = [Ps(l)J+, - Ps(l), ]/At in terms of P&), Ps(I - 1) and P,(I + 1 ) .  

dP,/dV at I and values of V(I+ 1 /2), V(I- I  /2) and CY and P, at V(I  - 1 /2) and 

V(I + 1/2), all evaluated a t  time step J. Both sides of the equation are 

multiplied by At. To provide stability, the coefficients of the Ps(I)j terms on the 

right-hand side of these equations must be less than 1 at all (I). For this t o  be 

true, A t  has to  satisfy the most rigorous of the following three criteria based on 

values of variables at time step J 

where 

E=-  H(Aw) [V(I-1/2) a (I+1/2) -V(I+1/2) a (I-l/Z) ] (61) 2 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 

and 

- p (Aw) 2 a  (N - 1/2) A t  s 
( d P , / d V )  [ 2  + H ( A w )  V ( N  - 1 / 2 )  ] 

75 

New sets of V(I) are obtained by using in Eq (58) the smallest At obtained 

from Eqs (60) to (63). The new t, tJ+1 = tJ + At. The new V(I) are 

substituted in P,(V) and a(V) to obtain new Ps(I), ~ ( 1 )  and (dP,/dV),. Eqs (48) 

t o  (58) and (60) to (63) are used over and over again to generate V(1), Ps(I), 

U(I ) ,  P,M and P, versus t and V,. The process is allowed t o  continue until P, 

reaches a maximum tolerable value, P,,,. To prevent computed P, from 

overshooting P,,, by too much, At should be reduced as P, approached P,,,. 

Larger At reductions should be used for conditions that tend to  produce greater 

P, overshoot, i.e. rapid ram movement and large W. 

P, that were functions of both aV/at and V invariably caused instability 

when used in numerically solving Eq (34) or Eq (48) . Stable solutions were 

obtained when aV,/at was used instead of local (aV/at) in such Ps functions. 

Attempts to provide stability criteria that account for the influence of local 

aViat have thus far been unsuccessful. Since aP,/aw will depend on i3Viat in 

ways other than described by Eqs (34) or (48) if Ps is intrinsically a function of 

aV/at, the problem may not really be one of computational stability at all. 

After P, Reaches P,,,: In cases where ram pressure P, remains at P,,, once i t  

reaches that value, computations can be continued using most of the same 

equations. In such cases, the dZ/dt used in Eq (53) changes with time and is 

obtained from Eq (64) 

where P, remains set at P,,,. 

to friction between the cell wall and the cake, and is given by 

APw in Eq (64) is the decrease in (P, + P,) due 
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76 SCHWARTZBERG 

-dZ/dt obtained from Eq (64) are used in Eq (53) when Eqs (48) to (58) are 

solved to determine how Z, V,, juice yield and cake properties change as hold 

time, t,, increases at constant P,. The same approach can be used when 

pressing at constant P, is used without prior constant-rate pressing. 

The situation is more complicated when cakes are maintained at constant 

volume by stopping the ram when P, reaches P,,,. Setting dZ/dt at zero in Eq 

(53) automatically provides zero volume change, but use of dZ/dt = 0 in Eq 

(641, which should still be valid, causes P,(N) to instantaneously fall t o  zero, 

which does not occur experimentally. The -dZ/dt used in Eq (53) should still be 

obtainable from Eq (64) after allowing for decreases of P, caused by outflow; 

Use of Eq (64) in Eq (53) would cause the cake volume to shrink, which does 

not occur because cake volume is held constant. This contradiction can be 

resolved if decreases in Ps and P, caused by outflow and relaxation cause local 

expansicns that counterbalance any volume reduction due to outflow. Solids 

and liq1:ids in cakes are not truly incompressible. For example, when P, 

decreases by 8 MPa, the specific volume of water will increase roughly 0.3%. 

Similarly, when P, decreases by 8 MPa the volume of cellulosic solids 

surrounded by fluid will increase by roughly 1 %. Much more substantial 

expansion will occur if air or other gases are trapped in a cake. 

A method for roughly accounting for such expansion might be to add a 

volume expansion contribution, (aV/at),,,, to (aV/at), computed by solving Eqs 

(48) to (58) and (64). (aV/at),,,, is the rate of volume change that occurs 

because of the intrinsic compressibility of the materials involved, as opposed to 

volume changes caused by local U gradients. If we assume that (aV/at),,, is 

the same at all I, it will counteract any volume contraction due to outflow if 

where U(N) is obtained from Eq (64). Eq (66) must be used in conjunction with 

other equations that determine how Ps and P, change when the fluid and solids 

in the cake expand. For V changes of equal magnitude, Ps drops very much 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS I1 

more rapidly during expansion than it rises in compaction; i.e. -dP,/dV for 

expansion is much greater than for compaction. Much less is known about 

P,(V) for expansion than P,(W for compaction. -dP,/dV probabty is the same 

for expansion and compaction. Drops in P,(N) caused by outflow will cause 

U(N) to  decrease. Therefore AP,, as experimentally observed, should 

decrease gradually rather than precipitously dropping to  zero as soon as the 

ram stops. 

Other factors influence P, after a ram stops. Cell walls and other barriers 

that limit fluid escape rates in particles distend during pressing. This causes 

fluid compaction inside particles, thereby giving rise to excess internal fluid 

pressure, P,, a major component of P,. As fluid escapes from particles, flow 

barrier distension decreases, causing P, and P, t o  drop. For materials where P, 

is large compared to P,, decreases in Ps and P, due to relaxation of flow-barrier 

distension may well be greater than decreases caused by outflow from the 

system after the ram stops. P, changes due to relaxation of cell-wall 

distension have been modeled by using functions P,(V,t,), that describe how P, 

depends on V and t,, the relaxation time at constant volume. Different P,(V,t,) 

have been tested in calculations relating to cakes maintained a t  constant total 

volume after constant-rate pressing. In most of these calculations, -dZ/dt was 

set equal to 0 in Eq (53). Computations based on this approach have been 

used with some success to predict how P, changes with relaxation time, t,; but 

they do not adequately describe how AP, changes as t, increases. 

Uses of Computation: When P,(V) and a(V) are known functions of V alone, 

programs based on previously described approaches can be used to  determine 

pressing and relaxation histories, juice yields and juice production rates for 

various choices of W, P,,,, -dZ/dt and t,. qJ ,  the juice yield based on the 

amount of available juice initially present, is 

where V,, is the final V, and V, is the specific volume of the fixed solids. q s ,  

the juice yield based on the total amount of feed, is 
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78 SCHWARTZBERG 

The juice production rate = pF.W.A(Vc - V,,)/(t + t, + tJ, where A is the 

ram area, t, is the time the cake is held at constant pressure and t, is the 

turnaround time, i.e. the time required to  load and unload a press. 

Such programs can also be used t o  evaluate the suitability of alternative 

functional forms for P,(V) and a(V) and to  determine suitable values of 

parameters in those functions. 

Alternative Numerical Method: Eq (59) was also solved numerically instead of 

Eq (34). These calculations provided (PJat), instead of (aV/at),. The (aP,/at), 

were divided by (dP,/dV), to  obtain (aV/at),. U(N) calculated from such (aV/at), 

by means of Eq (55) agreed with -dZ/dt near the start of pressing, but deviated 

further and further from -dZ/dt as pressing progressed. Thus computations 

based on use of Eq (59) instead of Eq (34) or Eq (48) lead t o  volume-material- 

balance errors. Stable numerical solutions of Eq (34) or (48) always provided 

(aV/at), that produced U(N) that equaled -dZ/dt. 

Initial V(1): Eqs (48) to  (64) and associated BC can be used immediately when 

the initial V(I) = V, = Vc. If pressing is immediately preceded by filtration, P, 

versus w at the end of filtration often can be determined reasonably accurately 

from filtration pressure drop equations. Since Ps at the end of filtration = P, at 

the start of pressing, Ps(I) can be determined at all I when pressing starts. V(I) 

at t = 0 can be obtained from V(P,). . 

The following method has been used for constant-rate pressing when V, > 

V,. V(1) was decreased in a series of small steps, AV( I ) ,  i.e. V(1) = V(l),,,, - 

AV(11, where, for example AV(1) = (V, - Vc)/50. P,(1) was obtained from 

P,(V,) at each step. V(1) and Ps(l were then substituted in a finite-difference 

form of Eq (31) t o  obtain P,(2), which, in turn, was used to obtain V(2) from 

V[Ps(2)1. The process was repeated until V(I) and Ps(I) at all I were obtained 

for the current value of V(1). Then the V(I) were used in a summation form of 

E q  (1 2) t o  determine V,. The pressing time, t, = W(V, - V,)/(-dZ/dt), and At = 

WI(V,), - (V,),.,l/(-dZ/dt), where J is the number of V(1) steps taken. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPRESSION OF FLL'ID FROM BIOLOGICAL SOLIDS 19 

Internal f low starts when V(1) reaches Vc. A different computational 

procedure was used from that point on. E q  (31) was used to  obtain a tentative 

V(1). Then, a summation form of E q  (13) was used with w, = 0 and w q  = 

(I  - ? ) A w  t o  evaluate the average V (between I = 0 and the current I). If the 

average V for the range I Vc, U(I), the estimated local fluid velocity a t  I ,  was 

calculated from E q  (551, using AV,/At = (aV/at),, where AV, = (VIlJ - (Vl)J.,, 

and A t  was that calculated for the previous V, decrease. The tentative V(1) 

were used t o  determine a(1). Then E q  (19) was used to  find AP, between I and 

( I  - I ) ,  i.e. AP,(I) = (Awp/4)[U(I) + U(l-l)][a(l)  + a( I - I ) ] .  Z(APF(n) from n = 1 

t o  I was added t o  the tentative Ps(I) t o  obtain a revised Ps(I), which was then 

used t o  revise V(1). ~ ( l )  and U(I) were not revised t o  obtain better estimated 

V(I) and Ps(I). When the average V between I = 0 and the current 1 was 

greater than Vc, the Ps(I) and V(I) obtained by using E q  (31) and VIPsl were 

not revised. After all the V(I) were obtained, they were used t o  obtain V,, t 

and A t  as before. The process was repeated until V, = Vc, after which E q s  

(47)  through (63) were used to  continue the numerical solution. 

Extension to Filtration: Though treatment of filtration is beyond the scope of 

this review, E q  (21 1 also applies for filter cakes during filtration. Special 

boundary conditions apply at  the moving interface between the cake and slurry, 

where w = w, during filtration. If sedimentation does not  occur: 

P, = 0 v = v, a t  w = w *  (69 )  

and 

P, = o V = V, = V ( P ,  = 0 )  at w = w, ( 7 0 )  

where w,' indicates just outside the cake and w,. indicates just inside the 

cake. V, is the value of V for the feed slurry. U = 0 at w,'. 

1 dP, 
p a ( v , )  dw U at WE = U, = 

and 
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SCHWARTZBERG 

( 7 2 )  

Equations like Eq (21) or similar equations based on e or E and w have been 

used to  predict changes in e or & for different types of filtration”’*’20-’24. 

Similar equations in 2-based coordinates have also been ~ s e d ’ ~ ~ ~ ’ ~ ~ .  Tiller and 

H s ~ u n g ’ ~ ~  present a unified scheme for describing filtration, sedimentation and 

expression. 

10. FILTRATION RESISTANCE 

a(V) must be known t o  solve PDE describing expression. CY is usually 

measured using modifications of procedures described by Ruth’” and Grace5’. 

The apparatus used, a compression permeability cell, consists of a hollow, 

thick-walled cylinder wi th a bore of diameter D and cross-sectional area A. A 

perforated, media-covered plate, drain basin and outflow channel are located a t  

the bottom of the bore (see fig. 42). The cylinder is placed on a press stand. 

A sample of cake containing a measured weight, M,, of fixed solids is placed in 

the bore of the cell and saturated with liquid. Alternatively, the bore is filled 

with a slurry containing weight M of fixed solids. A close-fitting piston fitted 

wi th a porous t ip and flow channel is inserted into the bore and pushed 

downward until it rests on the top of the cake. Liquid supplied by a constant 

head source is fed into the piston, flows out through i ts porous tip, passes 

through the cake, and f lows out of the cell through the media, perforated plate 

and outflow channel. “0” rings are used on the piston and other junctions to  

prevent leakage. 

Q, the volume of permeate, is measured versus time, t, until AQ/At 

becomes constant. 

a, is the mean a for the cake, h the liquid-head difference driving flow, pF the 

fluid density and g gravitational acceleration. SI units for CY are m/kg, and for R, 
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"0" Ring 
SP = Sieve Plate 
PT = Pressure 

Transducer 

Cell Wall - 

L 
Cell Base 

# 1 ,  I Hydraulic Press Plate 
Graduate Cylin er 

FIGURE 42 Pressing cell for measuring filtration resistance, R, as well as 01 

they are l /m.  Relatively small heads are usually used, e.g. 0.5 m of water. 

Gas pressurization of the liquid feed is used to provide higher APF when 01 is 

very large. In such cases, APF is in place of Ah.p,.g in Eq  (73). R, is often 

measured by a similar test carried out without a cake. 

where U, is the flow rate without cake present and Q, the corresponding 

volume of permeate. However, because of cake-media interactions it is 
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82 SCHWARTZBERG 

preferable t o  determine R, by directly measuring AP, using as pressure 

transducer, as shown in fig. 42. 

The cake is slowly compressed, usually at speeds < 5 mm/rnin, then 

allowed t o  equilibrate either at constant PT or constant cake height, Z. Z is 

accurately measured by using a dial gauge or other means to  permit accurate 

determination of V, E and e. Liquid from the constant head source is again 

passed through the cake until AQ/At becomes constant. a, for the new 

equilibrium condition is again calculated by applying Eq (73). It is assumed that 

PT = P, and that a, is the same as the true a at P, or at V = Z.A/M, i f  small 

cake thicknesses are used. Z/D < 0.6 are recommended5’; . The process is 

repeated at a series of successively higher Ps or lower V until the P, or V range 

of interest is completely covered. It is usually assumed that R, is a function of 

P,. Therefore it is independently measured over the Ps range covered so as t o  

provide appropriate R, values for use in Eq (73). Typical R, for t w o  sheets of 

filter paper are 1.3x109/m to  4x109/m at low P, to  2 ~ 1 0 ’ ~ / r n  and 6 ~ 1 0 ’ ~ / m  at 

P, = 200 MPa. Usually, R, < < a.W for non-biological solids. 

Filter Cakes: a is usually correlated versus P, for use in filtration calculations. 

Typical a versus P, variation patterns are shown in fig. 43. Grace5’ noted that 

frequently 

where C, is constant over much of the compaction range. a,,‘ and E , , ~  are 

respective reference values of a and E .  Examples of such behavior are shown 

in fig. 44. 

Another frequently used correlation68 is 

Leu6’ suggested that n is approximately 0.2 for slightly compressible cakes, 

0.6 for moderately compressible cakes and 1.2 for highly compressible cakes; 
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le+15 

1e+14 

let13 

3 le+lP 
s l e + l l  

le+10 

1 e+09 

le+OB 

Silica 
j--- 

Carbonyl Iron 7 100 lboo loo00 lwOW 

Compressive Pressure (kPa) 

FIGURE 43 (Y versus P, behavior for several filter cakes (Grace5’. Reproduced 

with permission of the American Institute of Chemical Engineers. Copyright 

1953)  

le+14 

0.3 0 4  0.5 0.6 0.7 0.8 0 9  

Cake Porosity. L 

1 e+09 

FIGURE 44 Straight log(a) versus E plots obtained for certain filter cakes 

(Grace59. Reproduced with permission of the American Institute of Chemical 

Engineers. Copyright * 1953)  
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84 SCHWARTZBERG 

but Sorenson and Hansen” showed that for waste treatment sludges, n is 

likely t o  be 5 or greater. The following c o r r e l a t i ~ n ’ ~ ~  is also frequently used 

a = aref P,” ( 7 7 )  

The n in E q  (77) is different from that used in E q  (76). 

Factors Affecting a: Theories dealing wi th effects of cake or bed structure on 

k and a are reviewed by S~heidegger’~’. The Kozeny-Carman equation131 and 

other  equation^'^' used t o  predict f low pressure drop in fine porous media 

indicate that a is proportional to  (1 - E ) ~ ’ / E ~  at flow rates usually encountered 

in filter cakes and presscakes. f is the external particle-surface area per unit of 

particle volume. The Kozeny-Carman equation usually works well for closely- 

packed, nearly spherical particles wi th normal size  distribution^'^^; but 

deviations occur for particle mixtures wi th bimodal size distributions. f is 

inversely proportional t o  particle diameter, d,, for similarly shaped particles. 

Therefore (Y is often proportional to  ( 1  - E ) / ( E ~ . ~ ~ * ) .  For particles w i th  closed 

pores, E‘ should be used instead of E in these expressions. Other models, e.g. 

the Happel unit-cell 

the solidosity ( 1  - E )  or apparent solidosity (1  - E ’ )  of a bed varies. These 

relationships provide a basis for predicting how a changes as consolidation 

proceeds, i.e. as E or E’ decreases. While the Kozeny-Carman equation often 

works reasonably well for hard, non-porous, non-flocculated particles; it does 

not work well for highly porous particles or particles that flocculate, i.e. form 

cakes containing dense clusters separated by large voids. Because of the open 

structure of flocs, a is lower than expected. The effective d, is close t o  that of 

the cluster rather than that of the individual particles. Particles smaller than 1 

or 2 pm in diameter often form flocs. E may be as high as 0.9 or greater for 

beds containing flocs. 

have been used to  predict how (Y varies as 

Consolidation breaks down the open structure of flocs and causes large 

reductions in E and large increases in a; the increases in a are 1.5 t o  four times 

greater than predicted for the corresponding E change by the Kozeny-Carman 

equation. Apparent deviations from the Kozeny-Carman equation also occur 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 85 

when particles break into smaller pieces, and for particles where large fare 

caused by the presence of open internal pores. CY for beds containing flocs may 

increase up to 1000 fold when P, increases from 7 kPa to 7 MPa. When hard 

non-flocculated particles are subjected to the same increase in P,, the increase 

in a is often less than 10 fold. Typical CY for filter cakes range from 5x10’ to 

1 ~ 1 0 ’ ~  m/kg; with the higher values occurring at high P, or low V for particles 

with d, in the 0.1 to  0.2 pm range. 

k’ i.e. (gpF V ) / ( a p ) ,  is sometimes used instead of a to calculate flow 

pressure drops. SI units for k‘ are m/s. CY = 6700/k‘ for most soils when the 

permeating fluid is water and a and k’ are expressed in SI units. k’ is usually 

correlated versus e. For many soils’og it appears that 

In - = c,. ( e  - e,,,) [ Lfl 
where kIref and eref are the respective values of k’ and e at a reference state 

Cellular Biological Solids: Compression permeability techniques have been used 

to  determine a! versus V for a limited number of cellular biological solids. Much 

of the available data85 is presented in fig. 45. The slightly bowed curves in fig. 

45 tend to become linear when log(af is plotted versus E ;  the sharply bowed 

curves remain curved. Though the CBS particles involved were all greater than 

1 -mm in diameter, CY almost always approached or exceeded 1 013 mlkg at high 

levels of compaction. a often increases more than 1000 fold during 

compaction; million fold increases sometimes occur. Thus a for CBS are 

usually much greater than for non-cellular solids of comparable size and much 

more subject to increase during pressing. This probably occurs because CBS 

are plastic enough to deform in ways that completely block flow channels. 

Though E‘ for unpressed water-rich cellular solids is often 0.5 or less, & usually 

ranges between 0.92 and 0.97, but may be as small as 0.85 for particles with 

thick cell walls. At  the end of pressing, E for CBS usually range between 0.55 

for particles with thick cell walls and 0.85 for particles with thin cell walls. 
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86 SCHWARTZBERG 

RELATIVE BULK SPECIFIC VOLUME (;A:) 

FIGURE 45  01 versus V plots for cellular biological materials: 1 ) spent, drip- 

grind coffee; 2) Jonathan apples; 3) milled alfalfa; 4) spent sugar beet 

cossettes; 5 )  spent -1 6 + 3 0  mesh coffee; 6) spent - 4 + 8  mesh coffee; 7) spent 

milled alfalfa; 8 )  shredded sugar cane; 9) Kehura apples ( S ~ h w a r t z b e r g ~ ~ .  

Reprinted by permission of Van Nostrand Reinhold, copyright 1983) 

Effects of Media Resistance: Cakes of CBS strongly interact wi th media. 

Organelles and other fine matter expelled from cells often plug fine-pored 

media. Soft particles may wedge into and plug spaces in coarser media. 

Consequently R, measured at given P, without a cake present are often much 

smaller than R, at the same Ps when a cake is present. Excessively low values 

of R, may have been used in calculating some of the (Y in fig. 45. These 01 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 87 

consequently may be 10% to 30% too high. If a compression permeability cell 

that permits measuring AP,, the pressure drop across the media”3,’36 (as in 

fig. 42) is used, both Q and R,, can be determined more accurately, i.e. 

(AP, - AP,) A’ A t  
a =  

AQ p M  

and 

AP, A A t  R, = 
A Q  P 

( 7 9 )  

Effect of Time: AQ/At often progressively decreases during permeation tests 

carried out with cakes of CBS maintained at constant volume. The rate of 

decrease soon slows down, but decreases often persist for very long times. 

The decrease has usually been rationalized as an artifact. It has, for example, 

been attributed to progressive migration of fines or entrapment of migrating 

fines at the surface of the media. Reported a were usually calculated using 

AWAt obtained after the initial rapid decrease has occurred. However Q for 

CBS may indeed progressively change with time. Why AQ/At changes with 

time and whether such changes are due to true changes in Q are worth 

determining. 

Gels deform very readily and can reach equilibrium stages of compaction 

very slowly’37. Therefore long times may be required before permeation rates 

through gels equilibrate. For example; it took roughly 1.5 hours for flow 

through a 2-mm thick slice of polyacrylamide gel to equilibrate. Apparent initial 

permeation rates can be quite high, but then progressively slow down and 

ultimately reach an equilibrium value. Thus apparent Q increase with time. Gel 

slice compaction times are proportional Z2, where 2 is the gel slice thickness. 

Thus permeability and Q measurements for gels are often carried out using very 

thin slices of gel. 

Partial Particle Breakdown: Cakes are treated as locally uniform when 

analyzing expression and flow. This approach may not be valid when mixtures 
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88 SCHWARTZBERG 

of large and small particles are pressed or when particles partially break into 

smaller particles during pressing or when a cake contains t w o  different types of 

particles, e.g. rind and pith in sugar cane. 

apple particles into mash are discussed later in this review. 

Effects of partial breakdown of 

Oil Seeds: E values for oil seeds include space occupied by oil inside particles. 

Initial E for oil seeds usually lie between 0.5 and 0.65; final & are as low as 

0.1 2. Relevant data is only available for cashews82, which are not frequently 

used for oil production. It indicates that: a = 6x10’ m/kg FS when & = 0.58 

(V = 1 . 7 ~ 1 0 - ~  m3/kg FS); a = 3x10’ m/kg FS when & = 0.55 (V = 1 . 5 9 ~ 1 0 . ~  

m3/kg FS) and a = 7 ~ 1 0 ’ ~  m/kg FS when & = 0.51 (V = 1 . 4 6 ~ 1 0 . ~  m3/kg 

FS1. 

Waste-Treatment Sludges: Waste-treatment sludges are complex mixtures of 

microorganisms formed by biological treatment of waste water, suspended 

solids found in that water, chemical precipitates formed by reactions w i th  

dissolved matter, and coagulants added to  improve sludge dewatering28. 

Further information about waste-treatment sludges and sludge properties are 

provided by Dick and Ballz8 and Ve~i l ind’~’ .  aa, average a for such sludges, 

are usually measured by filtering a sample of sludge in a Buchner funnel while 

maintaining a AP, = 50 kPa by applying ’vacuum to  the filtrate receiver. Q. the 

volume of filtrate i s  monitored versus time t; a, is determined by applying Eq (81) 

2 b A P , A 2  a ,  = 
Cf 

where A is the funnel area, b is the slope of a plot of t /Q versus Q and C, is the 

mass of fixed solids deposited in the cake per unit volume of filtrate. For 

unconditioned, raw ~ I u d g e s ~ ~ * ’ ~ ~ ~ ’ ~ ’ ,  a, usually range between 0 . 4 ~ 1 0 ’  m/kg 

and 2 ~ 1 0 ’ ~ .  Activated sludges with pH between 3 and 8 have a, between 

O . l ~ l O ’ ~ m / k g  and 1 .0x1014 mlkg, wi th lower a, being obtained at low pH. 

Anaerobically digested sludges have higher aa, e.g. 3 ~ 1 0 ’ ~  t o  1 . 7 ~ 1 0 ’ ~  m/kg. 

a, as high as 1 .8x1Ol7 m/kg have been observed65. Lower a, are usually, but 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 89 

not invariably, associated with larger particle sizes. Increased amounts of 

"supracolloidal" particles in the 1 pm to 100 pm size range usually greatly 

increases a,. Relative CY, of raw, activated and anaerobically digested sludge 

largely depend on the amount of supracolloidal particles they contain: supra- 

colloidal solids may make up 4% to 10% of the solids content of raw sludge, 

1 % of the solids content of activated sludge, and up to 30% of the solids 

content of anaerobically digested ~ l u d g e ' ~ ' .  

Flocculation ("conditioning") of sludges by treatment with aluminum or iron 

salts, lime and/or polyelectrolytes, decreases supracolloidal particle levels' 41, 

increases sludge mean particle 42 and can decrease a, almost 1,000 

f ~ l d ~ ' , ' ~ ~ .  a, as low as 3x10' m/kg are sometimes obtained for conditioned 

sludges. a, 5 4 ~ 1 0 ' ~  mlkg are thought necessary for efficient d e ~ a t e r i n g ' ~ ~ .  

Therefore, conditioning is usually needed. At low flocculant doses, reductions 

in CY, tend to be proportional to flocculant dosage; at higher flocculant doses, a, 

reductions level off and a, asymptotically approach a lower limit or even 

increases slightly. a, reductions are greatest when flocculation is accompanied 

by a minimum of  hearing'^'; high shearing rates or prolonged mixing breaks 

up flocs and largely counteract a, reductions initially produced by flocculation. 

Friedrich et al.'44 claim that filtration rates can be maximized by correctly 

proportioning amounts of small and large particles in flocculated sludges. 

For moderate APF. e.g. 6 to 60 kPa, a, for compressed sludges obeys a 

modified version of Eq (77) in which APF replaces P,. For raw sludges, n may 

range from 0.4 to  0.6; n for anaerobic and activated sludges range between 

0.7 and 1 .O; for conditioned sludges'29, n is often close to 1 .O. If n = 1, 

dewatering rates do not increase when AP, increases. This occurs because a 

increases markedly as Ps increases' 12. a, versus APF behavior is a very poor 

indicator of CY versus P, behavior. The permeability, k, of sludges and clays has 

been ~ o r r e l a t e d ~ ' , ' ~ ~  in terms of e 

n typically ranging between 3 and 5 for sludges, indicating that k decreases 

very sharply and ~1 increases very sharply as e and V decreases. 
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FIGURE 46 Capillary-suction test cell 

Capillary-Suction Time: An empirical test, measurement of capillary-suction 

time (CST), developed by Baskerville and Gale’46 in 1967, is frequently used to  

evaluate the dewaterability of waste-treatment sludges. In CST test units (see 

fig. 461, a plastic block wi th stainless steel well in i ts middle is placed on top of 

a piece of filter paper which in turn sits on another plastic block. The upper 

block contains electrical contacts, 8 m m  and 18 mm from the well’s edge. A 

measured sample of sludge is poured into the well; and capillary action of the 

filter paper draws water from the sludge into the paper. An electrical timer 

starts when the advancing water reaches the inner electrical contact and stops 

when the water reaches the outer contact. The elapsed times, t, is the 

capillary suction time. 

Capillary suction tests are widely used, probably because they can be 

carried out very quickly; and t, are widely cited in literature dealing with waste- 

treatment  sludge^^^,^^^' 29*1 40f1 42,1 47,1 48. While results of CST tests have very 

little fundamental significance, they are often used to  qualitatively determine 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 91 

how different types and levels of sludge treatment, e.g. polyelectrolyte addition 

levels, affect dewaterability. Unno at aI.l4’ and V e ~ i l i n d ” ~  have attempted t o  

relate t, measurements t o  more fundamental properties such as a; but, at best, 

have only been partly successful. Vesilind’’’ indicates that a parameter, x, 
defined below, provides a more fundamental measure of dewaterability than t,. 

Do and Di are the respective diameters at the outer and inner electrical 

contacts, A is the cross sectional area of the well, d,, the thickness of the filter 

paper, Z, is the capillary rise height (usually roughly 100 mm) produced by the 

filter paper used, Y, is the weight fraction of fixed solids in the sludge and p is 

filtrate viscosity. For specific sludges, 1 /x is clearly proportional to  a; but it is 

not known whether 1/x values for different sludges can be used to  determine 

relative values of a for those sludges. 

Protein Gels: a for casein gels produced from renneted skim-milk gels (i.e. gels 

like those used to  produce cheese) depend on pH, gel solids concentration, 

temperature and time15’. a = 4 ~ 1 0 ~ ’  m/kg FS for a 0.5 hr old, pH 6.68 

renneted gel for which E = 0.91 (V = ,008 m3/kg FS). a for a similar gel 

formed at pH 5.35 = 8 . 9 ~ 1 0 ”  m/kg FS. a decreases with time; and the 

decrease is more rapid at low pH. Thus a for the pH 5.35 gel is 4 . 7 ~ 1  0 l2  m/kg 

FS a t  one hour; whereas for the pH 6.68 gel, 01 = 2 . 3 ~ 1 0 ”  at three hours. a 

experiences a 3.5-fold decrease when temperature increases from 20°C t o  

35OC, and a 30-fold increase when E decreases to  0.84 (V decreases to  0.004 

m3/kg FS). Skim milk gels act somewhat like highly flocculated polystyrene 

latexes. The solids are flocculated chain-like arrays of roughly spherical casein 

micelles 0.05 t o  0.3 pm in diameter. 

a is only moderately large for rennet-treated casein, because the tendency 

towards high resistance due to  low d, is counterbalanced by a large E and a 

high degree of flocculation. As time passes more bonds form between chains, 

producing denser solid clusters wi th larger pores between them; consequently a 
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92 SCHWARTZBERG 

decreases. Higher temperatures both speed up and increase bond formation. 

The marked increases in a due to  compaction is largely due t o  breakdown of 

the open flocculated structure and formation of a structure wi th more uniform 

smaller pores. Effects of other factors on (Y are largely explained by how they 

affect rates and extents of bond formation and cluster densification. Bond 

formation leads t o  gel contraction that causes expulsion of interstitial fluid 

(whey) when the casein gels are cut into cubes. This contraction leads t o  

higher a as fluid expulsion (i.e. syneresis) proceeds. 

Relatively dense compact casein curds are made when direct acidification is 

used instead of renneting'52. Such curds form unconsolidated cakes with E 

ranging between 0.55 (at 45OC) and 0.62 (at 11OC). a for such cakes 2: 

1 ~ 1 0 ' ~  m/kg, which is roughly 100 times smaller than a for cakes of curds 

formed by renneting. a for acid casein increase rapidly during consolidation and 

depending on temperature approaches 4x1 0l2 m/kg a t  E between 0.32 (at 

4 5 T )  and 0.52 (at 11OC). Cakes made of acid casein initially act like a bed of 

distinct, impermeable particles, which fuse together only at relatively high 

pressures. Before the particles fuse together, flow occurs in spaces between 

the particles, where resistance is low. On the other hand, particles of renneted 

casein fuse together at relatively low pressures, and f low takes place through 

very fine pores within the particles. Therefore a is very high for only slightly 

consolidated cakes of renneted casein curds. 

Fibrous Beds Gels may be regarded as a three dimensional solid network 

immersed in liquid, or as liquid trapped in a three dimensional solid network. 

Solid contents in such network often are quite small, e.g. (1 - E )  may be as low 

as 0.01. Many gel solids are fibrous, i.e. their lengths are very much greater 

than their diameter. Because of this, permeability relationships for fibrous 

porous media have important implications for gels. 

Jackson and James'53 analyzed permeability measurements and 

correlations for fibrous media wi th fiber diameters ranging in size from 10 mm 

(for heat-exchanger tube arrays) to  0.65 nm (for fibers in gels), for cases where 

slip f low does not occur and Re, = d,pU/p < 10, i.e. for fibers where f low is 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 93 

in the Stokes law range. The data was analyzed in terms of permeability, k ,  

defined by 

where Z is the fiber bed thickness. Note, (Y = V/k. k for such fibers tends t o  

be inversely proportional t o  a2, where a is the fiber radius. k/a2 is 

dimensionless. Jackson and James examined the experimental and theoretical 

dependence of k/a2 on (1 - E ) .  They showed that experimental k/a2 data from a 

great many studies all fell within a single band when plotted versus (1 - E ) ,  (see 

fig. 47). Differences within the band are partly due t o  differences in: a) fiber 

orientation and aspect w i th  respect t o  the direction of f low, b) cross-sectional 

shape, c) size uniformity, and d) the uniformity of packing. 

Jackson and James reviewed unit-cell approaches that have been used to  

predict k/a2 as function of (1  - E )  for uniformly spaced and oriented arrays of 

 fiber^'^^.'^^. For fibers oriented parallel t o  the direction of f low, most k/a2 

versus (1 - E )  relationships r e ~ e m b l e ’ ~ ’  

a form originally developed for circular unit-cells by L a n g m ~ i r ’ ~ ~  and Happel’ 55 .  

A, depends on the type of unit-cell used. A, is 1.5 for circular cells, 1.476 for 

square arrays, 1.498 for equilateral triangular arrays, 1.354 for hexagonal 

arrays and 1.130 for two-by-one rectangular arrays. A n  extra term proportional 

t o  a higher power of (1 - E )  has to  be used for non-circular unit cells; but i ts 

effects are negligible when (1 - E )  < 0.3. For ( 1  - E )  > 0.005, plots of these 

functions fall near the high side of the k/a2 versus (1 - E )  band shown in fig. 

47. For (1  - E )  < 0.005, predicted k/a2 fall slightly above the data in fig. 47. 

Similar equations for k/a2 have been derived for unit cells containing regular 

arrays with fibers oriented perpendicular to the f low’ 55,1 58-’  64. In these 

equations, the lead coefficient on the right-hand-side is 0.1 25/(1 - E )  instead of 

0.25/(1 - E ) ,  as in Eq (85). Therefore k for fibers lying perpendicular t o  the 
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1 0.001 

FIGURE 47 Plot of dimensionless permeability, k/a2, versus (1 - E )  (Jackson 

and James'53 

flow are roughly only half as great as for fiber lying parallel to the flow. In 

many cases, the terms following the lead term for fibers lying perpendicular to 

the flow are similar to the terms following 1 /[4(1 - &)I in eq (85), e.g. 

& ) - A , +  2(1- E )  - O ( 1 -  "'1 ( 8 6 )  

where 0 ( 1  - E ) ~  is a term whose magnitude is close to (1 - s ) ~ .  In most cases, 

A, = 1.48 for perpendicular fibers. Plots of k/a2 versus (1 - E )  based on Eq 

(86) fall in the mid- to low-mid range of the k/a2 versus (1 - E )  data band in fig 

47 when (1 - E )  > 0.001. For (1 - E )  < 0.001, the experimental data fall 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 95 

slightly above the Eq (86) plot. Effects of fiber cross-sectional shape and 

packing non-uniformity are also reviewed by Jackson and James’53, whose 

article should be consulted for further details. Spacing inhomogeneity may 

increase k by as much as 50%. Jackson and James propose the following 

equation for three-dimensional cubical lattices 

- - -  - 0’15[-1n(l-&) - 0.931 + O ( l n ( l - & ) - l ) ]  ( 8 7 )  
a2 1 - &  

where O(ln(1 - E ) . ’ }  is a term whose magnitude is close to In [ l / ( l  - &)I.  Eq (87) 

predicts k/a2 that fall in the mid range of experimental values. 

For gels, a is very small, e.g. close to 1 nm. Therefore k for gels are very 

small, even though E is often > 0.9. Table IV lists available k and (1 - E )  range 

data for different types of gels. The smallest k are for the largest (1 - E ) .  For 

the listed gels, V = 0.00071/(1 - E )  and a = V/k 

ranges calculated on this basis are also listed in Table IV. 

0.00071/[k.(l - &)I.  01 

k measurements for gels do not appears to be very reproducible; reported k 

for the same class of gel differ by as much as a factor of 20. a for gels varies 

significantly less than k varies when ( 1  - E )  changes. a for gels are sometimes 

as much as lo7 as large as typical a for filter cakes; the most permeable gels 

have a near the upper end of the high (Y range for filter cakes. Thus when 

dealing with cakes made up of gel particles, flow resistances within particles 

will greatly exceed flow resistances in spaces between particles. 

a versus (1 - E )  relationships that differ from Eq 187) have been reported. 

White’“ found that log(k) decreased linearly as (1 - E )  increased; Tokita and 

Tanaka13’ found k was proportional to (1 - and Johnson and Dean164 

found that k was proportional to (1 - 

Effects of pH: The filterability of proteins and other materials with surfaces 

charges can be strongly affected by pH and electrokinetic effects. Apparent 

filtration resistances for proteins passing through beds of filter-aid tends to be 

greatest at their isoelectric point, where their solubility tends to be smallest and 

their viscosity greatest. In some cases marked decreases in a occur in certain 
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96 SCHWARTZBERG 

Gel Type 

Table IV - Permeability, CY and Solidosity Ranges for Gels 

k range (nm2) (1 - e) range a range 

m/kg) 

Polyacrylamide’ 53 0.021 - 0.38 0.035 - 0.245 53 - 138 

Polyacrylamide’ 61 0.42 - 6.7 0.021 - 0.157 5 -  11 

Poly-Hyaluronic 18 - 720 0.00035 - 0.014 2.8 

~ o ~ ~ a g e n ’ ~ ~ , ’  63 2.1 - 75.9 0.0875 - 0.27 0.1 1 - 1.25 
Collagenl 53.1 62,163 

Agarose’ 64 18 - 350 0.01 9 - 0.072 0.1 1 - 0.55 

37 - 1,800 0.09 - 0.1 6 0.01 - 0.12 

2.8 - 6.1 0.107 - 0.235 1.1 - 1.7 

pH ranges above the isoelectric point; e.g. relative values of cr for chloroplastic 

alfalfa protein filtered through diatomaceous earth165 were 1 at pH 6, 0.06 at 

pH 8 and 0.39 a t  pH 10. Different pH effects are observed with clays166 

where the apparent Q for bentonite increases roughly eight-fold as pH increases 

from 3.8 t o  7.5. Such changes in pH are usually associated w i th  changes in 

the zeta potential of retained particles166. It is difficult t o  tell whether apparent 

changes are due t o  true changes in CY or are caused by electrokinetic effects 

that alter driving force for flow through cakes. Amounts of supracolloidal 

particle in activated, waste-treatment sludge increase as pH increases. 

Consequently a increases. Increases in supracolloidal particle contents and CY 

are particularly large at pH 1 1. This may be due t o  lysing of cells at that pH. 

1 1. EXPERIMENTAL RESULTS: CONSTANT-PRESSURE TESTS 

Soils: Constant-pressure consolidation tests for soils are often carried out in 

cells where a sample is placed in a snugly fitting metal ring of standard 

diameter (108 mm) and height (31.8 mm) and placed on a hard, porous bases6. 

The sample is trimmed t o  level its top with the top of the ring and covered with 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 97 

a hard, porous disc. A flat piston is placed on top of the porous cover disc and 

wrapped with a rubber jacket that seals the space between the piston and ring. 

Then, a weight or a fast-acting pneumatic or hydraulic ram capable of 

generating desired pressure, P,, is caused to act on the piston. The pressure 

causes the piston to move down, consolidating the sample, forcing water out 

through the porous cover and base. Piston displacement, AZ, or sample height, 

Z, measured with the aid of a dial gauge, is recorded versus time, t. 

Consolidation: If: a) Eq (23) or (24) apply, b) P, and C are constant and c) V is 

initially uniform, Eq (29) should describe sample height behavior during the 

early stages of consolidation; and ( = (Z, - Z)/(Z, - Z,) should increase linearly 

as t'" increases for { < 0.62. Consequently, (2 ,  - 2 )  or (are often plotted 

versus t"' when pressing test results are depicted. (scales are usually 

arranged with 0 at their top and 1 .O at their bottom. Departures from linearity 

frequently occur at both low and high (. Departures from linearity at low (are 

attributed to expulsion of entrapped air. 

Plastic Creep: Departures from non-linearity at high (may be caused by 

"plastic" creeps6, extra-slow "secondary" consolidation which occurs because 

of: a) plastic deformation of particles, b) friction between particles, c) expulsion 

of fluid from particles or d)  combinations of these effects. One method for 

characterizing creep is shown in fig. 48, where (Z, - Z) is plotted versus log(t). 

For t > 100 min, (Z, - Z) increases linearly, but slowly, as log(t) increases. In 

such cases, changes in e due to  creep = Cs.ln(t/t,), where C, is the creep 

coefficient and t, is the time at which creep starts; and AV, AZ and changes in 

(1 - 3 )  during creep are also be proportional to  In(t/t,), i.e. 

Z, and t, on plots of (Z, - Z) versus log t are located at the intersection of 

extensions of straight line sections on the creep curve and the normal 
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12.5, z, 

SCHWARTZBERG 

1 10 100 1000 
Time (minutes) 

FIGURE 48 Method of using Z versus log t plot to  determine where secondary 

creep starts (Taylora6) 

consolidation curve, i.e. at point A in fig. 48. r = Ct/W2 or C,t/Q2. W is the 

mass of fixed solids per unit area of outflow surface. Therefore, when t w o  

outflow surfaces are used, W is half the mass of fixed solids per unit of cross- 

sectional area. 

For soils Cs appears to  depend on C,'09. Creep rates are high for highly 

organic soils and peats. Wilder83 noted that V for paper pulp decreases linearly 

as In(t,) increases. 

Changes in e or V for the Kelvin-Voigt element in fig. 35a are often used t o  

model 

analyzing constant-pressure expression test results. I t  applies when V is 

initially uniform and less than V, when expression starts 

Eq (89), based on such a model, is used frequently in 

f is the fraction of (2, - 2,) attributable to  creep and A is the creep rate 

coefficient. Eqs (88) and (89) are not compatible. Since Eq (88) causes (1  - <) 

t o  become smaller than zero at very large t, it cannot be correct at such t. 
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EXPRESSlON OF FLUID FROM BIOLOGICAL SOLIDS 99 

ExpI-At1 is also used t o  correct for creep in Eq (90). which is used when 

expression occurs immediately after constant pressure filtrationz2. 

C = (1 - f )  1 - exp -- t f [ 1  - e x p ( - A t )  [ [ n:T 11 
Eqs (89) and (90) theoretically apply only when A < < a2C/4W2. More 

complex equations53 are used when this condition is not satisfied. Shirato and 

and R e b o ~ i l l a t ’ ~ ~ * ’ ~ ~  have used Eqs (89) and (90) to describe 

2 versus t behavior for constant-pressure expression tests for clays and other 

non-biological materials. For one clay, Shirato found that f initially decreased 

as PT increased and then asymptotically approached a constant value at PT > 
0.6 Mpa’”. 

Shirato and COWOlkerS22~5381 16.1 18.1 19,172-177.180-182carried many 

constant-pressure tests with non-biological materials: clays, diatomaceous 

earths, sands, glass beads, and precipitated CaSO,. R e b o ~ i l l a t ’ ~ ~ , ’  79 later 

carried out similar tests with digested municipal-waste-treatment sludge, sugar 

beet pulp, ground alfalfa and ground black currants in addition to tests with 

kaolin. Cells similar to the one shown in fig. 49 were used, but the rams were 

mechanically rather than pneumatically driven. Shirato’s group used a hollow 

ram with a porous tip, so outflow occurred in two directions. 

Rebouillat used a 85-mm diameter 225-mm high cell fitted with a solid ram, 

so outflow occurred in one direction. Millipore membranes with 4 p m  pores 

were used as media. Their flow resistance, R,, was less than 0.01 % of u;W, 

the flow resistance of the loads tested. His results can be used to compare 

pressing properties of cellular biological solids with those of non-biological 

solids. 

typical pressing characteristics of very fine non-biological solids. Methods 

developed by Shirato and c o - w o r k e r ~ ~ ~ ~ ~ ~  were used to analyze this data. 

( 1  - E )  = 0.088 initially, so the feed slurry was fairly fluid. 

His data for aqueous slurries containing 20% kaolin by weight illustrate 

Filtration: When highly fluid slurries are pressed, a filter cake forms and grows 

in thickness, as shown in fig. 50. Expression starts when the ram reached the 

surface of the cake, i.e. when cake fills the whole chamber. a, for filter cakes 
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FIGURE 49 Test cell for carrying out expression at constant p r e ~ s u r e " ~  

Initial Condition 

Media 

Filtration 

DUHl 
Filtrate 

Filtration 

6 6 1 1 1  
Filtrate 

Expression 

~ 

1 1 1 1 1  
Expressed Liquid 

FIGURE 50 Pressing sequence for slurry showing ram-induced filtration 

followed by consolidation 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 101 

FIGURE 51 Plots of AZ/t’‘2 versus t for pressing of slurries containing 20% 

kaolin at three constant pressures. AZ/t”’ remains constant while constant- 

pressure filtration is occurring and then decreases rapidly once expression 

starts. (Rebouillat’ ”1 

usually remains constant during constant-pressure filtration’ 83. If so, 
-dZ/d(t + t,)”’ also remains as t changes constant during filtration. t, is a 

time correction that compensates for media resistancez2. But, as Shirato et 

al.22c53 showed and fig. 51 illustrates, sharp changes in slopes of -AZ/A(t1’2) 

versus t plots occur when filtration ends and expression starts, particularly 

when t, c c t. Fig. 51 is for pressing of 20% kaolin slurries containing 

toughly 72 grams of kaolin: most of the Z change occurred during filtration; 

only 7 %  occurred during expression. Plots of -AZ/(t’”) versus t for dilute 

biological solids exhibit similar sharp changes in slope when filtration ends; but 

when semi-solid slurries are pressed breaks in slope are much less sharp”. 
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102 SCHWARTZBERG 

FIGURE 5 2  {versus t1’2 for three different loads of kaolin while subjected to  

consolidation a t  a constant pressure of 200 kPa after filtration at the same 

pressure (Rebouillat’ 78) 

Expression After Filtration: ( is  plotted versus t’” in fig. 5 2  for expression from 

three kaolin cakes formed by filtration. t is measured from the end of filtration; 

Z, is the cake height at the end of filtration. PT = 0.2 Mpa in all cases, but 

different solids loads were used: 21.2 kg/m2, 12.7 kg/m2, and 5.0 kg/m2. 

Compaction during expression was slight; Z,/Z, -- 0.81. 

E q  (29) indicates that if e is initially uniform (should initially increase 

linearly as tl/’ increases. The plots in fig. 52  are curved instead of linear a t  

small t”’ because e is not uniform in compressible filter cakes. Eq (30) often 

applies when prior filtration is used. It fits the data in fig. 52  quite well at < < 
0.5; but deviates at larger <. Part of the deviation is due t o  creep. Eq (90) 

provided good agreement between experimental and predicted results over the 

entire <range when best f i t  values of C, f and A were used; but f differed for 

each load weight. Fig. 53  shows how f and C can be 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 103 

0 l o w  1 OOOO 

FIGURE 53 Method for determining of C and f for a case where primary 

consolidation is followed by secondary consolidation, e.g. for kaolin 

consolidated at a constant pressure of 200 kPa (Rebouillat’78) 

Determining C: When C is constant, C = slope2*?rW2/4 for (versus t112 plots 

that are linear. Eq (90) is used to determine C when prior filtration is used and 

creep occurs. Calculated C sometimes have been based on t/W2 at a single 

point, such as tgO, the time a t  which < -  ( 1  - f).exp[-Atl = 0.90’78~’79. 

such cases177, the calculated C = 0.848.W2/tg0, or C, = 0.933C12/t,,. C, 
obtained this way may not agree with its defined value, -(dP,lde)/(jmp,). In 

one case, Rebouillat’s data for kaolin show that -(dPs/de)l(jmps) = 4.1 XI 0-7 

m2/s, and that 0.848C12/tg0 = 2 . 8 ~ 1  0-8 rn2/s. 

In 

Effect of Flocculants: Use of flocculants causes the fraction of Z change due to 

expression to increase and linear range of Z versus t112 plots for consolidation 

to increase. 

Penetration-Type Behavior: will be proportional to t’”W initially even when 

C varies, if: a) V is initially uniform; b) R, is negligible; c) C is a function of V 

alone; d) t and w can be converted into a single variable (W - w)/t”* by means 

of a Boltzman transformation; and e) significant changes in V do not occur at 
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the ram or neutral surface. In such cases, V will be a function of t’”/(W - w )  

and changes in V will be confined to  a “penetration” zone whose depth is 

proportional to  t1l2, i.e -AZ/t’/’ will remain constant. The Boltzman 

transformation can no longer be used after the penetration zone’s leading edge 

reaches the ram surface or neutral plane. When this occurs -AZ/t”’ decreases 

instead of remaining constant. 

if C varies, </t’’2 and -AZ/t’’2 usually will remain constant for longer or 

shorter periods than when C is constant. Thus, unusually long linear regions in 

the (versus tl/’ plot for flocculated kaolin may be due to  variation in C. In 

analogous situations in heat transferlB4 and mass transfer’85, the mass or heat 

lost or gained is proportional to  t”’ even though mass or thermal diffusivity 

changes w i th  concentration or temperature. Methods used in analogous mass- 

transfer caseslB5 can be used to  predict effective C for use in Eq (29) when C 

varies as local e and V change. 

Since ( is usually linearly proportional to  tl/’ during constant-pressure 

filtration, such filtration can be analyzed using a penetration approach; and 

Smiles’20, Smiles and Kirby’”, WulZ2 and Haight’86 have done so by using 

appropriate Boltzman transformations. For filtration, -AZ/t’” drops very sharply 

at the end of the penetration period; -AZ/t”’ drops more gradually at the end of 

penetration periods in expression. 

Porosity Profiles: Electrical resistance’ 87-189, X ray attenuation’ 

magnetic resonance’ 24r1 92, mechanical sectioning’ 22~192, and the movement of 

colored bands of cakeIg3 have been used to  measure profiles of solids 

concentration (Y), E or e versus distance in cakes during constant-pressure 

filtration and subsequent constant-pressure expression. These techniques can 

be used to  determine Y, E ,  e or V profiles for different types of expression. 

’’ , nuclear 

When appropriate cake property data is available and R, = 0, profiles of E ,  

e or V versus distance from the outflow surface, (Z - z), can be computed at a 

series of t by numerically solving PDE describing constant-pressure filtration 

and expression. Fig. 54 shows how E versus (Z - z) profiles theoretically 

should change as t increases. t increases in going from the top profile to  the 

bottom profile. In regions where expression occurs, the maximum values of E 
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I 
0.95 

w 0.90 
.- b 
2 ‘ 0.85 v) 

0.80 

FIGURE 5 4  Theoretically-based E versus (2 - z) profiles at times 320 s apart 

during constant-pressure filtration and expression (La Heij at aI.lz4. 

Reproduced with permission of the American Institute of Chemical Engineers. 

Copyright 1996) 

and (Z - z )  decrease and profiles progressively flatten as t increases. During 

filtration, E is theoretically a function of wit"'. Further, w,/t1’2 and Z/t”2 

theoretically remain constant. w, is the mass of fixed solids deposited per unit 

area and 2 is the cake thickness. In some experimental profiles, e.g. those 

obtained for clays by Horsfield et  al.i92 and by Bierck at 

function of wit"' at most t and essentially behaved as theoretically predicted. 

Deviations occurred at very small t, because R, was not truly negligible then. 

Profiles obtained with different experimental methods differed slightly, e.g. & 

calculated from NMR measurement were slightly lower than E obtained by 

mechanical sectioning’”. 

E was a smooth 

The NMR-based E profiles of La Heij et (for flocculated waste- 

treatment sludge pressed at 100 Kpa) deviated significantly from predicted 

behavior. Fig. 55 shows their E versus z profiles for a series of times, 160 s 

apart. The bottom profile is for the largest t. The curves resemble those in fig. 

54, but, because of media resistance, E at the outflow decreased fairly slowly 

rather than immediately falling to its equilibrium value. More importantly, E at 
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0.98 I 

0.83 \ 
1 1 1 1 1 1 1 1 1 1 1  

0 4 8 12 16 20 24 

( Z - 2 )  (mm) 

FIGURE 55 E versus z profiles for flocculated waste-treatment sludge pressed 

a t  100  kPa and measured by La Heij et a ~ ’ ’ ~  at a sequence of times, 160  s 

apart. Reproduced with permission of the American institute of Chemical 

Engineers. Copyright 1996. 

fixed z decreased irregularly as time increased (see fig. 56). E at the outflow 

surface also decreased irregularly. This may have been caused by intermittent 

extrusion of cake through the media. Such extrusion may also have caused the 

irregular E versus t behavior observed higher in the cake. Extrusion has often 

been observed during expression tests wi th soft materials. The applied 

pressure affected profiles mainly through its effect on E,. the equilibrium E .  A t  

100 Kpa, E ,  was 0.834; at 50 Kpa, E ,  was 0.841. 

Particles segregate according t o  size and density, and abnormal porosity 

profiles develop if sedimentation accompanies filtration’ 2 6 .  Sedimentation’s 

relative importance increases as filter cakes thicken and flow rates through 

cakes decrease. Particle segregation and abnormal porosity profiles caused by 

sedimentation will affect subsequent expression. 

Empirical Equations; Shiratolg4 proposed that Eq (91). a modification of an 

equation developed by Sivaram and Swamee’ 95, could be used to  empirically 
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0.98 

0.93 w 
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(L  A Z - z = 9 m m  
A Z - z = 2 m m  
A 

‘A 
AAA, 

. @a A A  

- 

pT = 100 kPa 
a A A ~ h ~ ~ ~  A A A  

@a a @a@ A 
***maam* ‘AA 

A A A  
ma. a. 
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FIGURE 56 Plots of E versus t at fixed z for waste-treatment sludge flocculated 

by addition of iron chloride and lime and pressed at 100 kPa. (La Heij et al.lz4. 

Reproduced with permission of the American Institute of Chemical Engineers. 

Copyright 1996) 

deal with plastic creep and deviations from Eq (29) at large t. 

i”’ L o !  z, - z- = i [l + ( 4 C t / x W 2 ) U ] 1 ’ ”  
4 c t / x w *  

Eq (91 approaches Eq (29) as T~’* approaches 0. Therefore it predicts 

penetration-type behavior at the start of the pressing. Plots of <versus 7112 

obtained from Eq (91) for various values of u are shown in fig. 57. To provide 

good agreement between Eq (91) and Eq (28) at both small and large 7. Sivaram 

and Swamee use 2.8 for u .  An empirical constant, K,, is sometimes used in Eq 

(91) in place of 4Ch .  R e b o ~ i l l a t ’ ~ * ~ ’ ~ ~  used K,-based versions on Eq (91 1 to f i t  

(versus r data for constant-pressure expression of cellular biological solids; in 

other cases, better fits were obtained by use of Eq (92). 

Eqs (91) and (92) provide compact ways of describing (versus 7 behavior, but 

have little physical significance. C and u and p and y are empirical constants 
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0.2 
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i n  
I .” 

0 1 .o 2.0 3.0 
4 C t / x W 2  

FIGURE 57 Shirato’s modification22 of the constant-pressure (versus t1’2 plot 

of Sivaram and Swamee’ 95. Reprinted from Filtration, Principles and Practices, 

p. 365  by courtesy of Marcel Dekker, Inc. 

whose values are obtained by best-fit procedures for particular cases. 

Consequently such values have limited utility. 

Biological Materials: -AZ/A(t’’2) versus t behavior similar to  that shown in fig. 

51  has been observed for highly flocculated soy protein curds’96, but the 

change from constant t o  decreasing -AZlA(t”’) occurred gradually. This 

gradual change was attributed to  the end of f i l t r a t i ~ n ’ ~ ~ ;  but some other type 

of penetration behavior may have occurred. The combination of “filtration” and 

expression, was well correlated by use of Eq (92)’”. 

Fig. 58  shows <versus t”’ curves for 3.0 kg  FS/m2, 4.5 kg FS/m2 and 

5.66 kg FS/m2 of sugar beet pulp pressed at 0.8 Mpa. Penetration-type 

behavior occurred at small t, but at larger t, (data could not be fitted by Eqs 

(88), (89) and (90). This and other (data for sugar beet pulp were well f i t ted 

by Eq (91) wi th u between 0.65 and 0.75 and by Eq (92) wi th y between 0 .36  
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FIGURE 58 (versus t”’ plot for pressing of sugar beet pulps at three different 

constant pressures (Rebouillat’ 78) 

and 0.45. Rebouillat’ 78*’  79 provides correlations for these parameters. 

Z,/Z, = 0.1 9 for beet pulp from one factory, 0.11 for pulp from another, 

and was greater for old pulp than for fresh pulp. Addition of CaSO,, which 

causes cross-linking of pectin, promoted faster pressing. 

(versus t1’2 curves similar to those obtained for sugar beets were obtained 

for drained, digested waste-treatment sludge’ 78,1 79, peat and apple pulp’ ’ 
pressed at a constant P,. Eq (91 1 fitted the sludge data, with u ranging 

between 0.6 and 0.7. Initial slopes in (versus t1’2 curves for sludge were 

inversely proportional to W or n. Z,IZ, decreased when higher P, were used. 

When unsaturated cakes were used, e.g. ground alfalfa, rapid initial 

compression occurred due to expulsion of air; then primary expression followed 

by creep occurred. (versus t’” data for alfalfa for the latter two periods were 

fitted moderately well by use of Eq (92) with y between 0.19 and 0.24 and 

Z,lZ, = 0.386. 
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110 SCHWARTZBERG 

FIGURE 59 (versus t”’ data for pressing of ground black currants at a 

constant pressure of 1,000 kPa ( R e b ~ u i l l a t ’ ~ ~ )  

Filtration occurred initially in pressing tests carried out with ground black 

 currant^'^^^'^^; but the filtration period was relatively short. Fig. 59 shows 

versus t”’ for the expression period. Eq (90) fitted the data fairly well, but f 

was much larger than for non-biological materials. 

Buttersack’s Approach: Buttersack’ 97 assumed that pressed cakes of sugar 

beet strips contain a compacted zone adjacent t o  the outflow media and that 

the rest of the cake is not compacted. During pressing, the compacted zone 

becomes thicker, as wi th filter cakes, and the uncompacted zone becomes 

thinner. Buttersack assumed that Ps is proportional t o  PT.(Vo - V) in the 

compacted zone and that RT ( R ,  plus the cake f low resistance) is given by  

Eq (93) causes R, t o  become infinite when V = V,, which is unrealistic. 

Buttersack derived an equation covering both filtration and expression. 
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FIGURE 60 Percent yield of juice versus t/W2 for pressing of milled apples at 

different values of W at a constant pressure of 980 kPa (K~r rnendy”~ .  

Reproduced with permission of the Institute of Food Technologists) 

Converted into notation used in this review, it is 

R, and r are empirically determined. If one expands the left-hand side of Eq 

(94) using a Taylor series, and retains only the first term for small t, one 

obtains an equation formallv, but not literally, identical to one used by Shirato” 

for constant-pressure filtration. Since R, and V, depend on P,, effects of P, 

on expression rate are not well defined. At large t, Eq 194) reduces to  a special 

case of Eq (92) where P = [2P,/rp(V, - V,)11’2 and y = 1/2. 

t/W2 or t”’/W as Variables: Eq. (29) indicates that (should be a function of 

t/W2 or its square root, t’”/W. Eq (88) to (91) indicate that (should be a 

function of tNV2 or of t”2/W over all or part of the (range. When (versus tl” 

curves obtained at different W for both biological and non-biological materials 

were analyzed, tl’ZiW at equal (varied by less than 10 to 15% for each case 

when (was less than 0.8; in some cases, this was true up to ( = 0.9. Since 

juice yield is proportional to (Z, - Z), juice yield also should be a function of 

t/W2 during constant-pressure expression when R, IS negligibly small. Fig. 60, 
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112 SCHWARTZBERG 

a replot of a similar figure by Kormendy’14, clearly shows that juice yields for 

expression of juice from core- and peel-free apple pulp at a constant pressure of 

0.98 Mpa are a single function of t/W2 over a 15-fold range of variation in W. 

Kormendy did not specify the fixed-solids content of the apples used; fig. 6 0  is 

based on an assumed fixed-solids content of 5% by weight. Juice yields for 

apple pulp that contained cores and peels and for grated apples similarly fell on 

single curves of yield versus t/W2 when W varied. Yields at equal values of 

tNV2 were markedly lower for grated apples and for pulp that contained cores 

and peels than for core- and peel-free apple pulp. Cores and peels reduced 

juice yields for apple pulp; they scarcely affected yield at all for grated apples. 

Oil Seeds: K O O ~ ~ * ~ ’  pressed different types of oil seeds at constant PT in a 

curb press, and found that (2, - 2) was proportional t o  t1’6. 

Mrema and McNultys2*’ 98-200 carried out uniaxial, oil-expression tests with 

cashew containing 43.7% oil and 4.3% moisture and with rapeseed containing 

41.7% oil and 3.9% moisture. P, was raised at a steady rate of 62.9 Kpals, 

94.3 Kpals, 188 Kpals or 377 KpaIS until P, = 56.6 Mpa and held there until t 

= 2,000 S .  P, was measured 8 mm, 18  mm, and 28 m m  above the media 

during these runs. The media was a fine wire-mesh screen, supported on a 

perforated steel plate that provided 0.26%, 0.64%, 1.85%, 3.6%, 5.7% or 

8.3% open area. Oil yield depended strongly on percentage open area and 

peaked sharply a t  0.64% open area (see fig. 61  for rapeseed). 

As shown in fig 62, when 0.64% open area was used, roughly 80% of 

rapeseed‘s oil content was expressed at 3 0  min regardless of the initial rate of 

PT increase. Fig. 63  shows that P, measured 8 mm, 18  mm, and 28  m m  

above the media were very small compared t o  P, when cashew was pressed. 

A maximum P, of 67.9 Mpa and a plate wi th 8.25% open area were used. 

The maximum P, was only 0.18% of P, during the constant P, period. P, a t  all 

levels declined very slowly when P, was maintained constant. Slightly higher 

P F P T  were observed when P, increased more rapidly and when smaller open 

drainage areas were used. Log(PF) for rapeseed decreased linearly as t, 

increased; log(PF) for cashew did not. 

P, and P, were measured while P, increased a t  a constant rate in tests 
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0 240 480 720 960 1200 1410 1680 1920 2160 

TIME (S) 

FIGURE 61 Oil yield versus t for pressing of rapeseed using outflow plates with 

different percentages of open area (Mrema8*) 

c I66 57 MPa 
-377- 57 MPa 

100 - 94 __k___ 57 MPa * 63 -57MPa 

X 

20 

0 
0 4 0 12 16 20 24 20 32 36 

TIME [minutes) 

FIGURE 62 Oil yield versus t for different initial rates of pressure increase 

during pressing of rapeseed while using an outflow plate with 0.64% open area 

(Mremas2) 
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- 
m 20 2 

- 1 5  $ 
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67.9 MPa - t -  %. 1502 
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' - ' -  
w w 189kPa Is  CHANGE IN CAKE HEIGHT 

8 16 24 32 
0 TIME (min) 

FIGURE 63 Fluid pressures measured at different heights above the media 

during the pressing of cashew at specified pattern of pressure rise and pressure 

maintenance (Mrema8') 

carried out wi th a plate that had no holes. Results for rapeseed are depicted in 

fig. 64. P, rose linearly. P, also initially rose linearly, but much less rapidly 

than P,. When P, = 28.5 MP,, P, rose suddenly and reached P,. Pressing 

was stopped shortly thereafter, and both P, and P, fell to  0. Similar behavior 

occurred for rapeseed; but the P, at which P, rose was higher, 39 Mpa. Since 

P, = P, - P,, Ps fell to zero when P, rose. This indicates that virtually all of P, 

for these oilseeds was caused by excess, internal hydraulic pressure, P,. 

Electron micrographs of cells in the seeds before and after pressing showed 

that cell walls remained intact during normal pressing, but were completely 

disrupted after P, suddenly increased when using the plate without holes. Why 

cell wall rupture occurred is not clear; but it led to  greater yields during 

subsequent pressing in which an open plate was used. Fig. 65  shows second- 

pressing yield versus time data for seeds that had undergone such treatment. 

A plate with 1.85% open area was used. Fig. 65 also shows that grinding 

untreated seeds t o  powder, greatly reduced yield. Peaking of yield when 

outflow area is low may occur because low areas cause more cell wall rupture, 

but too low an area excessively interferes wi th outflow. 

Mrema proposed that oil f lows out of normally pressed seeds by passing 

through plasmodesmata in series of cell walls. Using electron micrographs, he 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 

80 

115 

-!4- P - 56.6MPa ---! 
’\ 
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CELL WALL FAILURE - 340 

-260 3 

-100 
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FIGURE 64 Behavior of ram pressure, P,, and fluid pressure, P,, for rapeseed 

pressed using an outflow plate with no holes (Mremaa2) 

FIGURE 65 Oil yield versus time plot for pressing of rapeseed using a plate 

wi th 1.85% drainage area. Samples include: rapeseed previously pressed using 

a plate with no holes; intact rapeseed; ground rapeseed; and frozen-and-thawed 

rapeseed (Mrema’’) 
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116 SCHWARTZBERG 

Table V - Microstructure Data for Rapeseed and Cashew 

Plasmodesmata diameter (nm) 

Cell wall thickness (nm) 

Cell diameter (pm) 

Number of plasmodesmata/cell 

Number of plasmodesmata/pm’ 

% Open area in cell wall 

Rapeseed Cashew 

87.1 f 3.5 126 f 7 

913 i 49 496 f 23 

22.3 f 1.77 20.2 f 0.55 

244 181 

0.1 56 0.1 37 

0.093 0.1 71 

measured cell diameters (dJ, cell wall thickness (dJ, the diameter (do& of 

plasmodesmata and how many plasmodesmata occurred per unit area of cell 

wall.  result^^^^'^^ of these measurements are tabulated in Table V .  

These data, rapeseed oil’s viscosity and the number of cell walls encountered 

by oil flowing out of a seed were used in conjunction wi th the Hagen-Poiseulle 

equation to  calculate oil outflow rates per seed when AP = P, - P,. The 

outflow rates per seed were multiplied by the calculated number of seeds in the 

load t o  estimate the overall oil outflow rate. The estimated outflow rate was 

roughly compatible w i th  the experimental outflow rate near the start of 

pressing when P, was low. The experimental rate decreased as P, rose, while 

the predicted rate increased. The predicted rate was 10 times as large as the 

experimental rate when P, reached 56.6 Mpa. Though plasmodesmata provide 

only small f low area, they clearly can accommodate the rates of expression 

encountered in Mrema’s tests. 

Volume Reduction Contributions: Lanoiselle e t  al.”’ carried out constant 

pressure-expression tests wi th rapeseed. They analyzed their results by 

accounting for volume diminutions in: a) spaces between particles, b) 

symplasmic spaces within particles, c) extracellular (apoplasmic) spaces within 

particles, and d) fixed solids volume due to  creep. Their approach is one of the 

few attempts to  analyze expression from biological materials in terms of f low 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 117 

processes within particles. Lanoiselle at al. assumed that: a) oil flows from 

syrnplasmic space to apoplasmic space, then to interparticle space and out 

through the media, whose resistance was neglected; b) flow rates between 

adjacent spaces are proportionaf to the (constant) hydraulic conductivities of 

intervening barriers and to the pressure differences between spaces and ; c) 

flow rates within spaces obey Darcy’s law, i.e. are proportional to P, gradients 

and permeabilities characterizing the spaces and d) volume reductions in 

individual liquid-filled spaces are due to the net outflow from those spaces. 

Based on simplifying assumptions, they summed the volume-reduction 

contributions for the spaces using four terms, each of which exponentially 

decays with time, i.e. 

4 

5 = C G ~ [ I  - e x p ( - k i t ) ]  
i=l 

( 9 5 )  

G, and A ,  are based on the hydraulic characteristics of the spaces involved and 

on the conductivities of barriers between spaces. Using the method of 

residues, they empirically found GI and A ,  that provided a very close f i t  between 

E q  (95) and experimental F versus t data. G, and A ,  were not independently 

measured. Oilseeds contain very little apoplasmic space; and outflow from 

such seeds probably depends on passage through cell walls in series rather 

than on passage from apoplasmic to symplasmic space. The good agreement 

between E q  (95) and experimental data may depend solely on the inherent 

ability of such equations to empirically fit many time-decay processes quite 

well. 

Rheological Model: E q  (96) applies for constant-pressure deformation behavior 

for the system shown in fig. 35a when in(P,/P,ef) = k,(V,,, - V,) governs the 

stress versus V behavior of spring-analog i and In(P/P,,,) = qKd(V,,, - V,)/dt 

governs the deformation rate behavior of the dashpot-like element. i is 1 for 

the in-series spring and 2 for the spring in the Kelvin-Voigt element. 
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118 SCHWARTZBERG 

Eq (96) shows that -dPs/dV decreases as time increases. Therefore C = 

(-dPs/dV)/pcY also decreases as time decreases. If k2/qK is < < C/W2 initially, 

the decrease in C will be negligibly small until consolidation is nearly complete, 

and Eq (89) or (90) will apply. However if k2/vK is comparable to  the initial 

value of C/W2, C will steadily decrease during expression, and expression rates 

will decrease slower than predicted by Eqs (89) or (90). Changes in C will be 

large when k,/kl is small, as is likely to  be the case for highly deformable 

biological solids. It appears likely that apparently anomalous consolidation in 

biological solids can be modelled by use of rheological models like those in fig. 

35. 

Summary - Constant Pressure Expression of Biological Feeds: Deformations 

during compaction at constant P, are much larger for biological presscakes than 

for non-biological cakes and follow different patterns wi th respect t o  time. 

Very rapid initial compaction occurs when biological presscakes initially contain 

air. Media outflow area affects expression from oilseeds in ways that are not 

wholly understood. 

Eqs (88) t o  (90) do a fairly good job of describing constant pressure 

compaction of non-biological solids, but usually cannot be used for biological 

solids. Even when they can be used for biological solids, changes in /due to  

secondary consolidation will be large. (increases linearly as tl” increases only 

for ( < 0.2 for many biological materials; compared to  / u p  to  0.5 to  0.65 for 

non-biological solids. Solutions of Eqs (23)  and (24) based on use of constant 

C do not adequately account for the pressing behavior of biological materials, 

and the deviant behavior of biological solids cannot be simply attributed to  

changes in C as V or e change. 

Expulsion of fluid from particles probably causes many of the differences 

between the pressing behavior of cellular biological solids and non-biological 

solids. Excess internal hydraulic pressure, P,, provides the driving force for 

fluid expulsion from particles. P, increases Ps and reduces P, when P, IS fixed. 

This slows down f low in pores between particles and thereby reduces cake 

compaction rates. Consolidation behavior for cellular biological solids often 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 119 

depends on factors affecting flows inside particles. Rheological systems such 

as shown in figs. 35 and 36 probably can be used to model such flows. 

12. FLOW WITHIN PARTICLES 

Sooner or later, fluid is expelled out of particles when moist particulate 

biological materials are pressed. Pressure drops driving that expulsion will be 

proportional to the flow-path length, d,/2, and to the rate of particle 

compaction, -d(d,)/dt. The particle compaction rate will be roughly proportional 

to the overall cake compaction rate; i.e. -d(d,)/dt = (d,/Z)(-dZ/dt). 

P, wit1 be roughly proportional to (dP2/2Z)(-dZ/dtt times the internal flow 

resistance of particles. Thus, P, should be smaller when d, is smaller. On the 

other hand, (Y tends to be proportional to 1 /dP2; and AP, will increase as d, 

decreases. Consequently, there will be an optimum d, which minimizes the 

sum of d,‘s effects of P, and APF. That optimum will depend on the relative 

magnitude of flow resistance within particles and flow resistance in the cake. 

Rupturing cell walls will decrease internal flow resistance and reduce PE, but 

may permit particles to collapse in ways that block flow channels in cakes and 

cause 01 and AP, to increase. Thus, there may be an optimum extent of cell 

wall rupture. Therefore, more knowledge about the nature of flow resistance 

and flow within cells is desirable. Treatment of internal flow by Mrema82,’99 

and Lanoiselle e t  al.”’ have already been covered. 

Therefore, 

Compaction at Constant Pressure: Buttersack and Basler” used a heavily 

loaded, porous-tipped piston to express juice from cyliriders of denatured sugar 

beet tissue placed in a tight-fitting glass tube sealed at its bottom. The beet’s 

cell membranes were destroyed by prior heating or chemical treatment. 

Overall and local compaction were measured versus time during pressing at P, 

= 0.7 Mpa. Fig. 66 shows the test setup used and progress of an experiment. 

Changes in height of local sections of tissue in the cylinder are depicted in fig. 

67. First, the top section of the cylinder compacted. After it almost finished 

compacting, the section below it started to compact. Section-by-section 
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B D E F 

FIGURE 66 Setup for pressing cylinders of denatured beet tissue, and progress 

of a constant-pressure cylinder compaction test (Buttersack and 

Reprinted with permission from Plant Science.) 
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FIGURE 67 Change in height of local section of beet cylinder during 

compaction at constant pressure (Buttersack and BaslerB7. Reprinted with 

permission from Plant Science.) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 121 

compaction continued until the lowest section compacted. As compaction 

proceeded, lower sections started to compact more and more before the end of 

compaction in the section above. If particles behave in a similar way during 

constant-pressure expression, they will compact layer by layer inward, and 

except when flow starts in the outermost layer, internal flows will occur mainly 

across previously compacted layers. 

In contrast to denatured beets, cylinders of undenatured beets whose cell 

membranes were intact scarcely compacted at all when similarly loaded; i.e. 

little expression occurred. Cell wall-membrane combinations in laterally- 

confined, undenatured sugar beet tissue apparently can withstand at least 0.7 

Mpa of axially applied pressure without bursting. 

Cell walls are very strong in tension, but buckle easily i f  fluid can flow out 

of tissue. Therefore, if cell membranes are denatured, cells can undergo a 

great deal of compaction before generating much solid stress. Ultimately, solid 

stress will build up; but fluid pressure drops and solid stress gradients will still 

occur across layers of compacted cells. 

For denatured beet cylinders, (was proportional to tl” until ( = 0.58, 

which occurred when t = ti = 2 min. Shortly afterward, Infl - f )  increased 

linearly as (t - till’’ increased. Because of the initial proportionality between ( 

and t”‘, Buttersack and Basler concluded that cell wall pairs through which 

flow occurs act like a filter cake growing in thickness. Based on that 

conclusion and measured rates of compaction, they calculated L,, the hydraulic 

conductivity of cell wall pairs in the cake-like region. These L, ranged from 

0.55~10.~ to 4 . 7 ~ 1 0 - ~  m/Pa a s ,  and were greater for chemically denatured 

beets than for beets thermally denatured at 72OC. L, may appear smaller for 

thermally denatured beets because thermal denaturation converted some solid 

protopectin to viscous dissolved pectin and the associated increase in viscosity 

was not accounted for. L, increased when longer test cylinders were used. 

This effect is not explained by theory. 

I f  fluid pressure drop across a presscake is negligibly small, Ps should be the 

same in all parts of the cake; and each particle should compact in ways similar 

to those described for beet cylinders. Directions of particle compaction would 
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differ from site to  site, but the overall effect would probably be the same, i.e. 

compacted zones would form and move inward in particles. Thus Eq (94) may 

characterize a process based on compacted and uncompacted zones within 

particles, instead of a process based on similar zone within the cake as a 

whole. 

Single-Particle Tests: Akkerman, Fox and Walstra202 pressed individual 8-mm 

or 1 0-mm cubes of renneted cheese between a glass slide and a transparent 

surface a t  a series of different normal pressures, P,, ranging between 0.05 and 

4.5 Kpa. The cubes were submerged in fluid in a transparent vessel. 

Akkerman et al. measured cube heights versus time and cube volumes as the 

cubes deformed. The surrounding fluid was isosmotic wi th respect t o  the fluid 

inside the cubes; and the volumes of unpressed cubes placed in the liquid did 

not change. A t  the start of pressing, cube heights almost immediately 

decreased 30% to 45%. depending on the pressure used and the fixed solids 

content of the cube; but the cubes regained their initial shape i f  the applied load 

was removed in a few seconds. Thus the initial deformation was elastic. No 

elastic recovery was observed after fifteen minutes of pressing. The cubes 

expanded laterally when pressed; e.g. their final width was 1.6 times their 

initial width when P, was 3 Kpa. 

Cube volume decreased at a progressively decreasing rate during pressing. 

Since virtually no  fixed solids left the cube, volume shrinkage was due to  fluid 

outf low from the cube. Since the top and bottom surface were sealed by the 

slide and tank bottom, outflow occurred from vertical sides of the cube. Cube 

volume shrinkage increased as P, increased but levelled off at P, > 2 Kpa. 

After 15  minutes of pressing, V,IVo = 0.25 for P, between 2 and 4.5 Kpa. 

Akkerman e t  al. assumed several values of kint (permeability within the 

cube) and tried t o  determine how large P, would have t o  be to  produce f lows 

consistent with the observed rate of volume reduction. They concluded that 

kint had to  be greater than 3 ~ 1 0 - l ~  m2 initially for P, to  be less than P,. When 

dVIdt decreased later in pressing, PE would not exceed P, even i f  kint was 

1 XI 0-14 m2 or smaller. Therefore, Akkerman et al. concluded that P, was only 

a very small fraction of P, during the last stages of pressing and that P, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 123 

depended solely on internal solid stress at the end of pressing. Except for the 

initial elastic deformation, volume reductions in single pressed cubes of cheese 

curd appear to roughly follow the Terzaghi model. 

Fluid Expulsion from Particles: AbularachZo3 determined extents of fluid 

expulsion from particle during constant-rate pressing. Saturated cakes 

containing either coffee or apple particles mixed with dextran-blue solution 

were pressed at ram speeds of 20 or 50 mmlmin. Pressing was stopped when 

P, = 6 Mpa. The dextran blue (M.W. 6 ~ 1 0 ~ )  could not diffuse into cells with 

intact walls. Amounts of fluid expelled from the particles were determined by 

optically measuring how much the expelled fluid diluted the dextran blue. A 

similar technique was used by Laivins and Scallan5’ to measure expulsion of 

fluid from wood cell walls. 

Fig. 68 depicts results obtained for spent drip-grind coffee grounds pressed 

at 50 mm/min. Ye, the volume fraction in outflow of fluid expelled from 

particles, is plotted versus V,/V,,. V,, is the initial fixed-solids-based specific 

volume of the particles; V, is the corresponding specific volume during 

pressing. In all cases Ye was very small at the start of pressing, but rapidly 

increased once V,/V,, fell below a certain value. Based on a volume balance. 

Calculations based on Eq (97) show that dV,/dV, progressively increased as 

soon as Ye started to increase rapidly. Thus, at late stages of pressing, 

shrinkage of particles caused progressively greater portions of cake volume 

decrease and significantly exceeded the volume reduction contribution due to  

shrinkage of spaces between particles. Because particle volume reduction 

dominated at late stages of pressing, E ‘  actually increased then. For spent, 

drip-grind coffee, Ye started to increase when V,/V,, = 1.3; for apples, it 

started when VJV,, = 2; and for spent grounds whose cell walls had been 

rendered more permeable by high temperature hydrolysis, the rise started when 

VJV, = 1.5. Thus fluid expulsion from particles starts earlier when cell walls 

are highly permeable or easily ruptured. 
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FIGURE 68 Fraction of fluid expressed from particles in fluid outflow during 

constant-rate compaction of a saturated bed of spent coffee grounds 

( A b ~ l a r a c h ~ ~ ~ )  

- If increases in P, causes P, to increase and reach P,,, more quickly, less 

overall compaction will occur when P, rises rapidly than when it rises slowly. 

For material with open or readily rupturable pores, i.e. apples and hydrolyzed 

spent grounds, Y e  reached 0.92 when PT = 6 Mpa. Ye at P, = 6 Mpa was 

lower for untreated spent grounds with intact cell walls: 0.63 when 

-dZ/dt = 50 mmlmin, and 0.71 when -dZ/dt = 20 mm/min. For grounds that 

had been soaked in 50% sucrose solution, Y e  rose very rapidly, but only 

reached 0.50 when PT = 6 Mpa. Thus, high viscosity tends to reduce rates of 

fluid expulsion from particles. 

Fluid pressed out of spent coffee grounds contains fine colloidal particles, 

which can be removed by filtration using membranes with 0.45 pm pores, but 

not by membranes with coarser pores. Since molecules with molecular weights 
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larger than 1960 normally do not pass through cell walls in spent coffee 

grounds’00, pressing must have ruptured cell walls to some extent for the 

colloidal particles to have escaped. 

13. CONSTANT-RATE PRESSING BEHAVIOR 

Soil Consolidation: Constant-rate consolidation tests have been used in soil 

mechanics since 1 959’04. They provide continuous P, versus e (or V) curves 

and permit evaluation of the influence of pressing rate on test results205, Two 

media surfaces are used, but one is usually blocked, and PF is measured at that 

surface. If media resistance is negligibly small, P, at the blocked surface equals 

APF across the cake. 

If the initial V is V, at all w and C and -dZ/dt are constant, the solution of 

Eq (23) is 

v - v =  dZ W [%+ 3wz - W 2  - 
dt C 6W2 

where 

@ approaches zero quickly as time increases and usually can be neglected in 

analyzing consolidation test data. The product of -fdZfdt)W/C and the first 

term in the brackets in Eq (98) is -(dZ/dt) .tNV, which equals (Z, - Z)NV,  which 

in turn equals (V, - Val. If Q is negligible, and we evaluate Eq (98) at w = 0, 

where V = V(0). we get 

dZ w 
dt 6 C  [V, - V(0)l = [V, - Val -t - - 

and at w = W, where V = V(W), we get 
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Table VI - Effect of Pressing Rate on AP,JPs(V,) 

-(dZ/dt)(W/KC) 0 0.25 0.5 1 2 

P,/PS(v,) 1 1.087 1.181 1.396 1.948 

APF/Ps(V,) 0 0.128 0.247 0.549 1.231 

APJP, 0 0.118 0.221 0.393 0 .632 

I f  P, is a function of V alone, V(0) and V(W) can be used t o  obtain P,(O) and 

P,(W), i.e. P, a t  w = 0 and W respectively. P,(W) = P, if wall friction is 

negligible. 

Therefore, i f  P, obeys Eq (2) 

P dZ KW In T = - - -  
[,,,,a)] dt 3 C  

where P,(V,) is the value P, at V,. From Eq (2) and Eq (1001, In[P,(O)/P,(V,)I 

= (dZ/dt) - K.  W/6C. When wall friction is negligible, [P,(W) - Ps(0)l = AP,, the 

fluid pressure drop across the cake. Therefore 

P,(V,) = P,(V,),,,)exp[K(V, - VJI. If C and -dZ/dt are constant and Eq ( 2 )  

applies, AP,/P,, P,/P,(V,) and APF/P,(V,) will remain constant as V, decreases; 

and both - dtn(P,)/dVa and - dln(AP,)/dV, will equal - dln[AP,(V,)l/dV, which, in 

turn, equals the constant, K, in Eq (2). Eqs (102) and (103) can be used 

together t o  numerically determine -(dZ/dt)(W/KC) from P, and APT values 

measured during pressing. Values of APJP,, P,/P,(V,), AP,/P,(V,) obtained by 

applying Eq (102) and (103) at chosen -(dZ/dt)(W/KC) are listed in Table 6. W 

and -dZ/dt are known, and -[(dZ/dt)(W/KC)] and K can be found. Therefore, C 

can be determined, i.e. C = W(dZ/dt)/K[(dZ/dt)(W/KC)I. 

If AP,/P, is known and remains constant, -(dZ/dt)(W/KC) can be determined 

and substituted in Eq (102) or (103) to  determine values of P,(V,) from either 

P, or AP,. Constants, Pref and Vref used in Eq (2). can be found by 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 127 

simultaneously solving E q  (2) for two P,(V,), V, pairs. Thus all constants 

needed to  correlate P,(V) in terms of Eq  (2)  can be found. 

If AP,/P, changes as V, decreases during pressing and E q  (2) applies, C 

varies instead of remaining constant. Other ways of interpreting constant-rate 

tests are usedzo6 if this occurs or if Eq  (2)  does not apply at V,. Transients 

caused by changes in C soon decay, and for practical purposes, current values 

of C can be used in Eqs  (100) to (103) with little error when C changes slowly 

as V, decreases and -dZ/dt is small. If C changes slowly, AP,/P, measured at 

different V, and fixed -dZ/dt can still be used to  find PT/P,(V, and AP,/PJV,). 

These ratios can be used to convert PT or P, versus V, data into P, versus V, 

data, which in turn can be used to generate a log(P,) versus V, plot. K can be 

determined from the slope of that plot, and then can be used in conjunction 

with W and -dZ/dt, as previously described, to determine C at chosen V, from 

APJP, at those V,. 

Fig. 69 contains a plot of log[P,(V,)] and plots of log(AP,) versus V, at 

different pressing speeds for calcium montmorilloniteZo6. The log(AP,) versus 

V, plots are parallel where Eq  (2) applies, but are not parallel to the log[P,(V,)I 

plot. Therefore C IS not constant. The slope of the log[P,(V,)I versus V, curve 

= -K/2.303. AP,/P,(V,) can be used in Eq  (103) to find -(dZ/dt)(W/KC) values, 

which in turn can be used in conjunction with K, W and -dZ/dt to find C at 

different extents of compaction. C can also be determined by another method, 

described by Smith and Wahls206. Both computational methods show how C 

changes during the course of pressing. Smith and Wahls found that AP, versus 

AZ data for the two lower speeds could be used to calculate K reasonably 

accurately, but calculated K were 31 % to  33% too high when AP, data for 

higher pressing speeds was used. Therefore use of low -(dZ/dt) .W IS 

recommended when constant-rate pressing tests are used to determine K. 

Shirato’ l8 successfully used an e-based version of Eq  (104) for cases where 

constant-rate consolidation followed constant-rate filtration. 

Po and V, are the values of PT and V, at the start of expression, and t is the 
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Pressing Rate 
loao 1 

- 
m 100 k - 
2 
am 

n!! a 10.  - 

1 
11 44 11 52 11 6 11 68 11.76 1184 11 92 

V, (m3/kg) x 1,000 

FIGURE 69 log(AP,) versus V, and log[Ps(V,)I versus V, behavior during 

constant-rate consolidations of calcium montmorillonite (Smith and Wahls206) 

expression time. The alternative right-hand side results from substituting 

(V, - V,) for -(dZ/dt) - t / W  and replacing psIC, by a single constant K,. 

Tests with Cellular Biological Solids: Many constant-rate pressing tests have 

been carried out wi th biological solids at the University of Massachusetts. 

Presscake properties and many different types of pressing responses were 

measured over wide ranges of pressing speeds for spent coffee grounds, 

different varieties of apples, chopped alfalfa, fresh extracted and cooked sugar 

beets, prepressed sugar beet pulp, halved cranberries, casein curds, alfalfa 

protein curds and sponges. Information about the pressing behavior of cellular 

biological solids was obtained by analyzing results from these tests and 

constant-rate pressing data obtained elsewhere. These results were also used 

t o  evaluate the suitability of computational methods dealing wi th pressing. 

Equipment: Many tests were carried using the cell depicted in fig. 70. A ram 

with a relatively small diameter, 25.4 rnm, was used t o  permit attaining PT up 

t o  8 MPa. The ram was driven in compression mode by an lnstron Universal 
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FC = FLOW CLEARANCE 

PERFORATED 
TRANSDUCERS 

CY 
su 
YO 

CELL EASE STRESS LOAD CELL SUPPORT EASE 

FIGURE 70 25-mm expression test cell fitted for measurement of P,, AP, and 

AP, ( S c h w a r t ~ b e r g ~ ~ .  Reprinted by permission of Van Nostrand Reinhold, 

copyright 1983) 

Test Machine capable of providing compressive forces up to 4450 N. Constant 

pressing speeds ranging from 0.5 mm/min to 200 mm/min were used. 

Pressure transducers mounted on the cell wall were used to measure AP,, the 

fluid pressure drop across the outflow media, and P, 1 and 2 cm above the 

media85. F,, the force transmitted t o  the wall by friction was measured by 

means of a load cell attached to a yoke supporting the wall. F,, the force 

acting on the bottom of the cell, was measured instead of ram force, F,, when 

the wall support yoke was used. F, = F, + F, 
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A similar cell wi th a 133.4-mm bore was used in a system that provided F, 
up t o  22.4 kN !P, up to  1.6 Mpa) and pressing speeds of 2.54, 7.62 or 25.4 

mm/min208. This cell contained two  fluid pressure transducers, one t o  measure 

P, at the ram face and one to  measure AP,. Because of i ts larger diameter, 

wall friction was much smaller in this cell than in the 25.4-mm cell. 

In some work, a simpler 25.4-mm diameter cell that only permitted 

measurement of F, versus cake height, Z, and relaxation time, t,, was used. 

In all cases, a close-fitting ram was driven downward in a cake-filled bore a t  

a fixed speed (-dZ/dt). Test-machine instruments recorded F, or F, versus Z 

and t. The ram automatically stopped when F, or F, reached a maximum 

tolerable value, F,,,, whereupon F, decreased, first rapidly, then more and more 

slowly. F, ultimately asymptotically approached a much-lower fully relaxed 

value, F,. F, or F, and 2 were converted into corresponding values of P, or P, 

versus V, during ram motion and into P, or P,versus t, after the ram stopped. 

Ram-Force Pressing Records: Typical F, versus Z records are shown for 

pressing of spent coffee grounds (fig. 71) and red delicious apples (fig. 72)56. 

These figures also depict F, versus t, during relaxation, i.e. after the ram 

automatically stopped at F, = F,,,. The curve for spent grounds rises 

smoothly during ram motion and drops fairly quickly once the ram stops. For 

spent grounds F,/F,,, = 0.1 1, where F, is the fully relaxed value of F,. The 

F,,, used for apples is 1/4 to  1/5 as large as for spent grounds; F,/F,,, = 0.25. 

For apples, F, passes through a jagged -slightly-rising plateau before rising 

rapidly t o  its peak value. Pressing curves for diced or sliced fruits or vegetables 

often exhibit similar plateaus, which are probably caused by repeated 

mechanical breakdown and/or cell rupture at critical values of stress. The 

plateau’s jaggedness is due to  repeated buildup and relief of stress. Such 

behavior is sometimes called “bioyield”. Jaggedness decreases when larger 

diameter test cells are used and effects of stress buildup and relief average out 

over a larger area. F, versus 2 plateaus do not occur when milled fruit is 

pressed. During pressing, diced apples progressively change into a mash that 

resembles apple sauce. The dices probably break down because of mechanical 

failure a t  weak middle lamellae between cells. Intact dices are often found 

imbedded in the mash. 
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RELAXATION TIME SAMPLE HEIGHT t < i- 

FIGURE 71 F, versus Z and t, for spent drip-grind coffee grounds pressed at a 

constant speed of 50 mm/min (Schwartzberg et al,? Reproduced with 

permission of the American Institute of Chemical Engineers. Copyright 1977) 

R E L A X A i I O N  T I M E  SAMPLE HEIGHT 
4 * 

it--ti 
1 em 

F-+ 
l O s e c  

\ 

FIGURE 72 F, versus 2 and t, for red delicious apples pressed at a constant 

speed of 50 mm/min (Schwartzberg e t  

American Institute of Chemical Engineers. Copyright 1977) 

Reproduced with permission of the 
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r WC) - 
6 3 1 Ram motion stops 

4 

3 

B 
8 
;2 
m 
U 

1 

0 

FIGURE 73 F, versus Z record for sugar beets extracted at 100°C for t w o  

hours and then pressed at a constant speed of 10 mm/min. (Huang") 

Fig. 73 is a F, versus Z record for pressing extracted sugar beets6' at a 

ram speed of 10 mm/min. The beets had been cooked at 1 OOOC, a treatment 

that breaks down protopectin. Almost all regions of the curve are jagged. 

Jagged pressing curves are also obtained when diced or milled fruits and 

vegetables are pressed at ram speeds higher than 10 or 20 mmlmin. Pressing 

tests for fruit and vegetable often are carried out mainly at pressing speeds 5 

10 mm/min so as t o  obtain smooth F, versus Z records. Pressing curves for 

extracted beets that had not been cooked at IOOOC were less jagged. The 

extreme jaggedness encountered with beets cooked at 1 OOOC probably was 

caused by weakening of bonds between cells in the beets. Pressed extracted 

beets that were repressed exhibited pressing curves that were only jagged at 
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1c 

- m a 

a! 
E l  

g- 
u) 

? 
a 0.1 

E a: 

0.01 

0.5 1 2 5 10 RamSpeed(mm/mir 

8 12 16 20 24 28 32 36 

V, (m3/ kg ) x 1,000 

FIGURE 74  log(P,) versus V for constant-rate pressing of Granny Smith apples 

with pressing speed as a parameter. (Vallon et al.’38) 

high pressures. This probably occurred because mechanical failures that 

ordinarily cause jaggedness at low pressures during pressing had already 

occurred. 

Ram Pressure: F,, F,, and F, versus 2 data were respectively converted into 

records of P,, P, and AP, versus V,. P, is the ram pressure, P, is the pressure 

at the base of the cake, and APw is the pressure drop due to wall friction. P, = 

F,IA or (F, + F,)/A, P, = F,/A, AP, = FJA. P,,, = F,,,IA and V, = ZfW. P,, 

P, and AP, versus t, data were similarly obtained. Figs. 74  and 75 respectively 

contain IogP, versus V, plots for diced Granny Smith apples’38 and extracted 

sugar beet strips6’. The bioyield plateau is fairly flat in fig. 74, which is for a 

batch of Granny Smith apples with very thin cell walls. For most diced apples 

(including other batches of Granny Smith apples that had thick-walled cells), P, 

increases slightly as V, decreases in the bioyield region. 

Log(P,) versus V, curves for olive paste2’’ are similar to those for apples 

and those for milled alfalfa57 are similar to those for extracted sugar beets. 

These constant-rate curves behave very differently than constant-rate log(P,J 
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10 

- 
Q 

4 1  - 
v) 

E a 

a E 

0.1 

1 , , 1 ' ,  

12 14 16 18 20 22 24 

V, (ma/ kg FS x 1,000) 

FIGURE 75 log(P,) versus V for 25 gram samples of extracted sugar beets 

pressed a t  different constant speeds (Huang6') 

versus V, curves for non-biological materials. As -dZ/dt increases, log(P,) 

versus V, curves for these biological materials primarily shift t o  higher V, values 

without changing shape, rather than shifting upward t o  higher P, values, as 

happens with non-biological materials. The curves have t w o  branches: a flat or 

moderately sloped branch at high V, and a branch at lower V, where log(P,) 

rises very rapidly. 

Fig. 76 contains plots of log(P,) versus V, for spent, roasted coffee grounds 

at different pressing  speed^^^,*^'. Over a large part of the pressing range 

Once P, starts t o  rise, P, become larger than indicated by Eq (105). Eq (105) is 

similar t o  Eqs (2) and ( 1  04) which respectively describe major portions of log 

(P,) versus V and log(P,) versus V, curves for non-biological solids; but for 
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1o000~0.5 1 2 5 10 20 RamSpeed(cm/min) 

FIGURE 76 log(P,) versus V for constant-rate pressing of spent coffee grounds 

at different pressing speeds ( H ~ a n g ~ ~ ’ )  

coffee grounds K, = -d[log(P,)]/dV, increases as -dZ/dt increases, whereas for 

non-biological solids -d[log(P,)l/dV, remains constant when -dZ/dt increases. 

Moreover, log(P,) versus V, curves for non-biological solids do not curve 

upward sharply once P, rises. Log(P,) versus V, curves for coffee grounds 

exhibit less radical increases in -d[log(P,)/dV, near the end of pressing than 

log(P,) versus V, plots for softer cellular biological solids. 

Cell and tissue structure for biological materials no doubt strongly influence 

the nature of their log(P,) versus V, curves. In roasted coffee, there is virtually 

no intercellular space between cells, cells contain no plasma membrane and are 

roughly 25 pm in diameter, and their walls are roughly 2.5 p m  thick. The other 

materials tested have thinner walls or ruptured walls, plasma membranes, much 

smaller ratios of cell wall thickness to cell diameter; and, except for milled olive 

paste, contain large amounts of intercellular space. Structural properties of 

apples, alfalfa and sugar beets have previously been described (see Section 6). 

Olive paste is a moderately fluid mixture of ruptured cell walls (2% by weight), 

olive oil (20.5% by weight), aqueous juice (49% by weight), and 1.5- to 2-mm 

diameter pit fragments (28% by weight)*’’. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SCHWARTZBERG 

five times 

0.1 4 i 5 V, 6 ( m3/ kg 7 FS) x 1000 8 9 10 

FIGURE 7 7  log(P,) versus V for 25-gram samples of thoroughly milled and 

unmilled alfalfa, each pressed at a constant speed of 5 0  mm/min (Schwartzberg 

et a ~ . ~ ~ )  

Fig. 77, a log(P,) versus V, plot for compaction of thoroughly milled alfalfa 

and unmilled alfalfa57, shows that: a) cell rupture is needed t o  obtain high 

pressed juice yields; b) simple compaction is a poor way to  achieve cell rupture; 

and c )  the shape of log(P,) versus V, curves is greatly affected by the presence 

or absence of cell rupture. Shearing and impact rupture alfalfa cells more 

efficiently than p r e s ~ i n g ~ ~ ~ ’ ~ ~ ~ ~ ’ ~ .  The shapes of log(PT) versus v, plots for 

spent coffee grounds and unmilled alfalfa probably differ from those for apples, 

olive paste, sugar beets and milled alfalfa because most cell walls in coffee and 

unmilled alfalfa are only slightly permeable, intact, and resist rupture, whereas 

cells in the other materials cited are more permeable, ruptured or rupture easily. 

Fig. 7 8  depicts a log(P,) versus V, curve for pressing of oil out of cashew82, a 

material with cell walls that remain intact during pressing. Its shape resembles 

that for spent grounds and unmilled alfalfa. 

Figs. 79, 80 and 81  are log(P,) versus V, curves for spent coffee grounds 

pressed at room temperature using a ram speed of 50 rnm/min. Fig 7 9  is for 

four different loads of grounds of similar size. Eq (102) indicates P, should 
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100 

10 

( M W  

l A  

137 

for cashews 

Pressing Speed 
( rnm / min ) 

0 0.5 
0 1  
- 2  
. 5  

Final V, 
0 0  .. 

FIGURE 78 log(PT) versus V for constant-rate pressing of cashew (Mremaa2). 

Final V, are indicated for different pressing speeds. 

1 o0Oooa 

1OOOOO 

W 
+ 4.26 kg FS / m2 

A 6.43kgFS/mz 

0 12.88kgFS/m2 

o 18.74 kg FS / m2 

2.5 3 3.5 4 

V. m3/ kg FS x 10’ 

FIGURE 79 tog(PT) versus V for different loads of spent coffee grounds, each 

pressed at constant rate of 50 mm/min. (Schwartzberg et al.56 Reproduced 

with permission of the American Institute of Chemical Engineers. Copyright 

1977) 
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U S Sieve Size 
Range of Grounds 

+ - 8 + 1 6  
-20+30 

o - 30 + 50 

Pressing Rate: 50 mm / min 

10 

Spent DdpGdnd Caffee 
Grounds saturated 

swm DllpGrlnd con- 
Grwnds saRtmt4 

mvl water 
a 
E 

0.1 

20 24 26 32 36 40 

V. W k g )  x 1 ,OOO 

FIGURE 81 log(P,) versus V for 26.2-gram samples of spent coffee grounds 

containing either water or 50% sugar solution, each pressed a t  a constant-rate 

of 50 mm/min. (Schwartzberg et al? Reproduced with permission of the 

American Institute of Chemical Engineers. Copyright ID 1977) 
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increase as W increases. Even though W varied by a factor of 4, the data 

roughly fall on a single curve except near the very end of pressing. Fig. 80 I S  

for nearly constant loads of grounds of different size56. P, is larger for the 

larger particles except near the end of pressing. Fig. 81 is for t w o  samples of 

drip-grind grounds, one containing water and the other 50% aqueous sugar 

solution. The ratio of P, for grounds containing sugar solution t o  P, for grounds 

containing water is 2.5:l over most of the pressing range. Near the end of 

pressing it increases t o  6: 1 . The viscosity of 50% sugar solution is roughly 15 

times that of water a t  room temperature. 

I f  P, for spent grounds was significantly affected by f low pressure drop, 

AP,, it would have increased when W increased and when particle size 

decreased. W had little effect on P, and smaller particle sizes caused P, to  

decrease except near the end of pressing. Therefore AP, has little effect on the 

pressing of spent grounds except near the end of pressing. This can be 

reconciled wi th  the large effect of viscosity on P,, if part of P, is caused by P,, 

the excess hydraulic pressure inside the grounds. Larger PE are required t o  

force fluid out of grounds particles when viscosity is greater. Based on 

arguments advanced in Section 12. P, should also be larger for larger grounds. 

Since larger P, were caused by factors that increase P,, pressing of spent 

coffee grounds is strongly affected by P, and f low resistance inside particles. 

The increase in K, caused by increases in -dZ/dt is probably partly caused by 

effects of -dZ/dt on internal f low and P,. Increases in K, as -dZ/dt increases 

have also been observed for spent sugar beet pulp and cranberries113. 

Like log(P,), log(P,) for spent grounds increases linearly as V, decreases 

when P, is small. K, E -dln(P,)/dV,) in the linear range of log(P,) versus V, 

plots. K, for spent grounds are significantly larger than K, and similarly 

increases as pressing speed (-dZ/dt) increases. 

log(P,) and log(P,) occurs earlier, i.e at larger V,, when larger -dZ/dt are used. 

The rapid final rise in both 

Final V,: Table VII list VJV, at P, = P,,, = 11 MPa, i.e. at the end of 

pressing, for spent grounds of different size and different pressing speeds2’’. 

Table Vl l l  lists V,/V, when P, = P,,, = 1 .55  MPa versus pressing speed for 

3-mm cubes of Granny Smith Apples’38. Though Granny Smith apples are 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



140 SCHWARTZBERG 

20 

50 

100 

200 

Table VII V,N, at P,,, = 11 MPa Versus Pressing Rate 

For Spent Coffee Grounds: V, = 2 . 6 5 ~ 1 0 . ~  m3/kg 

5 0.55 0.10 

2 0.65 0.08 

3 0.59 0.13 

1 0.68 

* Mesh-based particle size distribution: +8, 1.1 %; -8 + 16, 42.7%; -1 6 + 20, 

32.1%; -20+30. 10%; -30+50, 7%; -50, 7.3%. 

Table Vl l l  - V,N, a t  P, = 1.55 MPa for Pressing of 3-mrn cubes of 

Granny Smith Apples at Different Ram Speeds (Load: 40 grams) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 141 

usually rather firm, for this batch, Y, was only 0.0235 kg FS/kg apple. 

Therefore their cell walls probably were very thin. V, = 4 0 . 2 2 ~ 1  0-3 m3/kg FS. 

The apples were diced by cutting them into 3-mm thick slices and pressing the 

slices through a screen with 3-mm square openings. Probably many cell walls 

ruptured and bonds between cells broke in the latter step. 

Table Vlll shows that V,/V, often vary substantially from run to run in sets of 

tests carried out at the same pressing speed. V,N, for the Granny Smith 

apples are much smaller than V,/V, for spent grounds at the same pressing 

speed, but for apples, ratios of V, to V,, the specific volume of the fixed solids, 

are much larger than V,N, for spent coffee grounds. 

Values of V,/V, for some other at P T -  - 1.1 MPa and 

different pressing speeds are listed in Table IX. For comparison purposes Table 

IX also contains values obtained by interpolation from runs used to obtain data 

listed in Table VIII. 

Note: V,/V, = 0.62 at I .55 MPa and -dZ/dt = 2.54 mm/min for Granny Smith 

apples for which Y, = 0.064 and which had been sliced into 10-mm square, 2- 

mm thick slabs using a very sharp rotating slicer208; V,N, was much lower for 

diced Granny Smith apples that had thinner and more extensively ruptured cell 

walls. Since juice yield increases as V,/V, decreases, this V,/V, difference 

illustrates the importance of cell wall rupture or rupturability. 

The differences between the two sets of results for sugar beets indicates 

that media resistance can significantly affect V,N, and juice yield. 

Relaxation: P, falls rapidly after the ram stops at P, = P,,,, but P,’s rate of fall 

progressively decreases as t, increases, and P, ultimately asymptotically 

approaches a fully relaxed value, PTfi. P = (PT - PTfi)/(Pmax - PTfi) is the 

normalized pressure change during relaxation. Fig. 82 contains plots of log(P) 

versus t,’” for spent grounds. After small time lags, log(P) decreases linearly 

as t,1’3 increases. Similar log(P) versus t,”3 behavior is observed with other 

cellular biological materials, e.g. apples, alfalfa, olive paste. For spent grounds, 

-d[ l~g(P)l/dt,”~ is roughly inversely proportional to (V, - Val, and is smaller for 

larger sized grounds and for grounds that contain 50% sucrose solution instead 

of water. 
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2.54 7.62 

Table IX - Van/, at P, = 1 . I  MPa for Pressing of Various 

Feeds a t  Different Ram Speeds 

25.4 76.2 
Material Y, 

Cranberries 

Red Delicious 

Granny Smith 
Apples 

-dZldt 
mmlmin 

Media 

Granny Smith 

Golden Delic. 

0.064 I NC 

0.045 

0.056 

0.25* 0.38* 0.57* 0.65" 

T+++ 
0.34 I 
0.67 

NC = Monofilament nylon with 0.5 m m  openings, 

FP = Whatman~No. 4 Filter paper, FC = Fine mesh filter cloth 

Interpolated using Van/, obtained at slightly different -dZ/dt 

As P, relaxes, P, in some parts of cakes of spent grounds sometimes rises 

initially, then declines slowly2o7. AP, decays gradually, even though outflow 

apparently stops as soon as the ram stops moving. If the ram is restarted 

during relaxation, P, rises rapidly and returns to  P,,, after a very small decrease 

in V,. 

Even though the shape of log(P,) versus V, curves differed widely during 

ram movement for spent coffee grounds, apples and sugar beets, log(P,,) for 

each of these materials obeyed the following equation. 
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1.47 

0 0.5 I0 1.5 2.0 2.5 3.0 3 5 

t‘;( sec’”) 

FIGURE 82 log(P) versus t”3 for spent coffee grounds at different final V, 

(SchwartzbergS5. Reprinted by permission of Van Nostrand Reinhold, copyright 

1983) 

This occurred even in plateau regions of log(P,) versus V, plots for apples. 

Pressure Components: Fig. 83 depicts semi-log plots of P,, P, and AP,, versus 

V, for spent drip-grind coffee grounds at -dZ/dt of 5 mm/min and 200 mmlmin. 

The particle-size distribution of the grounds is given at the bottom of Table VII. 

Data are shown only at  V, where APm were significant. Similar curves were 

obtained at other -dZ/dt. (AP,),, the total fluid pressure drop across the cake 

= P,(O) - P,(W). A t  high -dZ/dt, (AP,),/AP, = 0.1 when P, reached P,,,; 

(AP,),/AP, = 0 at low -dZ/dt. Therefore for these spent grounds, the total 

fluid pressure drop, P,(O), was only slightly greater than AP,. P,(O)/P, 

increased markedly as the end of pressing approached. A t  the end of pressing, 

P,(O)/P, = 0.32 when -dZ/dt = 5 mm/min. P,(O)/P, = 0.50 when -dZ/dt = 

200 mm/rnin. In both cases, almost all the fluid pressure drop was across the 

media and not across the cake. Use of - 1  6 + 20 mesh spent grounds instead of 
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Pressure Components Versus 
Bulk Specific Volume 

10000 

-dZ/dt - 200 rnm/rnln 

a+ 100 

-dZ/dt = 5 rnrnlrnin. 

"15 1 6  1 7  1 8  1 9  2 2 1  2 2  2.3 2 4  2 5  2 6  2 7  2 8  2.9 3 

V (crn3/gr) 

\ 10000 

\ a- - I  
-dZ/dt = 5 rnrnlrnin. 

"15 1 6  1 7  1 8  1 9  2 2 1  2 2  2 3  2 4  2 5  2 6  2 7  2 8  2 9  3 

V (crn3/gr) 

FIGURE 83 log(P,), log(P,) and log(AP,) versus V, for constant-rate pressing 

of spent coffee grounds at 5 mm/min and 200 mm/min (Schwartzberg e t  al.'36) 

as-is spent drip-grind coffee reduced both P,(O) and AP, 60% at  -dZ/dt = 200 

mmimin, and reduced them 90% at  -dZ/dt = 5 mmimin. When -20+30 mesh 

spent grounds were pressed at 50  mm/min, P,(O) and AP, were 97% lower 

than P,(O) and AP, for as-is spent drip-grind coffee pressed at the same speed. 

It will be shown later that measured AP, for apples probably include parts of 

sharp P, rises that occur near outflow media. Therefore measured AP, for 

apples will be called apparent AP, or (APJaPp. Fig. 8 4  depicts a semi-log plot 

of P,, (APJaPp and P,(Z - 2 )  versus V, for Granny Smith Apples at -dZ/dt = 50 

mmlmin. P,(Z - 2 )  is P, at 2 cm above the media. Since these apples extruded 

through the media at P, > 1.55 MPa, P,,, was set at 1.55 MPa. A t  the end of 

pressing, P,(Z - 2 )  = P, and (AP,baPp = 0.8-PF(Z-2); further P,(Z - 2) = P, over 

much of the region of sharp PT rise. P, at 1 cm above the media was only very 

slightly greater than (APm)app. Therefore P,(Z - 2 )  = P,(O), i.e. P, at the ram. 

P,(O) was measured directly for constant-rate pressing of several types of 

appleszo8, cranberries, casein curds and sugar beet pulp"3. For these 
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a 

12 16 20 24 28 
V, (rn3/kg ) x 1,000 

n!! 0.0 

L 
12 16 20 24 28 

V, (rn3/kg ) x 1,000 

FIGURE 84 log(P,), log(AP,) and log(AP,) versus V, for pressing of a 40-gram 

sample of 3-rnm Granny Smith apple cubes at a constant-rate of 5 mm/min 

(Schwartzberg et a ~ ' ' ~ )  

materials, P,(O)/P, at the end of pressing ranged between 0.72 and 0.98. Once 

(APmIaPp for these materials started to  rise, (APJaPp/PF(O) increased as V, 

decreased. Therefore, (AP,JaPp are much more important for these materials 

than AP, is for spent coffee grounds, particularly grounds that do not contain 

fines. 

While apparent (APmIaPp are often large at the end of pressing for fruit- and 

vegetable-based presscakes, APm were negligibly small for sugar beet strips 

that had been simply extracted at 55OC and for certain apples with very thick 

cell walls. At  the end of pressing, P,(O)/P, = 0.2 for sugar beets that had been 

simply extracted at 55OC, and P,(O)/P, = 0.1 for diced apples with very thick 

cell walls. While P,(O)/P, at the end of pressing was small and (APJaPp was 

negligible for sugar beet strips extracted at 55OC; for similar strips that had 

been cooked at 100°C, P,(O)/P, at the end of pressing = 0.8, and 90% of the 

fluid pressure drop apparently occurred across the outflow media. Cooking at 

1 OO°C converts protopectin that bonds cells together into soluble pectin which 

has little or no bonding power. Therefore susceptibility to high (APmIaPp may 

depend on the weakness of bonding between cells. 
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R,versus V, 
For Spent Drip-Grind Coffee Grounds 

l.0°e+14 1 
Pressing Speed 

(crn/min) 

0 0.5 

1.00e+09 I 
0.0015 0.002 0.0025 0.003 

Va ( m31 kg 1 

FIGURE 8 5  Log R, versus V, during constant-rate pressing of spent coffee 

grounds at different speeds (Schwartzberg et al.136) 

Media Resistance - Spent Grounds: R, = AP,/[p. (-dZ/dt)l during pressing. 

Measured AP, at series of V, were used to  calculate R, for spent drip-grind 

coffee at each -dZ/dt tested. Whatman No. 4 filter paper was used as the 

media. Log(R,) is plotted versus V, in fig. 85 for these -dZ/dt. The data all fall 

roughly on a single straight line and are correlated in terms of V, by 

R, = 1 . 3 8 ~ 1 0 ~ ~ '  exp [-7,016.V,] (107 1 

where the units are m3/kg for V, and 1 /m for R,. Correlation of R, in terms of 

PJW) can be ruled out, because very different R, were obtained at equal values 

of P,(W). Local compaction data show that V(W) was proportional t o  V,. 

Therefore R, might truly depend on V(W) instead of V,. 

By changing numerical factors, the exponent in Eq (107) can be writ ten in 

terms of (V, - V,) instead of V,. W * (V, - V,) = the volume of outflow per unit 

of media area. Therefore for spent coffee grounds pressed over filter paper, R, 

may be a function of the volume of fluid expelled unit area, or of the amount of 

sediment deposited on the media by expelled fluid. Log(R,) often increases 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 147 

FIGURE 86 R, versus V, for cranberries pressed over media with three 

different pore sizes; pressing speed: 2.54 mm/min. ( R e b o ~ i l l a t ~ ’ ~ )  

linearly as filtrate volume increases during pad filtration of 

paper used when pressing spent grounds may have behaved like such pad 

filters. If so, R, may depend on the amount of migratable fines expelled from 

spent grounds and on how effectively a press cake filters out such fines. 

Variation in migratable fines content and efficiency of fines removal by cakes 

may be reasons why R, for spent coffee grounds varied with particle size and 

particle-size distribution. 

The filter 

Media Resistance - Media Pore Size: R, for cloths can depend strongly on cloth 

pore size. Fig. 86 depicts R, versus V, for cranberries pressed at 2.54 mm/min 

using as media monofilament nylon cloths with opening sizes of either 0.053 

mm, 0.1 rnm or 0.5 ~ n m * ’ ~ .  Use of the greatest opening size greatly reduced 

R,. P,(O)/P, = 0.7 at the end of pressing when the cloth with 0.5 mm opening 

was used, but only 2% of the fluid pressure drop occurred across the media. 

Apparent Media Resistance - Apples: As previously noted, (APJapD for apples 

probably are much larger than actual AP,. The (R,),,, discussed in this section 

are based on measured (APJapp, and probably are often larger than true R,. 
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For diced apples pressed at different constant speeds over nylon cloth wi th 

0.5-mm openings, (R,),,, were negligible until P&W) reached a critical value P,, 

but rose very rapidly once P, was 

apple appears t o  be independent of pressing speed, but is different for each 

type of apple. P, also depends on cell wall thickness, tissue strength and 

method of dice preparation. For Granny Smith apples wi th thin walls, P, = 

200 kPa; for Red Delicious apples wi th thick walls, P, =. 460 kPa; and for 

Granny Smith Apples wi th thick cell walls, P, > 1550 kPa. 

P, for any given type of 

As P,(W) approaches P,, PJW) often almost equals (AP,), the fluid pressure 

drop across the cake. (AP& tends to be proportional t o  -dZ/dt. Therefore P, IS 

reached earlier and V,, the value of V, at which P,(W) = P,, increases as -dZ/dt 

increases. 

For some very firm apples wi th thick cell walls, R, remained negligibly small 

during the entire course of pressing; but for most apples, after an initial period 

of slow increase, (R,),,, increased linearly as (V, - V,) increased. Sugar beets 

and cranberries exhibited similar behavior. Based on relatively limited data, 

(R,),,, for most apples was reasonably well correlated by Eq (108) over the 

entire range of (R,),,, increase. 

(R,),,, = R,exp [K, (V, - V,) 1 - R, f o r  V, < V, (108) 

R,, R, and K, are properties of the cake and media involved. As (APmIaPp and 

(R,),,, for apples increased, apparent fluid pressure drops, (AP& across 

apple press cakes levelled off or rose at a progressively decreasing rate. (AP,), 

levelled off very rapidly at high pressing speeds, and progressively less rapidly 

as pressing speed d e c r e a ~ e d ~ ~ ~ ~ ~ ’  ‘. 

Extrusion: Materials for which (APJaPp was large often extruded at some 

critical value of P, or AP, when large-pored media were used. When media 

wi th 0.5 m m  pores was usedzo8, Mclntosh apples extruded when P, = 545 

kPa, Red Delicious apples extruded at 752 kPa and Golden Delicious at 1090 

kPa. AP, was negligible for Granny Smith apples wi th thick walls; and they did 

not extrude a t  P, = 1550  kPa. The deformability modulus, compressive yield 

strength and juice viscosity of these apples were examined to  see which related 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 149 

most strongly with extrudability. In most cases, but not all, extrudability 

increased as yield strength went down. In all cases, extrudability increased as 

juice viscosity went up. High viscosity in apple juice is usually caused by 

conversion of protopectin t o  soluble pectin. Such conversion weakens bonds 

between adjacent cell walls. This suggests that cakes extrude more readily 

when bonding between cells is weak. 

Wall Friction: AP,, the decrease in P, due to  wall friction, = (P, - PJ. For 

spent coffee grounds pressed by a 25 m m  ram, AP, = 0.8-P, near the start of 

pressing; at the end of pressing AP, = 0.22 to  0.30.P,. AP, steadily 

increased as V, decreased, but P, and P, increased more rapidly. When P, was 

negligible for spent grounds, In(P,/P,) obeyed an integrated form of Eq (31 ) 

or 

For spent grounds, B-f, remained constant as 2 decreased at any given 

pressing speed, but increases as speed increased and was correlated by Eq 

(111). 

B * f ,  - 0,1048 + 0.679(-dZ/dt)1’2 

AP, was significant only at the start of pressing for apples. 

Local V: Local V were measured by photographing sections of cake during 

pressing tests carried out in a transparent ce1185,207. The sections were 

separated by thin, highly reflective perforated aluminum sieve plates, as shown 

in fig. 87. Heights ( A d  of cake section i on time-lapse photographs were 

determined by measuring distances between the plate surfaces bounding 

section i. V,, the specific volume in section i, = (Az),/(Aw),, where (Aw),  was 

the w increment in section i. All (Awl ,  were equal. Fig. 88 depicts V,/V, in 
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Compression Machine Cross Head 

D - Drain Plate 

"0" Ring 

BP = Bottom Plug 

Drainage : Duct 

R - Reflective, 
Movable, Perforated 
Disk 

Transparent 
Plastic Cyilnder 

- 

, Drainage Groove 

Catch 

I LoadCell 1 

FIGURE 87 Cell for measuring local V ( S ~ h w a r t z b e r g ~ ~ .  Reprinted by 

permission of Van Nostrand Reinhold, copyright 1983) 

MATERIAL: SPENT DRIP 
GRIND COFFEE GROUNDS 
5 GRAMS AS-IS PER LAYER 
RAM SPEED: 205 MMNlN 

Q 0.6 
I- < 

' 0.41 

GRIND COFFEE GROUNDS 
5 GRAMS AS-IS PER LAYER 

0 4  
o 5 Nexttooutflowsurfaca 

0.3 I I I 1 I I I 

6 9 12 15 16 

TIME (sec) 

FIGURE 88 VIV, versus t during constant rate pressing of spent coffee 

grounds at 200 mrn/min (HuangZo7) 
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five, equal Aw layers of spent grounds during pressing at -dZ/dt = 200 

mm/min. i = 1 at the ram surface; and i = 5 is at the outflow surface. After 

startup transients died out, V,N, for spent grounds decreased in roughly parallel 

fashion in all layers as pressing proceeded. V,/V, was smallest at i = 1 and 

progressively increased as i and w/W increased. Near the end of pressing, the 

V,/V, converged slightly when -dZ/dt = 200 mm/min. Similar plots were 

obtained at lower -dZ/dt; but at -dZ/dt < 200 mm/min, the V,/V, remained 

parallel until the end of pressing. V,/V, did not change detectably as P, relaxed 

after the ram stopped. Further, cakes of spent grounds expanded only slightly 

when pushed out of a test cylinder. V, = V(W) near the end of pressing. V, 

was approximately 0.0004 m3/kg larger than V, at all -dZ/dt, whereas 

numerical solutions of Eq (21) indicate that V(W) should have been 0.00023 

m3/kg larger than V,. Differences between computed and experimental 

[V(W) - Val may be due to f,., being larger in the plastic cell where V(W) were 

measured than in the metal cell where APw were measured. 

Fig. 89 is a V,N,  plot for Granny Smith apple cubes'38. Initially V, 

decreased most rapidly and was smaller than all other V,. The situation 

changed soon, and V, became the smallest V,. This occurred because effects 

of wall friction dominated at the start of pressing, but (AP,), soon rose, causing 

P, rises and greater cake compaction near the outflow surface. 

Local U: U,, U at the downflow surface of slice i is 

aV,/at obtained from time-lapse data used to prepare fig. 88 and similar figures 

for other -dZ/dt were used to compute U versus w. U versus w/W curves for 

spent grounds during outflow are plotted in fig. 90 for the tested -dZ/dt. At 

-dZ/dt < 100 mm/min, U increased linearly as w/W increased; but at higher 

-dZ/dt, U curved upward slightly at w/W close to 1 .O . Local U versus wNV 

behavior for Granny Smith apples was similar to that for spent grounds; but for 

Granny Smith apples, U versus wNV curves started to curve upward at -dZ/dt 

2 20 mm/min. 
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FIGURE 89 VN, versus t during constant-rate pressing of Granny Smith apples 

at 0.5 mm/min (Vallon et 

Filtration Resistance: P ~ l l a k ~ ' ~  used standard, compression-permeability 

techniques5' t o  measure a, versus V, for spent grounds. Fig. 91 is a semi-log 

plot of his a, versus V, data. Pollak assumed that R, was the same as R, 

measured without cake present. However R, increases markedly during 

pressing when cake is present. Therefore the original a, in fig. 91 were 

corrected. a,,,, = a, - R,/W. The correction is significant only at small V,. 

Assuming that local a versus V behavior is the same as corrected a, versus V, 

behavior 

c1 = 8 . 0 ~ 1 0 ~  + 2 . O ~ l O ~ ~ . e x p [ - 2 3 O O . V ]  (113) 
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16- 
- 

MATERIAL SPENT DRIP COFFEE GROUNDS 
WET WEIGHT 5 gm/loyer 
RAM SPEED 0 20 cm/rnm 

0 10 crn/rnln 
A 5 cm/rnm 
0 2 crn/mrn 
v I crn/min 

E 
W 

FIGURE 90 U versus w/W during constant rate pressing of spent coffee 

grounds at different speeds (Huang207) 

1.00e+12 aa Versus V, 
For Spent Drip-Grind Coffee Grounds 

1.00ecl l  

I 

0.0025 0.003 0.0035 0.004 1 .m+w 
0.002 

v, ( m31 kg ) 

FIGURE 91 Log 0 versus V plot for spent, drip-grind coffee grounds based on 

Pollack’s data Schwartzberg et aI.l39 
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Huang207 using the same experimental method and similar spent grounds 

obtained significantly higher values of as at low V,. 

CY for a number of cellular biological solids were correlated by Eq (1 14). 

a = a o e x p  2 + a b  1 :nI 
For example, compression permeability data for diced Granny Smith apples wi th 

thin cell 

m/kg, ab = - 2 ~ 1 0 ’ ~  m/kg, n = 1.4 and B, = 0.005 (m3/kg)’.4. 

appeared to  be reasonably well fitted by using a, = 4x10’ 

Summary: Log(P,) and log(AP,) versus V, plots for constant-rate pressing of 

non-bioloaical solids are often straight over much of the V, range involved; and 

in the straight-line range, plots obtained at different pressing speed are usually 

parallel. P, and AP, are simply higher at higher pressing speeds. Even though 

the plots are straight and parallel, C for these materials often does not remain 

constant as V changes. 

Log (P,) and log(AP,) versus V, plots for constant-rate pressing of biological 

solids behave very differently from those of non-biological solids. If nearly 

straight plots are obtained, their slopes change as pressing speed increases. 

Plots for biological materials may also have t w o  branches: one at high V,, 

where log(P,) rises relatively slowly as V, decreases, and one a t  smaller V,, 

where log(P,) rises very rapidly. Such curves shift to  larger values of V, when 

pressing speed increases. The first type of curve, i.e. nearly straight log(P,) 

versus V, plots, occurs for materials like spent coffee grounds, w i th  cells w i th  

thick, strong walls. For such materials, AP, across presscakes is often small 

during constant-rate pressing and P, is the dominant factor affecting P,. P, 

depends on excess internal fluid pressure, P,, which, in turn, is strongly 

affected by pressing rate. 

Two-branched curves are obtained for materials wi th ruptured cell walls 

(e.g. milled apples, and olive paste), cell walls that rupture easily or which have 

a tissue structure that provides low f low resistance (e.g. diced apples w i th  thin 

cell walls). For such materials, P, is relatively large, particularly during the late 

stages of constant-rate pressing. P, becomes large near the outflow surface 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 155 

because fluid pressure drop across the cake acts to increases solid stress there. 

Effects of P, on P, are more difficult to detect for such materials and may be 

negligibly small at the end of pressing. Intermediate types of behavior occur. 

Whether a material behaves more like coffee grounds or more like milled apples 

depends on the strength and intactness of its cell walls. Materials that behave 

more like coffee grounds can be converted into materials which behave more 

like milled apples by treatments that rupture of weaken cell walls. 

A third type of behavior occurs when curds are pressed at constant rate. PE 

and AP, across the cake are small when pressing starts, but rise rapidly. 

Particles fuse together as pressing proceeds. Interparticle pores progressively 

disappear after this happens. Finally, flow occurs within a continuous fine- 

pored matrix, and P, and P, become indistinguishable. Sometimes APF = 

0.98P, at late stages of pressing. P,(O) rises near the end of pressing. 

Therefore AP,/P, may then fall somewhat near the end of pressing'52, even 

though AP, continues to rise. 

Pressure drop across media and media resistance, R,, apparently increase 

markedly during pressing and exert more influence on pressing behavior and 

ram pressure than is usually acknowledged. Two types of R, behavior have 

been observed; other types may well occur. In one of the observed types, fine- 

pored media are plugged by fines expelled from cake particles. In the other 

type, coarse-pored media may be partially plugged by pressing of soft cake 

particles into media pores. Partial plugging or apparent plugging is followed by 

less well-defined events that cause apparent media resistance to increase 

rapidly. The second type of behavior is often associated with extrusion of cake 

at high pressures and two-branched log(P,) versus V, curves; and may be 

largely responsible for the rapid increases in P, in the steep branch. 

Wall friction greatly affects the pressing behavior of some materials and has 

to  be adequately accounted for in analyzing pressing test results. 

14. ANALYSIS: CONSTANT-RATE PRESSING 

Apples and spent coffee grounds provide polar examples of types of 

pressing behavior encountered with cellular biological solids. Therefore, 
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156 SCHWARTZBERG 

constant-rate pressing of these materials will be analyzed in depth in this 

section. Constant-rate pressing for olive paste will also be discussed. 

1 4 A .  CONSTANT RATE PRESSING OF APPLES 

Apple cells usually have thin walls, large amounts of space between them, and 

separate from one another fairly readily. Therefore fluid can escape from apple 

tissue quite easily, and only small excess internal hydraulic pressures, P,, 

develop during pressing. Therefore analysis of constant-rate pressing of apples 

should provide information about factors underlying the pressing behavior of 

cellular biological materials from which fluid escapes fairly readily. 

Eq (48) t o  (54) were numerically for constant-rate pressing of 

0.3-mm Granny Smith apple cubes using candidate Ps(V) and a(V) functions 

and different methods of accounting for R,. Since the apples in question 

contained only 0.0235 kg FSlkg apple, their cell walls were very thin. Further, 

the cubes were formed by methods that caused considerable cell wall rupture. 

Because 6.f was small, a constant B - f  was assumed; initially B.f = 0.05, was 

used. IJ = 3 cps. 

Initial Modelling of R,: Eq (108) was initially used to  correlate R,. For the 

Granny Smith apples in question it appeared that R, = l x lO1o /m and that R, = 

3 . 7 ~ 1 0 ’ ~ / m ;  but t o  f i t  experimental (AP,JaPp well wi th Eq (108), a K, that 

decreased as pressing speed increased had t o  be used. There is no satisfactory 

reason for why  K, should decrease this way. As noted before, Eq (108) may be 

unreliable because steep P, gradients near outflow surfaces make it difficult t o  

measure APm correctly for apples. 

Modelling Ps(V): The curves in Fig. 74, which depicts log(P,) versus V, 

behavior at different -dZ/dt for the Granny Smith apples being considered, 

contain: a) a plateau region at large V,, where P, has a low, almost constant 

value, P,; and b) a region at lower V, where P, rises very sharply as V, 

decreases. There is also a third region, not shown, at V, close to  V,, where P, 

= 0 and P, rises fairly sharply from 0 to  P,. To account for this initial rise in 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 157 

P,, it was assumed that: Ps = P,(V, - V)/(O.19V0) for V > Vi = 0.81V0. Use 

of this assumption does not effect predicted conditions at the middle and end 

of pressing. 

P, is higher at higher -dZ/dt, even though P, = 0 in that region. The 

measured variation of P, with -dZ/dt in the plateau region was fairly well 

accounted for by assuming P, = 25,000 + 1 . 2 ~ 1 0 ~ ( - d Z / d t ) ~ . ~ .  

It is difficult to  determine stable time steps for numerical computation when 

dP,/dV = 0, i.e. when Ps remains absolutely flat as V decreases. Further, V 

cannot be determined precisely from Ps in such cases. To circumvent these 

difficulties, Ps(V) were used that provided slight increases in P, as V decreased 

in the plateau region214, i.e. Ps = P, + 500,000(Vi - V) for V, < V < Vi. P, 

increases slightly as V decreases in the plateau region for firmer apples, and the 

rate of increase increases slightly as -dZ/dt increases. 

Behavior of P, at very low pressing speeds was used to infer how P, 

behaved as V changed. The P, versus V, curve for pressing at -dZ/dt = 0.5 

mm/min showed that P, remained quite small and scarcely rose until V, 

reached a critical value, V,, = 0.01 2 m3/kg; then Ps rose quite rapidly. To 

provide for continuity in P, at V, and rapid rises in P, as V decreased below 

V,, it was assumed that: P, = P, + 500,00O(V, - V,).exp[K(V, - V)] for V < 
V,. K ranging between 400 and 650 kg/m3, were used in numerically solving 

Eqs (48) to (54). 

Initial Modelling of a(V) :  Initially, d V )  was based on (APFlc and V, measured 

just before (AP,JaPp started to rise. These (AP& versus V, data appeared to 

be well fitted by 

u = u b  + a,exp(-GV) (115) 

where a, = 2x IOl3  m/kg, ub -- 4x10' mlkg and G = 400 kg/m3. 

Initial Results: Eqs (48) to (54) were numerically solved using the cited B - f ,  

d V ) ,  P,(V) and function for R,. Eleven, equally-spaced nodes between w = 0 

(node 1) and w = W (node N) were used. Solutions provided aV/at at each 

node. The values of aV/at were used in Eq (55) and Eq (58) respectively to 
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158 SCHWARTZBERG 

determine U and V at each node. The V at the nodes were suitably averaged 

t o  obtain V,. Ps at each node was obtained from P,(V), i.e. P, at node I = 

P,(V,). a,, mean OL in gaps between nodes, were obtained by substituting the 

average of V for adjacent nodes in OLW. 

the other nodes were calculated by using Eq (57). The ram pressure, P,, = 

Ps( l )  + PF(l  ). Different, but previously described, computational procedures 

were used a t  the start of pressing when the cake was not yet fully saturated 

and juice outflow did not occur. 

P,(N) = AP, = FR,(-dZ/dt). PF a t  

Predicted V, at P, = 1.55 MPa were computed for each of the -dZ/dt listed 

in Table VIII. Deviations between these V, and the experimental V, listed in 

Table Vl l l  were used t o  determine oOv the overall, root-mean-square percent 

deviation between experimental and predicted V,. The parameters affecting 

a(V), P,(V) and R, were then adjusted so as t o  minimize oOv. The best f i t  (oOv 

= 8.3%) in terms of the chosen function was obtained when a, = 2 . 1 ~ 1 0 ’ ~  

m/kg, ub = 4x10’ mlkg and G = 240 kg/m3 and Eq (108) was used w i th  the 

previously listed R, and R, and K, = 2546 - 762,00O(-dZ/dt); but the computed 

AP, were less than the experimental (AP,IaPp. However, the sum of the 

computed AP, and AP, for the internodal space adjacent t o  the outflow 

surface, i.e. AP, + IPF(N-l)  - PF(N)l, roughly equaled (APJaPp. Based on A w  

and V a t  w = W at the end of pressing, the internodal space next to  W was 

roughly I mm wide, which is roughly equal t o  the diameter of the pressure port 

used to  measure AP,. Therefore it appeared likely that (APJaPp might include 

all or part of AP, across the layer of press cake immediately adjacent t o  the 

outflow surface. 

Revised Modelling: To determine whether large P, gradients close t o  the 

outflow surface could completely account for (APJaPp, other calculations were 

carried out in which R, was assumed to  be zero. Use of E q  (1 15) for a did not 

provide good V, agreement when R, = 0. a(V) based on E q  (1 14) were used 

and provided better agreement. 

Trial-and-error solutions of Eqs (48) t o  (54) were used t o  find best-fit 

parameter values for P,(V) and for E q  (1 14). Parameters were selected not 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 159 

Table X Predicted and Experimental Final Va at P, = 1.55 MPa 

for 0.3-mm Granny Smith Apple Cubes that contain 0.0235 kg FS/kg apples 

-dZ/dt (mm/min) 

No. Data Points 

V,m3/kg x 1000 

Predicted V, 

only to minimize u,,, but also to provide log(PT) versus V, curves of proper 

shape. The latter objective was satisfied by obtaining differences between 

predicted V, values at PT = 200 kPa and 1.55 kP, that averaged 0.003 m3/kg, 

the corresponding average experimental V, difference. At the best fit found by 

trial and error: u,, = 6.4%, a, = 4 . 8 ~ 1 0 ~  mlkg, ub = 8.24~10 ’  mikg, n = 

0.59, B, = 0.553, V, = 0.0119 m3/kg, 6.f = 0.046 and K = 610 kg/m3. V, 

computed using these parameters and corresponding experimental V, for PT = 

1.55 MPa are compared in Table X and for the full range of -dZ/dt tested. 

Agreement between experimental and predicted V, is very good except for 

the slowest pressing speeds tested, where fair agreement is obtained. Fig. 92  

shows log(PT) versus V, plots based on the calculated data. It compares 

favorably with the corresponding experimental plot, fig. 74. Fig. 93, plots of P, 

versus w and z at the end of pressing, shows how rapidly P, rises near the 

outflow surface. Fig. 94  shows that sharp changes in V and CY also occur near 

the outflow surface. 

Parameters that minimized a,, could be obtained when larger n were used 

in Eq (1 141, but these produced greater differences between the predicted and 

experimental shapes of curve log(PT) versus V, curves, i.e. the AV, criterion 

was not satisfied. The AV, criterion also was not satisfied when Eq  (108) was 
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FIGURE 92 

Granny Smith apples containing 2.35 % fixed solids (Schwartzberg et 

Computed plots of log(P,) versus V, at different -dZ/dt for 

Fluid Pressure versus w/W 
l r n  1 

Fluid Pressure versus ZlZ 
1m1 

FIGURE 93 

Granny Smith apples; pressing speed: 0.5 mm/min (Schwartzberg et al.2'4) 

P, versus wlW and zlZ at the end of constant-rate pressing of 
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Bulk Specific Volume versus &! 
24 1 
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20- 

18- not wxl b outRow surface g 1 6 . y  

& 1 4 ~  

u. 12- 

Average V in W/5 slica 
next M &ow surface 

> 6 -  

4 

2- 

0 ;  02 0.4 0.6 0.8 1 

ZR 

Average V in W/5 slica 
next M &ow surface 

iL----- 0.4 ZR 0.6 0.8 

> 

Specific Filtration Resistance versus z/Z 
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FIGURE 94 

Smith apples; pressing speed: 0.5 mrnfrnin (Schwartzberg et a1.2'41 

V and CY versus z/Z at the end of constant-rate pressing of Granny 

used t o  obtain R, and Eq ( 1  15) was used to provide a. Use of R, = 0 and n 

= 0.59 not only provided curves of correct shape, it also provided the lowest 

a,, found. 

Predicted (AP& and AP,.,,: As previously noted, at and near the end of 

pressing, the Nth Aw slice is roughly as thick as the pressure sensing port. 

Therefore (APJaPp may well be approximately equal to AP, + [PF(N-I) - P,(N)I, 

where PF(N) and P,(N-I ) respectively are the P, at nodes N and N-1 . When the 

true APm = 0, (AP,IaPp should equal [PF(N-1) - P&N)I. If so, (APF),, the 
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162 SCHWARTZBERG 

apparent APF across the rest of the cake, should = [P,(1) - PF(N-l 1 1 .  Predicted 

values of [P,(N-I) - PF(N)I decreased as V, increased and thus behaved like 

experimentally measured (AP,),,,. Moreover, starting from the V, where 

[PF(N-I) - PF(N)] began to  rise rapidly, -d[P,(N-I 1 - P,(N)l/dV, were roughly the 

same at all -dZ/dt, which again agrees with experimental {AP,,JaPp behavior. 

This (AP,),,, behavior causes (Rm)app decreases as -dZ/dt increases, the effect 

obtained by using K, = 2546 - 762,0OO(-dZ/dt) in Eq (108). 

Predicted [PF(1) - P,(N-I ) I  also behaved similarly to  experimental apparent 

(AP,),. Thus [PF(l) - P,(N-I 11 levelled off rapidly as V, decreased when -dZ/dt 

was large and leveled off progressively more slowly as -dZ/dt decreased. 

Predicted values of V close to  the media were also more in line w i th  

experimental V next to  the media when R, was assumed to  be negligibly small. 

Thus, use of best-tit parameters for a(V)  and Ps(V) when R, = 0 not only 

provided suitably shaped P, versus V, curves and low o,,, i t  also provided 

much better agreement between predicted and experimental behavior for 

(AP,),,,, V and apparent (APF),. 

(R,),,, for cranberries depend very much on media pore size (see fig. 861, 

an effect that would not be produced if (R,),,, depended solely on high 

-dPF/dw near w = W. Therefore true R, may not be wholly negligible for the 

apples and may increase significantly towards the end of pressing; but one 

cannot presently determine how much of (AP,),pp is due t o  R, proper. 

It is noteworthy that final V, at comparable pressing conditions were larger, 

i.e. pressing yields were smaller, when 7-mm cubes made from the same 

Granny Smith apples were used instead of 3-mm cubes. Some cubes remained 

intact in both cases, and flow took place in the mash surrounding them. This 

reduced areas available for flow, effectively increasing CY and AP,. When the 

larger cubes were used, flow area reduction was greater; consequently 01 was 

greater. Compression permeability measurements also showed that CY was 

much larger for 7-mm cubes than for 3-mm cubes. 

The assumed 6.F provided predicted AP, and V that respectively agreed 

reasonably well wi th experimentally measured AP, and V a t  the start of 

pressing. A t  the end of pressing, the calculated AP, were too large. Therefore 

B * f may decrease as pressing proceeds. This may occur because 6 decreases 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 163 

as cells rupture during pressing. Trial computations showed that B - f 
significantly affected computed P,, final V, and predicted juice yields. Higher 

yields were computed when larger 6 - f  were assumed and lower yields when 

smaller B - f  were assumed. This occurred because wall friction acts to reduce 

Ps increases near the outflow surface. This, in turn, produced larger V and 

much smaller 01 and P, gradients near that surface, thereby delaying the time at 

which P, equalled P,,,. 

Buttersack and Blecher216 recently reported constant-rate P, versus V, plots 

for constant-rate pressing of sugar beet pulp a t  -dZ/dt between 0.01 and 30 

mm/min. These curves and similar curves obtained by Huang" resemble those 

obtained for apples. It is very likely that still other soft CBS will exhibit the 

constant-rate pressing behavior similar to that for apples, and that their 

pressing behavior can be analyzed by means similar to those just described. 

14B. CONSTANT-RATE PRESSING OF OLIVE PASTE 

Olive paste is a complex material. It contains drops of highly viscous olive oil 

dispersed in much-less viscous fruit water. I t  also contains: a) pit fragments, 

that provide little filtration resistance but ultimately generate high P,, and b) 

fine pulp, which is responsible for virtually all of olive paste's filtration 

resistance, but has very little direct effect on P,. One cannot be sure that the 

solid components do not move relative to one another during pressing. 

Therefore, these two components may not'be treatable as a single fixed solid. 

Differential wetting and adhesion of each liquid phase to fixed solids may also 

cause one liquid phase to move faster than the other during pressing. Effective 

viscosities for liquid flow in olive paste presscakes are difficult to predict. Thus 

pressing of olive paste potentially may be difficult to analyze. 

P, versus V, curves for pressing of olive paste are similar in shape to 

corresponding curves for apples. In spite of previously mentioned potential 

problems, very good agreement between predicted and experimental curve 

shapes and final V, were obtained2" when the constant-pressing rate behavior 

of olive paste at -dZ/dt of 0.5 mmlmin and 2-rnmfmin was analyzed by 

methods similar to those used for apples. Since the effective viscosity of the 
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20sec 

V Versus w/W At Different Times During 
Constant-Rate Pressing of Olive Paste 

100 sec 
2.2 

1.8 

80 sec 

= 

60 sec 

- 
1.6 1- - 

120sec 1 

1.4 

1.2 0 0.2 0.4 0.6 0.8 1 

FIGURE 95 V versus wMI during at different times during pressing of olive 

paste (Schwartzberg et 

fluid in the cake is not known, modelling was based on determining a best-fit 

correlation for pa01 instead of using a known j~ and correlating 01 alone. Thus in the 

pressing rate range tested, olive paste cakes can be treated as i f  they contain 

homogeneous fixed solids and a single fluid. 

Olive paste acts as a fairly dilute slurry. Therefore filtration occurs and a 

filter cake deposits above the outflow surface. As shown in fig. 95, V changes 

sharply at the upper surface of the cake; and w,N, at the wMI boundary of 

the cake zone, where V is low, progressively decreases until w,/W = 0. After 

this, the cake consolidates and V varies smoothly with w iW.  

Predicted P, versus w i W  and z/Z profiles during consolidation of olive paste 

are shown in fig. 96. These profiles change much more gradually than similar 

profiles for apples. i.e, predicted P, for olive paste do not increase sharply near 

the outflow surface. This probably occurs because friction provided by hard 

ground pit fragments in olive paste retards compaction of flow-resisting pulp 

near the outflow media. This prevents 01 from increasing excessively near the 
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-1 

-1 

165 

FIGURE 96 

pressing at 2 mmlmin (Schwartzberg et a ~ ' ' ~ )  

PF versus w~ and 2E for olive paste at the end of constant-rate 

media. Higher expressed fluid yields have been obtained by increasing the 

amount of pit fragments in olive pastezo9. 

14C. CONSTANT-RATE PRESSING OF SPENT COFFEE GROUNDS 

Unlike apples which have weak cell walls, and olive paste, whose cell walls 

have largely been ruptured, spent coffee grounds have thick cell walls that are 

difficult to  rupture, and there is virtually no space between cells in coffee 

grounds. 
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166 SCHWARTZBERG 

P,(V) for Spent Grounds: Experimental pressing behavior for spent grounds 

was analyzed'36 to  determine Ps(V) and a(V). Except for V, close t o  V,, both 

log(P,) and log(P,) for spent grounds increase linearly as V, decreases when P, 

is negligibly small. Eq (2) describes similar In(P,) versus V behavior. 

When PF is nealiaiblv small, local V and Ps are strongly affected by wall 

friction. If Ps obeys Eq (2) 

V ( w )  = V ( 0 )  e x p [ H w / K l  (116 1 

where V(0) is V at w = 0, and V(w) is V at w = w.  Further 

v, = - V ( o ) K  [expj?) - 11 HW 

V, decreases linearly wi th time during constant-rate pressing. Since both V, 

and V(w)  are proportional to  V(0) when P, = 0, V(w) should decrease linearly 

wi th time. Fig. 88  shows that over most of the compaction range V(w)  

increases as w increases as predicted by Eq (1 16). Deviations from linearity 

near the end of compaction are due t o  fluid-pressure drop. 

As noted in Section 5, Eq (2) does not apply at V very close to  V,. Most 

likely 

a t  V close t o  V,. If one uses Eq (1 18) between V, and V,, a transition V, and 

Eq (2) for V < V,, one can provide continuity for P, and dPs/dV at V = V, by 

letting V, = (V, - 1/K) and KO = K-P,, where P, is the value of P, obtained 

from Eq (2) at V = V,. When this was done and Eq (34) was numerically 

solved, good agreement between predicted and experimental local V was 

obtained both a t  small V, and V, close to  V,. 

When PF = 0 and Eq (2) applies, PT = P,(O) = P,,,.exp[K(V,,, - V(0)I. 

Therefore 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 167 

Similarly, P, = P,(W) = Pref -exp(K(Vref - V(W), and 

K, = -dln(PT)/dV,. Based on Eq (1  19) 

The second right-hand side is obtained by expanding InI l  + HW/KT] as a Taylor 

series. It can only be used when HW/K, is fairly small. Similarly from E q  (1 20) 

K = -  HW I KB 
In  [l - HW/K, 1 1 + HW/2KB 

Again, the second right hand side can only be used when HW/KB is fairly small. 

Eqs (1 21) and (1 22) show that K, > KT, which agrees with experimental 

observations. 

Eqs (1 21 ) or (1 22) can be used to obtain K. K also = (KT + KB)/2. KT and 

K, increase as -dZ/dt increases. Therefore, K also increases as pressing speed 

increases, and P, is not a function of V alone. Functions that possibly might 

account for how P, is affected by pressing speed were evaluated by using 

them when solving Eq (34). For example 

provided K that moderately well agreed with experimental K for spent grounds. 

The units used are: kg/m3 for K, and m/s for -dZ/dt. 

P,, are much smaller than PT both when P, is large and when P, = 0. 

Therefore P, decreases during relaxation. P,(V) should account for how P, 
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changes during relaxation. If Ps = P, + P,, where P, is the relaxed value of 

Ps and P, is the mean, excess fluid pressure inside particles, P, and Ps will 

decrease as fluid exudes from particles during relaxation. How P, varies as V, 

-dV/dt and t change might be used to  explain relaxation behavior and to  explain 

why K increases as -dZ/dt increases. Functions for P, that satisfied these 

purposes for spent grounds were evaluated. 

The most successful function tested was based on models depicted in fig. 

35. Eq (1 24), an analog of the equation for cieep in a Kelvin-Voigt body in 

series w i th  a spring, provides Ps that decrease as relaxation time, t,, increases. 

( 1 2 4 )  I n  s P = Vref - v [ pre f ]  GI + G i -  [ i  - exp(-t,/t,)l 

Spring behavior in the model on which Eq (1 24) is based is governed by Eq (2 )  

instead of Hooke‘s law. As t, -+ 00 during relaxation, Eq ( 1  24) causes P, to  

approach P, = P,,,-exp[(V,,, - V)]/(G, + Gi). Thus K, = -dln(P,)/dV = 

1 /(G, + Gi). Further, based on numerical evaluation, Eq ( 1  24) causes In(P) t o  

decrease linearly as t,1’3 increases. r;(V0 - V) can be substituted for r,  to  

account for relaxation slowing down as (V, - V,) increases. 

Equations employing the sum of several exp(-t,/.r,) terms have been used to 

characterize P, relaxation following constant rate p r e ~ s i n g ~ ’ ~ * ~ ’ ~ .  If Eq (1  24)  is 

applied at constant P,, V decreases linearly as exp[-t,/-r] decreases, which is 

the kind of secondary consolidation behavior observed during constant-pressure 

expression from clay filter ~ a k e ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ,  apples” and black currants’ 78*1 79. 

Eq (1 24) is an analog of an equation for creep after sudden imposition of a 

load. It is used here for a different process, i.e. stress relaxation after 

constant-rate deformation, which is actually described by a different equation 

for the systems shown in fig. 35. Nevertheless, Eq ( 1  24) worked quite well for 

constant-rate pressing of spent coffee grounds. 

Elements of the model in fig. 35b may have physical significance. Behavior 

of the in-series spring may correspond t o  interactions between particles. Flow 

out of the perforated dashpot corresponds t o  exudation of fluid from particles; 

the pressure acting on the dashpot corresponds to  P,, the pressure driving 

exudation. The parallel spring corresponds to  stresses generated in cell walls in 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 169 

particles and/or relief of tension in such walls as fluid leaves cells. Relaxation 

is slower at smaller V or larger (V, - V) .  This probably occurs because particle 

surfaces block one another more when V is small. It may also occur because 

fluid leaves from cells near the particle surface during early stages of pressing 

and from cells deeper inside particles during late stages of pressing. Thus fluid 

expelled from particles during relaxation may have to traverse more cell wails 

when V, is very small. 

Delays in escape of fluid from particles prevents local Ps equilibrium from 

being reached during constant-rate pressing. This lag in equilibration can be 

described in terms of an effective relaxation time. If the relaxation time is 

proportional to pressing time, i.e. W(V, - V,)/(-dZ/dt), and 7 during pressing is 

proportional to q(V, - VJ, one obtains an analog of Eq (1 24) that can used to 

correlate how -dZ/dt affects K. 

TJ in Eq (125) i s  proportional to the in-particle flow resistance, which increases as 

(V, - Va). As -dZ/dt becomes large, K approaches l /Gr  and when -dZ/dt -, 0, K 
-, l/ (Gr  + Gi) = K,. K (i.e. (K, + K,)/2) and K, were used to determine best 

fit values for G,, Gi and TJ. These were: G, = 0.000461 m3/kg, Gi = 0.000146 

m3/kg and q = 9 . 5 0 5 ~ 1 0 ~  kg.s/m3. Overall, Eq (125) provided a better f i t  for 

experimental K than Eq (1 23) did. 

For uniform compaction, Eq ( 1  25) becomes 

Eq ( 1  26) depends on local -dV/dt rather than on -dZ/dt. As noted in section 9, 

use of Eq (1 26) or other equations in which Ps depended both on local dV/dt as 

well as local V caused instability when used in attempts to numerically solve Eq 

(34). Therefore Eq (1  25) rather than Eq (1  26) was used to numerically solve 

Eq (34). Experimentally determined -dV/dt were roughly the same at all w 

except at the beginning and end of pressing (see fig. 88). Therefore use of 
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170 SCHWARTZBERG 

(dZ/dt)/W = dV,/dt instead of local dV/dt in computations should not cause 

much error. 

Eq (1 25) applies during ram motion. Elements of Eqs (124) and (125) were 

combined t o  provide an equation that also applies during relaxation, i.e. 

Eq ( 1  27) provides P, that can agree with P, at the end of pressing, when t, = 

0, and still causes P, t o  approach PR when t, becomes large. Since t, = 0 

during ram movement, Eq (1 27) reduces to Eq (1 25) during ram movement. 

Experimental P, for all -dZ/dt relaxed to  PTR on a single In(P,,) versus V, 

curve. Eq (1 27) provides such behavior if Pref and Vref are the same a t  all 

-dZ/dt including -dZ/dt = 0. Values of Pref and Vref that provided computed Ps 

versus V, values that fitted all experimental data well in the linear In(PT) versus 

V, range were sought by trial and error. The smallest mean square differences 

between experimental and computed P, was obtained when Vref = 0.00465 

and Pref = 12.88 kPa. Experimental and computed P, at V, = 0.0032 m3/kg 

(i.e. in the linear In(P,) versus V, range are listed in Table XI for the selected 

"ref and 'ref. 

Though the f i t  between experimental and computed P, is fairly good a t  

-dZ/dt 2 10 mm/min, it is quite poor at -dZ/dt 5 5 mrnlmin. A markedly better 

f i t  is obtained when the data for -dZ/dt = 0 is left out and different Pref and 

Vref are used. Nevertheless, Eq (1 27) was usually used with Pref = 12.88 kPa 

and Vref = 0.00465 when solving Eq (34) for spent grounds. 

Since fluid pressure drops across cakes of coffee grounds are small, 

(P, - AP,) = Ps(0) and (P, - AP,) = P,(W). 

log(P, - AP,) versus V, plots remain linear until V, became small, then turn 

upward more sharpty as V, decreases. This behavior is similar to  log Ps versus 

V behavior shown between V, and V, in fig. 32. To account for this behavior, 

Eq (1 27) was empirically modified as follows 

Both log(P, - AP,) versus V, and 

f is a function designed to  account for increases in In (PSI versus V curvature at 

( 1 2 8 )  I n  2 = 'ref - V [ P:ef] G,+ G , h -  exp [-w/q ( -dz /d t )  - t , / r  + 51 1 
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-dZ/dt 
(mm/min) 

171 

0 5 10 20 50 100 200 

Table XI - Computed and Experimental P, versus -dZ/dt 

for Spent Grounds at V, = 0.0032 m3/kg 

Calc. 

Exper. 

217 239 279 338 419 471 517 

160 290 300 330 405 465 530 

small V. As in Eq (1 27). t, = 0 during ram movement. Eq (1 28) allows P, to 

relax to the same value of P, that applied before f was introduced. Various f 

were tested. The one that provided the smallest root-mean-square difference 

between predicted and experimental final V, was f = 0 for V > V, and f = 

3[(V, - V)/VI2 for V < V, ; V, = 0.0019. The root-mean-square percentage 

difference between experimental and calculated final V, was 1.88%. 

Computed AP,: Eqs (48) to (54) were numerically solved using P, given by Eq 

(1 28), a given by Eq (1 131, R, given by Eq (107) and 6.f given by Eq ( 1  11). 

Computed AP, across the cake were found to be much larger than experimental 

AP,, which were almost negligibly small. Therefore a during pressing were 

much smaller than predicted by Eq (1 13). Suitably low AP, for spent grounds 

were obtained only after CY predicted by Eq (1 13) had been reduced roughly by 

a factor of 20. Incorrect a may have been obtained because of use of improper 

experimental methods during compression permeability tests, e.g. use of beds 

that were too deep. Far more liquid passes through a cake during compression 

permeability testing than is expressed during compaction. Permeation rates 

often progressively decreased during compression permeability testing. 

Therefore percolation during testing may have carried sediment to the surface 

of the media causing increases in R, that were computed as increases in a. 
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172 SCHWARTZBERG 

However, there may be other, more profound reasons for the apparent 

disparity in CY. Flow profiles in interparticle pores during pressing are very 

different from f low profiles during percolation; and frictional pressure drops in 

permeable channels are strongly effected by rates of permeation out of or into 

the channels220. Peristaltic pumping caused by progressive constriction of 

interparticle channels may have helped cause unusually low APF during 

pressing. If local peristaltic pumping counterbalances local fluid pressure drop 

due t o  f low friction, CY would appear t o  be unusually low. Local pumping has 

not been considered before in dealing wi th fluid f low during pressing. P, 

profiles measured when pressing -1  6 + 20 mesh spent grounds tend to  suggest 

that such pumping takes place. Fig. 9 7  shows an example of such profiles. P, 

goes through a maximum as w increases. This disagrees with Eq (1 6) which 

shows that P, should monotonically decrease as w increases. Though such P, 

behavior could be caused by local pumping, it could also be due t o  leakage of 

fluid past the ram "0" ring. Such leakage would cause outflow from both ends 

of the cake and given rise to  a P, maximum in the middle of the cake. Leakage 

may well have caused the P, maxima, but local pumping cannot be ruled out as 

a cause at present. 

Computed PT: After predicted CY were reduced by a factor of 20, numerical 

solution of the Eqs (48) to  (54) using Eq (128) wi th best-fit values of G,, Gi, 

Pref and Vref yielded log(P,) versus V, curves of suitable shape. Moreover 

predicted final V, agreed with experimental V, fairly well, but the final AP, 

values were too low. R, at  the end of pressing were significantly higher than 

R, along the trend line in fig. 86. Therefore Eq (107) was modified t o  better f i t  

values of R, at the end of pressing 

After this was done, computed final AP, and experimental AP, agreed 

reasonably well and agreement between computed and experimental final V, 

greatly improved. Resulting computed and experimental final V, are listed in 

Table XII. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 

-dZ/dt (cm/rnin) 0.5 1 2 5 10 20 

Conditions Final V, (m3/kg) x 1000 

Experimental (Ave) 1.49 1.62 1.75 1.86 2.01 2.07 

Calculated 1.49 1.62 1.74 1.87 1.98 2.09 
- 

173 
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TRANSDUCER ELEVATIONKAKE HEIGHT 
o 0 1  02 03 04 0s 06 0 7  o a  09 1 0  

FIGURE 97 

mesh coffee grounds; Pressing speed: 5 mmlmin (Huang207) 

P, versus z/Z during constant-rate pressing of spent, -1 6 + 20 

Table XI1 Experimental and Calculated V, at P, = Pmax = 11 MPa 
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10000 

m 
B 

100 ’ 
0 0012 0,0016 0.002 0.0024 0.0028 0.0032 0.0036 

FIGURE 98  

coffee grounds (Schwartzberg et 

Computed plots of log(PT) versus V, at different -dZ/dt for spent 

Agreement between the experimental and empirically corrected computed final 

V, is excellent. Fig. 98  depicts log(PT) versus V, curves based on the 

numerical solution. They are very similar to  the curves depicted in fig. 76; but 

the low V, portions of experimental plots for low -dZ/dt curve upward slightly 

more sharply than the computed ones do. That is probably due t o  use of an 

imperfect (in Eq ( 1  28). 

Relaxation: Fig. 99 contains computed plots of logfP) versus tr1’3 for spent 

coffee grounds’36, While similar to  fig. 82, the linear range log(P) versus tr1’3 

range is larger for the experimental data than it is for the computed data. This 

difference is due t o  failures in accounting for how AP, decrease as t, increases. 

Even though outflow nominally stopped when the ram stopped, AP, did not 

drop to  zero at that time; it decreased slowly and only gradually approached 0. 

To account for that decrease in solving Eq (48) for the relaxation period, (AP,) 

a t  PT = P,,, was arbitrarily multiplied by exp(-t,/?-). Not enough AP, versus t, 

data is available t o  provide better correlation. An alternative method of 
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0 5 -  

0 2 -  

0 1 2 3 4 5 

ti:( sec’fl) 

FIGURE 99 

spent coffee grounds (Schwartzberg et 

Computed plots of log(p1 versus tr1’3 at different final V, for 

accounting for how AP, and P, decay was presented in Section 9, but 

effectiveness of its use has not yet been evaluated. 

The P,, provided by using Eq ( 1  28) are too high. Perhaps that is because 

P, relaxation has only been accounted for in terms of P, reduction. Stress also 

relaxes in the fixed solid. This solid relaxation might be accounted for by 

introducing an added term GsI1 - exp(-tr/rs)}l in the denominator of Eq (1  28) 

V and U versus w: Experimental and computed V versus w profiles for spent 

grounds were qualitatively similar. Calculated and experimental U versus w 

profiles were virtually identical as long as suitably small a were used in solving 

Eqs (48). 

14D. CONCLUSIONS - CONSTANT-RATE PRESSING 

Most aspects of constant-rate pressing behavior for cellular biological solids 

(CBS) can be successfully predicted by using appropriate values or functions 

and parameters for Ps(V), a(V), R, and B.f and numerically solving Eq (34). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



176 SCHWARTZBERG 

Comparisons between numerically predicted and experimental pressing data can 

be used t o  help select Ps(V), (Y(V), R, and B o f  and associated parameters. 

P, often depends on -dZ/dt or on -dV,ldt in addition t o  being a function of 

V. Effects of -dZ/dt on Ps are small for CBS whose cells have ruptured or 

easily rupturable walls and which contain large amounts of space between 

cells. For such materials, effects of -dZ/dt on Ps are significant mainly a t  large 

V, and apparently diminish as cell walls rupture or particles break down into 

mashes during pressing. 

(AP,), are large for soft CBS at late stages of pressing. This causes sharp 

reductions in V and sharp increases in a and P, near outflow surfaces. (AP,), 

increase as -dZ/dt increases, causing PT versus V, curves for soft CBS t o  shift 

wi th little change in shape toward larger V,. Thus, for such solids, final V, 

increase markedly and juice yields decrease markedly as -dZldt increases. Hard 

pressing aids, such as pit fragments or rice hulls, can reduce sharp increases in 

(Y and P, near outf low surfaces and thereby improve juice yields. Similar 

benefits can be obtained by breaking up  and mixing presscakes between 

repeated pressing steps, as is done in several types of pressing equipment for 

soft fruit. 

Effects of -dZ/dt on Ps are large and persist even at low V for CBS that 

have tightly packed cells wi th thick walls. -dZ/dt affects P, in such materials 

largely by affecting P,, excess hydraulic pressures within particles. P, drives 

fluid exudation from particles and has a large effect on P, when spent coffee 

grounds and oil seeds are pressed. P, decreases fairly slowly after ram 

movement stops, causing P, to  relax relatively slowly for such particles once 

ram movement stops. Equations based in part on the rheological model in fig. 

35b provide ways t o  interpret P, and Ps behavior during pressing and 

relaxation. P, relaxation is also affected by stress relaxation in cake solids and 

by fluid outflow caused by fluid and solid expansion that occurs when PF and 

P, drop. 

(APF)c are quite small for spent coffee grounds. Therefore, effective e(V) 

are small for such grounds, much smaller than CY measured in static compress- 

ion permeability tests. Causes for the lower-than-anticipated (AP,), and (Y are 

not yet clear, but may involve local pumping caused by pore contraction. 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 177 

15. MULTI-DIMENSIONAL PROBLEMS 

Expression involving flows in several directions andlor conveyed solids requires 

use of more complex equations. The first mathematical description of the 

problem was provided by Biot”’ , who derived equations suitable for saturated 

porous solids that: 1 ) are isotropic, 2) have reversible, linear stress-stain 

relations at equilibrium condition, 3) are subject to small strains, and 4) contain 

incompressible fluid subject to flows governed by Darcy’s law. The second and 

third assumption are not valid for most press cakes. Other researchers 110~222-  

225 have modified Biot‘s approach to account for stress-strain non-linearity or to 

deal with bodies that are unsaturated. Kormendy”’ derived the following 

equation to describe three-dimensional expression from moving, saturated 

solids without restriction as to stress-strain linearity or smallness of 

compaction. 

1 de ] 1 - E  dt 
V(P,)  = - - 

When expanded, the left-hand side is 

k,, k, and k, are the permeabilities in the x, y and z direction. The right-hand 

side is 

where u,, u, and u, respectively represent the local solid velocity in the x ,  y 

and z direction. P, is related to  solids stress components by 

a P S X  

ax 
aTyx 
ax 
5 

ax 

az, 
a Y  
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178 SCH WARTZB ERG 

where the subscripts x, y, z respectively indicate the direction in which normal 

stress Ps is acting and T~~ indicates a shear stress acting in direction J on the 

solid at a plane normal t o  direction i. To solve these equations one must know 

how k or k,, k, and k, vary as e changes and how the P, and 7ji components 

vary as e, e gradients and possibly aeBt change, i.e. have an appropriate 

constitutive equation for the cake225. One must also know how u,, u,, and u, 

depend on the surface motion and tractive stresses provided by conveying or 

pressing devices. 

Most of the data required is not available, therefore solutions have been 

usually limited to  one-dimensional cases, like those previously considered. 

Radical simplifications are sometimes used: a) neglecting the T , ~ ,  b) assuming k, 

= k, = k, = k, c) letting P,, and Ps, = BeP,,, where x is the direction in 

which external pressure is applied; d) assuming that only one directional 

component of Ps affects flow; and/or e) assuming that solids conveying occurs 

in one directions only. 

16. PROCESS ANALYSIS 

Batch Equipment: Unidirectional axial compaction is provided in some batch 

equipment, e.g. pot presses, box presses, rack-and-cloth presses and some 

cheese presses. Expression in such equipment can be analyzed readily by 

methods previously presented in this review if suitable P,(V), d V )  are known or 

can be determined. 

Radial Compaction and Flow: Certain batch equipment contain concentric 

cylindrical surfaces, one perforated and immobile, and the other imperforate 

and capable of expanding or contracting. An example is the Wilmes press, 

where an expanding cylindrical rubber tube forces liquid out of a cake through 

an outer, concentric, perforated, cylindrical surface. Equations involving use of 

coordinates based on m, the mass of fixed solids per unit length between the 

inner cylinder and a concentric surface in the bed can be used to  describe 

expression in such equipment. 

radial direction, and P,. If dPs, = -dP,, the governing partial differential 

equation is: 

Other variables are Ps, the solid stress in the 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 179 

where A,, the radial flow area at m per unit length of the cylinder, is 

where r, is the diameter of the inner cylinder, where m = 0. M, is the load of 

fixed solids per unit length of cylinder. In presses where the inner cylinder 

expands, dPs,/d(m/A,) = 0 at r,, where m = 0; and at ro, where m = M,, 

dP,,/d(m/A,) = ( l /~~) ( r i / ro ) (d r i /d t ) .  If v,, the volume of the inner cylinder per 

unit length expands at a constant rate, dvi/dt, dP,,/d(m/A,) = (dvj/dt)/p2ar, at 

m = M,. If R, = 0, at M,, P,, = P,, the pressure acting on the inner cylinder. 

This can be used as a boundary condition for constant-pressure expression. 

Eqs (134) and (235) still apply when an outer cylinder contracts and 

outflow occurs through an immobile, perforated inner cylindrical surface, but 

the previously given boundary conditions for ri are used at r, and vice-versa. 

Bucher-Guyer presses (see fig. 10) contain outflow tubes that contort 

during pressing. Nevertheless, as a reasonable approximation, one can 

effectively divide the load space around each tube into cylindrical unit-cells 

whose outer boundaries act as neutral surfaces that contract at rates 

compatible with the volume-reduction rate produced by piston advance in the 

cylindrical casing of the press. Based on a volume-reduction balance 

where Dc, D, and D, (or 2rJ respectively are the diameters of the press case, 

tubes and unit-cells, N, is the number of tubes and Z is the distance between 

the ram and head of the case. When o is used as a second subscript, it 

indicates an initial value. M, for each cell = M,/N, Duo = Dc/N,”2, and 

The outflow velocity at each tube surface is 
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180 SCHWARTZBERG 

A t  ri, where m = 0, P,, equals the applied pressure and dPs,/(dmlA,) = U o / p a  if 

R, = 0. dP,,/(dm/A,) = 0 at ro, where m = M,. If one uses these 

relationships and the unit-cell approach, one can apply Eqs (1  34) and (1 35)  t o  

analyze the operation of Bucher-Guyer presses. 

Murase e t  al.226,227 present a method of dealing wi th constant-pressure 

radial squeezing, i.e. expression caused by contraction of impermeable 

cylindrical surface surrounding a load and a concentric, stationary, perforated 

cylindrical surface. The method involves correcting Eq (28)  or other equations 

for uniaxial compaction at constant C by applying a factor (J) based on ratio of 

the mean effective f low area to  the outflow area. J is obtained from the ratio 

of respective first terms in analytical solutions for d</dr for uniaxial expression 

and squeezing. For r,/ri < 3, J = 0.703 + 0.297(r0/r,). If at a given (for 

uniaxial expression, T = T,, at the same (, T for squeezing = 7,/J2. When 

creep occurs, Eq 193) can be used for radial squeezing by using J27 instead of 

7. Predicted results matched experimental results for t w o  clays well for r,/ri I 

3, T > 0.2 and fractional volume reductions up t o  0.35. 

Axial Compaction - Radial Flow: Axial compaction and radial f low occur in curb 

presses and spindle presses. In such presses, W, the fixed-solids load per unit 

of outflow area, increases with time because outflow area progressively 

decreases. Therefore, it is preferable to  use length-based radial coordinates, 

which do not change with time in such cases. If friction between the cake and 

ram surface and base can be neglected and dP,, + dP, = 0, 

If R is the radius of the press cylinder and Z is the current cake length, U, the 

fluid velocity at the outflow surface is given by 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 181 

-dZ/dt, the rate of ram advance, if not prescribed, can be found from 

F,, the force acting on the ram in the axial (z) direction, if not prescribed, and if 

wall friction can be neglected, can be obtained from 

where B = Ps,lPsz. Since P,, at the outflow surface cannot be evaluated 

directly from FT, it is easier to analyze constant-rate pressing than to analyze 

pressing at constant F, for this type of expression. Boundary conditions for 

constant-rate pressing are dPsr/dr = 0 at r = 0 and dPsr/dr = pU,/k at r = R. 

Continuous Equipment - Belt Presses: It is reasonable to assume that fixed 

solids move at belt speed in belt presses and that W, the fixed solids load per 

unit area of belt, does not change during movement. In serpentine belt 

presses, as a first approximation, expression from a unit of fixed solids can be 

treated as uniaxial expression by following the cake, and evaluating V changes 

caused by flow normal to  the direction of solid movement. P,, the effective 

ram pressure acting on the solids, = T/D, where T is the tension per unit of 

belt width and DR is the diameter of the roller over which the solids are 

currently passing. The time the pressure is applied is O,D,/Sb, where s b  is the 

belt speed and 0, is the angle of contact between the belt and roller. D, 

usually decreases as the cake moves from roll to roll. Therefore P, usually 

increases in step-wise fashion, falling to 0 in regions where the belts lose 

contact with rolls and DR effectively becomes infinite. W and the initial V can 

be determined from the slurry deposition rate and the slurry’s composition. 

Since P, can be calculated as a function of time, extents and rates of 

expression can be readily calculated by methods used to solve PDE describing 
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uniaxial expression at series of prescribed pressures. In later stages of 

pressing, the direction of pressing changes as the cake moves from roll t o  roll; 

and in early stages, where perforated rolls are used, outflow occurs at both the 

inner belt and outer belt. Therefore, as the cake moves from roll t o  roll, 

boundary conditions have t o  be altered to  account for these changes. 

There are a number of other complicating factors: cake may tend t o  be 

expelled a t  the side of the belt; rolls may deflect slightly at their middle; and the 

outer belt travels significantly faster than the inner belt when the pair passes 

over small diameter rolls. It is felt that the latter effect produces shearing that 

helps to  open up the cake and reduce blinding. No method of theoretically 

accounting for this effect has been developed. Though P, on any given roll 

remains constant, P, and P, gradients develop both in the direction of 

movement and transverse to  that direction. Because the length of contact on 

the roll and width of the roll are large relative to  the cake thickness, f lows 

produced by transverse gradient and gradients in the direction of movement are 

neglected. This may not be warranted for very compactable cakes that are 

subject t o  blinding near the belt surface, particularly for small diameter rolls 

encountered near the end of pressing. 

Steady-State Approach: Except for brief start-up and shut-down intervals 

continuous processing equipment usually operates at steady-state. A t  steady 

state, e, and positions of local coordinates do not change with time. Therefore 

ae/at = 0 at all points in the equipment. This facilitates use of Eq ( 1  30), 

particularly for cases, where solids flow occurs primarily in one direction (x) 

and liquid f low occurs primarily in a single direction, z, which is perpendicular 

to  the plane of solid flow.. The fraction of the initial liquid content that is 

expressed = (e, - ef)/e, = Uae/ax)Ax, where e, and ef respectively are the 

initial and final values of e. Solution of Eq ( 1  30) is used to  determine the 

(ae/ax) in this summation. 

Expression on serpentine belt presses can be analyzed using this approach. 

Even though the direction of solids flow changes as belts move over rollers, the 

current direction of belt movement is used as x, and the direction perpendicular 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 183 

to the current direction of solids movement is used as z. Since S, = u,, the 

ae/ax used in the summation are obtained by using 

P, is set equal to T/D, at the current outflow surface or surfaces of the belt. 

Z and z change as the cake moves in the x direction and complex procedures 

have to  be used to account for such changes. Therefore it is preferable to 

convert Eq (143) into an equation in mixed coordinates, i.e. 

where w is the mass of fixed solids per unit of belt area between the neutral 

plane or impermeable surface and z. Eq (144) essentially is the same as the 

uniaxial approach previously described for belt presses. 

One can account for effects of Ps gradients that tend to produces flow in 

the x and y direction by adding - (a/ax)[(k/~)(BaPs/ax)l} and 

- (a/ay)[(k/~)(BaP,/ay)I} to the right hand side of Eq (143). Because 

computation time and difficulty greatly increase as added dimensions are 

accounted for, use of Eq (144) usually will be preferred. 

Roll Mills: Roll mills have been analyzed by treating flows and pressures in a 

bed of presscake passing between a pair of rolls17. Let x be the coordinate in 

the main direction of flow of the bed through the rolls, z be the coordinate 

perpendicular to the main flow and S, be the surface speed of the roll. 0 is the 

angle on the roll between a position being examined on either roll and the nip 

between rolls, and Z, is the bed height at 0. Based on the system’s geometry 

where D, is the roll diameter and 2, is the height of the bed at the nip. In 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



184 SCHWARTZBERG 

\' ROLL 

FIGURE 100 Passage of solids through stagnant pool of press liquor in two-roll 

mill (Murry and Holt17) 

sugar mills, Z, is called the "work opening". Expelled liquid does not move 

forward through the rolls. Therefore Murry and Holt17 viewed the process as 

one in which there is a stationary pool of liquid, through which "bulk fiber" 

move towards the discharge end of the roll, as depicted in fig. 100. Fixed 

solids are called "fiber" by sugar technologists. Bulk fiber is the fixed solids 

plus the occluded liquid they contain. The volume fraction occupied by bulk 

fiber is (1 - & I ) ,  not (1  - E ) .  At 0, the compression ratio, C,, = Z,R,, where Z, 

= QJS, * cos(O,)l, h, is the air-free, volume-feed-rate of juice-laden cane per 

unit length of roll and 0, is the angle at which 2, = Z,. Solving for cos(0,) 

and then using it to find Z,, one obtains 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 185 

h, = Mc/pc, where Mc is the mass-feed-rate of juice-laden cane per unit length 

of roll, and p, is the density of air-free, juice-laden cane (approximately 1 130 

kg/m3). C, = 1 at 0,. Because of juice expression, the bed of cane first 

becomes completely saturated at a larger angle, 0,. where C, = 0.6 to 0.7. 

The overall compression ratio, C,, = Z,/Z,. 

Murry and Holt17 assumed that only bulk fiber leaves from the discharge 

side of the rolls, i.e. 1 - E' = 1 and E' = 0 in the discharge stream. a d  is the 

air-free volume-discharge rate per unit length of roll. dd/s,z, = E,, the 

"reabsorption factor". E, depends on S,, C, and the fineness of the shredded 

cane. At fixed S,, (E, - 1) a (C, - 1); and at C, = 3.0 for finely shredded 

cane, E, = 1.06 + 0.0052.S,, where S, is in ft/min. Thus E, > 1 .O, and 

usually is between 1 . I  and 1.3. 

It was further assumed17 that u,, the mean velocity of fiber in the x 

direction = S, - cos(0) in regions where 2, S,. cos(0) 2 hd. In those regions 

the volume-flow rate of bulk fiber per unit length of roll = Z,.SR-cos(0)(l - &'I. 
The region is bounded by od, where Z,d.S,'COS(Od) = a d  = E,*S,*Z,. Thus 

Z,d.cos(Od) = ER.2,. Substituting for zed in terms of Eq (145) and solving for 

cos(@d), Murry and Holt obtained 

(1 - E ' )  cannot be greater than 1. But for 0 < od, Z,.S,.cos(O)(l - 6') is less 

than h d ,  the volume discharge rate of bulk fiber. Since the volume-flow rate of 

bulk fiber should be the same between the discharge and 0,. Murry and Holt 

reasoned that u, > S,.COS(~) in this region, possibly because of extrusion. 

The linear velocity of fiber relative to the stationary liquid in the region between 

0, and 0, is S,.cos(O). Hence the superficial velocity of the fluid relative to 

the fiber is &'.S,*cos(O), where E' is evaluated at 0. 

Murry and Holt determined P, from Darcy's law, i.e. 
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FIGURE 101 Pressing test cell for determining keff for expressing juice from 

shredded sugar cane in a roll mill tLoughran228) 

dx = D,.cos(O)*d0/2. Therefore 

E' and k are functions of C,, which, in turn, is a function of 0, i.e. 

Expulsion of fluid from bulk fiber during pressing causes its volume to decrease 

as C, increases. Murry and Holt used an equation that probably is incorrect in 

accounting for how this decrease in volume affects E ' ,  but effects of the error 

on calculated P, probably are small. 

Though the process was evaluated solely in terms of flows occurring in the 

x direction, fairly large amounts of fluid flow in the z or - z direction into vacant 

space at the base of the grooves on the rolls and then flow out the mill through 

the grooves. To account for this flow, Murry and Holt used keff in Eq (149) 

instead of the actual k. keff was determined by using the pressing cell shown 

in exploded formzz8 in fig. 101. U = 0 at the mid-plane of the cell. Assuming 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 187 

that U increases linearly from the mid-plane to the outflow surface, a volume 

balance shows that U = - (x/2Z)(dZ/dt), where 2 is the instantaneous height of 

the cake, -dZ/dt is the ram speed, and x is the distance from the mid plane of 

the cell. Assuming P, is negligible and applying Darcy’s law, Murry and Holt 

obtained 

(-dZ/dt)X2 - p (-dZ/dt) X3Y k =  p 
12 z PTa 122 F, 

where X is the length of the cell parallel to the assumed direction of flow, Y is 

its width and FT is the force used to  drive the grooved ram. In the cell they 

used, X = 102 mm and Y = 229 mm. PT,, the mean pressure corresponding 

to  force FT, = F,/XY. CR = M,/(p;X*Y*Z), where M, is the mass of cane 

used in the test and p ,  is its density. Eq (1 51) was used in conjunction with 

measured FT versus Z data to  determine the keff versus C,. For a sample of 

shredded cane with a bulk density of 40 Ib/ft3, keff = 8x10~”  .CR-3. Murry and 

Holt17 indicated the actual k = 9 . 3 3 ~ 1 0 ~ ”  * c R - 8 ’ 5 2 .  (Units were not specified 

in both cases, but probably are ft2). Thus keff = 370.k when C, = 3. Using 

keff = 8x10‘” .Ck3  as k and their expression for E ’  in Eq (149), Murry and Holt 

calculated a maximum P, of 1675 psi (at 0, = 4.1 ‘1 for C, = 3.0, S, = 30 

ftimin, Z, = 0.466 in. and DR = 26 in. 

Murry and Holt assumed that P, is negligibly small and that P,, the pressure 

acting normal to the roll surface, = P,. Measured values of pressures at the 

crown of roll ridges versus 0 for the same S,, DR and fixed-solids content 

(12.8%) and various C, are depicted in fig. 13 for very finely shredded cane. 

Experimental pressures at the crown were markedly higher than the calculated 

P, at the same 0 and C, and S,. This occurred largely because pressures at 

the crown of ridges were significantly greater than the local mean pressure 

acting over the grooved surface as a whole. 

Murry and Holt derived equations for FR, the force applied per unit length of 

roll, and T,, the torque applied per unit length of roll. These equations are 

F, = - D i  P,sec(B)de (152 I 
2 

8 1  
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where P, is the pressure acting normal to  the roll surface and 0, and 0, 

respectively are the 0 at which cane contacts and leaves the roll surface. They 

assumed that P, = P,, i.e. neglected contributions of P, t o  P,. 

Experiments” showed that: a) T, is independent of S,; b) F, increases as 

C, and cane coarseness increase and c) F, slightly decreases or remains 

constant as S, increases. Use of P, = P, is inconsistent w i th  these 

observations. Based on Eq ( 1  491, local P, should increase linearly as S, 
increases. Hence, if local P, = local P,, F, should increase as S, increases, 

instead of slightly decreasing or remaining constant. Further, T, should 

increase as S, increases instead of remaining constant. P, should decrease as 

cane coarseness increases, because P, is inversely proportional to  k, and k 

should increase as cane coarseness increases. Deer” and Murry and Holt17 

showed that P, increases markedly as coarseness increases. Therefore F, 

probably increased as cane coarseness increased because P, contributed 

significantly to  P,. The observed slight decrease in F, as S, increased is harder 

t o  explain. I f  P, depended strongly on P, and less strongly on P,, F, would 

tend t o  remain constant or increase slightly as S, increases. Increases in S, 
are accompanied by increases in E,, which tend to  reduce relative velocities of 

cane with respect t o  juice. This partly reduces the theoretically tendency of P, 

to  increase w i th  S,. In any case, it appears likely that P, contributes 

significantly t o  P,. 

P, versus C, data calculated from measurements by Deer7’ indicate that 

even P, for fine cane should contribute significantly to  P,. Murry and Holt 

accidentally may have partly compensated for neglecting P,, by failing to  

account for i ts  contributions to F, when measuring keff. Measurement of keff 

involves other problems. Its value depends on the ratio of vertical and 

horizontal f low in the bed of cane. That ratio changes as compaction proceeds 

because the length of only one flow path changes. The ratio will be different 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 189 

when different initial loads of cane are used. Probably, a standard load of cane 

is used, one that provides Z = Z, when C = C,. 

L o ~ g h r a n ’ ’ ~ ~ ~ ~ ~  found that for tests carried out in the cell shown in fig. 101 

using cane of average fineness, FT = 1 12(C, - 0.8)’ + 3640 (-dZ/dt) (C, - 0.8)2 

- 186 (-dZ/dt). F, is in kN and (-dZ/dt) is in m/s. FTIXY for -dZ/dt = 0 probably 

can be used as a measure of the average P, a t  different C,. Based on 

Loughran’s equation, FT/XY = 23.2 MPa (3365 psi) at C, = 3.0 when -dZ/dt 

= 0. Thus P, apparently was very large in the tests that Loughran carried out, 

and corrected FT should be used to determine keff. Presumably, the corrected 

FT = [3640 (C, - 0.8)’ -1  861 (-dZ/dt) for the shredded cane that Loughran 

tested. 

AbularachZo3 measured E‘ during compaction of different types of plant 

matter, and, in all cases, found that E’ did not go to zero even at very high 

pressures and very high levels of compaction. Therefore it is very likely that 

discharged cane contains some free liquor in addition to bulk fiber. I f  so, net 

forward flow of free liquor occurs. The net forward flow of material per unit 

length of roll E,S,Z, = Q, + Q,, where Q, and QF respectively are the local 

net-forward volumetric flow rate of bulk fiber and free liquor. Qs will go down 

as pressing proceeds, and Q, will go up, but their sum will remain the same. If 

u, for the bulk fiber = S, cos(0), the local E’ = 1 - 6s / [z~s ,cos(~) l ,  where Qs 
is a local value. U,, the local velocity of the forward-moving free liquid = 

Q,/(Z&); and the superficial relative velocity of the bulk solids with respect to 

the forward-moving free liquid, U, = &’[S,COS(@) - U,] = S,[COS(@) - E,Z,/Z,]. 
U becomes 0 at Q = 0, and is negative at 0 < @d, again goes to  0 as the 

cane leaves the rolls. If the approach just presented is valid, one does not have 

to account for changes in Q, as pressing proceeds in order to determine U. 

If U is negative in the region between 0, and Q,, where U again becomes 0, 

P, should decrease as the cane goes from 0, to 0,. Murry and Holt observed 

that P, remained fairly constant between 0, and 0 = 0. Since c, increases as 

0 decreases in that region, Ps should also increase. P, = P, - Ps.cos(Q). 

Therefore P, decreases as cane moves from 0, to 0 = 0; and existence of 

fairly constant P, between 0, and 0 = 0 is consistent with U being negative 
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there and w i th  P, contributing significantly t o  P,. P, versus C, behavior is not 

reversible for compacted porous solids. Small decreases in C, produce very 

large decreases in P,. Since C, decreases in going from O = 0 t o  O,, P, drops 

very sharply then. 

Only f lows in the x direction have been considered up t o  now; f lows 

towards the grooves in the rolls and effects of vertical components of solid 

velocity (u,) and compaction non-uniformity also have t o  be considered. Use of 

keff in conjunction wi th total flow taken as occurring in the x direction is a 

crude and imprecise way of dealing wi th these complications. Use of Eqs (1 30) 

t o  (1  32) can provide a better way of dealing wi th them. It is difficult t o  

numerically solve these equations by finite-difference methods for roll mills 

because of the complex geometry involved. Owen, Zhao and LoughranZ3' 

resolved this difficulty by using finite-element methods t o  numerically solve 

equations similar to  Eq ( 1  30) for conditions that apply for pressing of sugar 

cane in a two-roll mill and in the cell shown in fig. 101. 

P, = 0 was used as a boundary condition at both the grooved surfaces of 

the rolls and the cell shown in fig. 101. Owen e t  al. used an average bulk 

modulus, i.e. a linear approach, t o  account for how Ps changes during 

compaction. Thus, they do not appear t o  have adequately accounted for the 

highly non-linear and irreversible nature of P, versus V behavior. Their 

computed P, reach a maximum at  0 = 0 or very much closer t o  it than Murry 

and Holt indicate; and, contrary to  the experimental findings of Murry and 

Holt17, they found that the peak P, increased as S, increased. Nevertheless, 

their approach represents a marked methodological improvement. The cited 

discrepancies between experimental and calculated results probably can be 

largely eliminated by use of better constitutive equations for the sugar cane. 

Screw Expellers: Shirato and coworkers' 74r231,232 systematically investigated 

screw expeller operation. They studied: a) distributions of normal pressure (P,) 

along the length of the barrel, b) feed and discharge rates, and c) discharged 

solids dryness as functions of screw speed, solids concentration in the feed and 

feed pressurization. They used an expeller that had a screw with a gradually 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 191 

decreasing channel height and a short throttling section at its discharge end. 

They viewed the process in terms of an effectively unwound, rectangular 

screw-channel that progressively diminished in height; and analyzed the 

process in terms of changes in e using an approach similar to that previously 

described for belt filters. However, as in Eq (24). they lumped effects caused 

dPs/dV and 01 into an average consolidation coefficient, C,. 

For a 1:l feed mix of a clay and a diatomaceous earth containing 42.3% 

solids by weight, they observed that: a) log(P,) rose smoothly and progressively 

more rapidly as cake moved down the barrel, b) the maximum P, occurred at 

the discharge end, and c) P, at the discharge end rose and the percent solids in 

the discharge smoothly decreased as screw speed rose. For a more-fluid feed 

containing 30.7%-solids of the same composition, P, did not rise smoothly at 

low screw-speeds; and the discharge rate increased and percent solids in the 

discharge gradually decreased as screw speed increased. However, a t  and 

above a critical speed; a) the percent solids in the discharge dropped radically, 

falling to close to the percent solids in the feed, b) the discharge rate rose 

radically, and c) P, scarcely rose at all. 

Effects produced by use of different throttling systems or dies and screws 

with different helix angles and channel depths were studied232 using waste- 

treatment sludge and mixes of kaolin and diatomaceous earth or "sake cake". 

A die consisting of short, rotating, constant-pitch screw with a shallow channel 

of constant depth was particularly effective and provided high P, and smooth 

discharge of cakes with high solids contents. 
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17 NOMENCLATURE 

cross sectional area of cake (m2) 

contact area between particles (m2) 

Constant, permeability correlations for fibrous beds [Eqs  (85) and (8611 

term in E q  (481, (491, (51) and (53) (m3/kg FS-s)  

local area for radial flow per unit length of cylinder (m) 

fiber radius (m) 

slope of t /Q versus Q plot for Buchner funnel filtration test (s/m6) 

exponent of P, containing terms in P,(V) or P,(e) [Eqs (61, ( 7 )  and (1011 

ph/pS 

term in E q  (481, (501, (52) and (54) (m3/kg FS-s)  

coefficient in a(V) 

exponent in (1 - E )  versus Ps correlation [Eq (8)] 
- (l/,ua)(dP,/dV) (kg FS2/m4.s) [see Eqs (221, (241, (26) and (2711 

coefficient in E q  (75) (kg/m3) 

de/d[ln(Ps)l (dimensionless) [see E q  (1 11 
-1 /[llap,(de/dPs)l (m2/s) [see E q  (2411 

mass of retained solids per unit volume of filtrate (kg/m3) Eq (81) 

Eq (1 14) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 193 

constant used in Eq  (78) (dimensionless) 

overall compression ratio in roll mill ZJZ, 

compression ratio for sugar cane (Z,/Z, in roll mill; V,/V, in general) 

creep-term coefficient Eq  (88) 

diameter of cake (m) 

diameter of a pressing system in which radial flow occurs or of Bucher- 

Guyer press (m) 

diameter at inner electrical contact in capillary suction test (m) 

diameter at outer electrical contact in capillary suction test (m) 

roll diameter (m) 

diameter of tubes in Bucher-Guyer press (m) 

diameter of unit cell (m) 

biological cell diameter (m) 

plasmodesmata diameter (m) 

thickness of filter paper in capillary suction test (m) 

particle diameter (m) 

cell wall thickness 

porosity ratio, &/ (1  - E )  

term defined by E q  (61) 

coefficient in Eq  (3) 

coefficient in Eq (6) (rn3/kg FS)" * (kgim s2)  

coefficient in P, versus V correlation of Murry and Holt (Pa) 

constant in P, versus V correlation of Murry and Holt 

coefficient in Eq  (7) and Eq  (8) (kg FS/m3.Pab-') 

Constant used in Eq  (9) (Pa) 

Coefficient used in E q  (9) (m3/kg FS) 

reabsorption factor in sugar-cane roll mill, Q,/SRZ, 

force acting on media (bottom of cell) (N) 

maximum value of F, (N) 
relaxed value of F, (N) 

force acting on unit length of roll in roll mill (N/m) 

ram force (N) 
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194 SCHWARTZBERG 

axial force transmitted to cell wall by friction (N) 

H(I) - Ps(I) .V(I) (m/s2) 

coefficient of friction between particles 

coefficient of friction between cake and wall 

fraction of compaction due to secondary consolidation 

acceleration due to  gravity (9.806 m/s2) 

exponential coefficient in a(V) Eq (1 15) (kg/m3) 

1 /k,, compliance of in-series spring analog in rheological model 

1 /k2, compliance of spring analog in Kelvin-Voigt element 

analog of compliance of spring-like element in Kelvin-Voigt body (m3/kg) 

coefficient in Lanoiselle compaction equation Eq (95) 

analog of compliance of in-series spring-like element 

4.B.f lD ( l / m )  [see Eqs (33). (34) and (3911 

drop in liquid head (m) 

position index 

t ime index 

Murase’s correction factor for converting <for uniaxial consolidation 

into (for cylindrical squeezing 

term index in series [see Eq (2811 

Darcy’s law permeability used in soil mechanics (m/s) [see Eq ( 1  711 

Darcy’s law permeability (m2) 

effective value of k (m2) 

modulus for in-series spring analog in rheological model 

modulus for spring analog in Kelvin-Voigt element 

-dln(P,)/dV (kg/m3) [see Eq (2)l 

-d I n( PB) Id  v, (kg /m3) 

empirical constant used in place of 4Cln  in Eq (93) 

-dln(PR)/dV (kg/m3) Eq (106) 

-dlnfR,)/dt in Eq (891 (l/t) 

-dln(R,)/dV in Eq (108) (kg/m3) 

-dln(P,)/dV, (kg/m3) Eqs (104) and (105) 

hydraulic conductivity of cell walls (m/Pa - s) 
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EXPRESSION OF FLUID FROM BIOLOGICAL SOLIDS 195 

initial mass of cake (kg) 

mass of sugar cane used in effective permeability cell (kg) 

mass feed rate of sugar cane per unit length of roll (kg canelmes) 

mass of dry fixed solids in cake sample or load, M-Y, (kg) 

mass of fixed solids per unit length of cylinder (kg FS/m) 

exponent in E q  (1 1 ) 

mass of fixed solids per unit length between inner cylindrical surface and 

a cylindrical surface in cake (kg FSlm) 

exponent of (V,N,) in Ashby's strength parameter correlations 

number of space nodes used in numerical solutions of PDE 

number of tubes in Bucher-Guyer press 

Value of I at which U is being computed [see Eq (4911 

exponent of V in Ps(V) [Eq (511, (eref/e) in Ps(e) [Eq (311 or e in Eq (82) 

exponent in CY versus P, correlation [see Eqs (76) and (7711 

axial pressure acting on media (Pa) 

value of P,(W) at which Rm starts to increases rapidly (Pa) 

P, contribution due to excess fluid pressure inside particles (Pa) 

fluid pressure (Pa) 

horizontal component of superficial solid stress (Pa) 

P, at which P, stops increasing linearly as V decreases and starts to 

increase exponentially (Pa) 

fluid pressure drop across media 

maximum allowed ram pressure (Pa) 

stress acting normal to  contact area of particle (Pa) 

pressure acting normal to surface of roll or extruder wall (Pa) 

local P, after completion of relaxation (Pa) 

reference value of P, in function Ps(V) or P,(e) 

axial component of superficial solid stress (Pa) 

solid stress normal to i direction (Pa) 

solid stress in radial direction (Pa) 

function providing Ps when e is specified (Pa) 

PS(W function providing P, when V is specified (Pa) 
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ram pressure (Pa) 

average value of ram pressure in cell used t o  evaluate lg,, (Pa) 

ram pressure after completion of relaxation (Pa) 

decrease in Ps caused by wall friction (Pa) 

(PT prt)/(pmax - prt) 

volume of permeate or filtrate (m3) 

volume of cake sample (m3) 

air-free volume rate of cake discharge per unit length of roll (m2/s) 

volume rate of forward free-fluid flow per unit length of rolt Im2/s) 
volume of permeate collected with only media present (m3) 

volume rate of bulk fiber flow per unit length of roll (m2/s) 
radius of curb press (m) 

constant in R, correlations Eqs (88) and (89) (1  /m) 

constant in R, correlations Eq (108) 1 ( l / m )  

media resistance (1 /m) 

total f low resistance a t  the start of consolidation ( 1  /m) Eq (91 ) 

total f low resistance ( l / m )  Eq (91 1 

empirical constant used in Eqs (69) and (70) ( l / m )  

radial distance (m) 

radius a t  inner cylindrical wall 

radius a t  outer cylindrical wall 

belt speed (rnls) 

surface velocity of roll (m/s) 

fractional saturation of interparticle pores (-) 

tension per unit width of belt (N/m) 

torque per unit length of roll in roll mill (N) 

time (s) 

t when Ps(W) = Pc and media resistance starts t o  increase (s) 

time for water t o  move from Di t o  Do in capillary suction test (s) 

time correction used t o  account for media resistance during filtration at 

constant APF (s) 

t ime cake is maintained at constant pressure (s) 
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relaxation time for cakes held at constant volume ( s )  

time when creep induced compaction begins ( s )  

loading and unloading time in pressing cycle (s) 

time at which 90% of primary consolidation is complete (s) 

local superficial velocity of fluid relative to fixed solids (m/s) 

U at outflow media (m/s) 

U at interface between filter cake and feed slurry (m/s) 

tocal absolute velocity of forward-flowing free fluid (m) 

flow rate in permeation test with only media present (m/s) 

fixed solids velocity in the x direction 

fixed solids velocity in the y direction 

fixed solids velocity in the z direction 

local bulk specific volume based on mass of fixed solids (m3/kg FS) 

average value of V (m3/kg FS) 

final value of V, (m3/kg FS) 

Va when P,(W) = Pc and R, increase starts (m3/kg FS) E q  (108) 

V when Ps = 0; V at wc+ (m3/kg) 

value of V at which cake becomes saturated (m3/kg FS) 

average value of V in ith layer (m3/kg FS) 

transition V for change from linear to exponential Ps versus V behavior 

(m3/kg FS) 

V in feed slurry during filtration; initial value of V (m3/kg FS) 

volume of particles in cake per unit mass of fixed solids (m3/kg FS) 

initial value of Vp (m3/kg FS) 

reference value of V (m3/kg FS) [see Eq (2)l 

specific volume of fixed solids (m3/kg FS) 

V at which P,(V) starts to curve upward above linear In(Ps) versus V line 

V for fixed solids + non-expressible water (m3/kg FS) 

specific volume of water (m3/kg water) 

volume of inner cylinder per unit length (m2) 

mass of fixed solids per unit area between neutral plane or ram and 

position in cake (kg FS/m2) 
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w at interface between liquid and feed slurry (kg FS/m2) 

immediately upstream of wc  

immediately downstream of w c  

total mass of fixed solids per unit area between ram or ram and outflow 

surface (kg FS/m2) 

kg waterikg FS in press feed or cake 

kg of non-expressible water per kg fixed solids 

distance in direction in which solids are conveyed (m) 

distance cake moves in x direction at nth computation step (m) 

weight fraction of fixed solids in press cake or filter cake (kg solids/kg 

moist cake) 

(volume of fluid expelled from particles in outflow)/(total outflow 

volume) 

weight fraction of fixed solids in press feed or waste-treatment sludge 

weight fraction of water in press feed 

distance in direction at right angles to z and x directions (m) 

cake thickness or height or length of cylinder (m) 

cake height at which C, = 1 

capillary rise obtainable with filter paper in capillary suction test (m) 

effective air-free discharge-height of cake in roll mill ( m )  

cake thickness at plane between roll axes in roll mill (m) 

initial length of cylinder (m) 

cake height a t  angle 0 on two-roll mill (m) 

distance from ram surface or neutral plane in direction of liquid f low (m) 

z after cake moves nth step in x direction (m) 

Greek Letters 

01 local, specific filtration resistance of cake (m/kg) [see Eq 16)l  

01, mean effective 01 in Buchner funnel filtration test (m/kg) [see Eq (73)l 

olb constant in a(V)  Eq (1 14) and Eq ( 1  15)  
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reference value of 01 in Eq (76) (m/kg) 

coefficient in Eq (941, an empirical consolidation equation 

exponent in Eq (94). an empirical consolidation equation 

fraction of cake volume not occupied by fixed solids 

fraction of cake volume not occupied by particles 

(2 ,  - Z ) / ( Z 0  - 2, )  

pressing rate coefficient in Ps(V,Z‘) and Ps(V,V’) 

flow resistance for dashpot in Kelvin-Voigt element 

juice yield based on original mass of juice present [see Eq (67)] 

juice yield based on original mass of feed (kg juice/kg feed) [Eq (68)] 

exponential coefficient in e versus P, correlation Eq (4) (1 /Pa) 

exponential coefficient in Lanoiselle compaction equation Eq (95) 

creep coefficient in exponent in Eq (89) and (90) (1 i s )  

field strength term (m/s2) 

angle relative to  plane passing through roll axes in a two-roll mill 

angle at which C, becomes 1 in two-roll mill 

angle of contact of belt on roll 

angle on sugar cane roll mill where Z,.S*cos(O) = Of 

negative 0 at which U becomes 0 in roll mill 

0 at which cake first becomes completely saturated in two-roll mill 

0 at which sugar cane first contacts roll 

0 at which sugar cane leaves roll 

viscosity (kglm -s )  

exponent in Eq (93), an empirical consolidation equation 

function to  correct In(P,) versus V curvature 

particle surface area per unit of particle volume (1  /m) 

density of fluid 

density of fixed solids 

c t N 2  or C, - t /n2  

relaxation time constant Eqs (1  241, ( 1  27) and ( 1  28) (s) 

relaxation time coefficient (s * kg/m3) 

shear stress acting in j direction on plane normal to i direction 
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@ 

X 
Y 

W 

W 

R 

Series in Eqs 198) and (99) 

Vesilind's capillary suction test characterization parameter (kg/m *s2) 

fraction of cake volume occupied by pores in particles 

volume of fixed solids per unit between neutral plane or ram and 

position in cake (m) 

angular velocity when centrifugal forces are important (1 /s) 

total volume of fixed solids per unit area between ram or ram and 

outflow surface (m) 

Subscripts 

a 

app 

C 

eff 

exP 

f 

I 

m 

max 

n 

0 

R 

r 

ref 

X 

Y 

Z 

average 

apparent 

sugar cane 

effective 

due to expansion 

final 

at node I or in slice I 

without cake present 

maximum or maximum tolerable value 

at nip in two-roll mill or at plane between roll axes or node n 

initial 

roll, relaxed 

radial 

reference value 

in the x direction 

in the y direction 

in the z direction 

m at equilibrium 
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