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EFFECTS OF HIGH-PRESSURE APPLICATION ON
SUBSEQUENT ATMOSPHERIC SOAKING OF CORN

SUNDARAM GUNASEKARAN

Department of Agricultural Engineering
University of Wisconsin-Madison
460 Henry Mall
Madison, WI 53706

Accepted for Publication September 26, 1990

ABSTRACT

Atmospheric-soaking tests were performed on two varieties of corn samples sub-
Jjected to a pretreatment of high-pressure soaking at 10.5, 21, and 35 MPa. Soaking
tests were also conducted with samples without any pretreatment at different soak-
ing temperatures of 20, 40, 60, and 100C. Increased duration of initial high-
pressure soaking was found to reduce the rate of moisture absorption during the
subsequent atmospheric soaking. Predicted soaking times required for the samples
to reach 45% moisture content increased with increase in applied pressure and
with increase in the duration of high-pressure application. Therefore, initial high-
pressure application should be limited to a low pressure level and only for a short
duration. Compared with the results of the high-temperature soaking tests, in-
itial high-pressure application does help to shorten the steeping time required
at atmospheric conditions but not to the extent to compensate for the effect of
high temperatures.

INTRODUCTION

Steeping of corn kernels is an important first step in the wet milling process.
At this step, the kernels are soaked in warm water until the kernel moisture con-
tent reaches about 45% to facilitate easy separation of kernel components. This
is a very time consuming process taking as long as 40-50 h. Long steeping periods
adversely affect both kernel component recovery and production rate. In the past
several years many have investigated the possibility of reducing the steeping time
for wet milling. Some notable attempts include high-temperature soaking (Cox
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160 S. GUNASEKARAN

et al. 1944; Fan et al. 1962; Hsu et al. 1983); short steeping periods interspersed
between long air-rest periods (Palmer and Bathgate 1976); scarification of pericarp
(Palmer 1974); and degerminating between two steeping periods (Krochta et al.
1981). Recently, application of high pressure has been investigated as a potential
method to shorten the steeping time (Gunasekaran and Farkas 1988; Meuser et
al. 1989). Gunasekaran and Farkas (1988) reported that application of high
pressure at room temperature dramatically increased the initial imbibition of water
in the kernal compared to soaking at atmospheric pressure. However, the hydra-
tion rates were found to decrease with increase in duration of high pressure ap-
plication. Moreover, prolonged high pressure application will not be economically
justifiable. A possible alternative is to combine both high-pressure and atmospheric
soaking to take advantage of both methods. This paper presents the results of
soaking tests conducted at atmospheric pressure following initial high-pressure
soaking. The specific objectives were to determine the effect of high-pressure
application in conjunction with subsequent atmospheric soaking at room
temperature and to compare the results with that of high-temperature soaking at
atmospheric pressure.

MATERIALS AND METHODS

Two varieties of corn, FRB27 X Mol7 and FRB27 X Va22, were used in
this investigation. Initial moisture content of the corn was about 27%.! The corn
samples were dried to a final moisture content of about 15% using air at 20C
and 65C circulating at a rate of 2.0 m3*/min/m3. Additional information on dry-
ing tests have been reported in Gunasekaran and Paulsen (1985). The samples
were held in cold storage (4C, 58 % relative humidity) until used for experiments.
Before the soaking tests, the samples were allowed to equilibrate to room condi-
tions. Initial moisture content of all samples were determined to be 11.2% by
the oven method specified in the ASAE Standard S352.2 (ASAE 1992).

All high-pressure soaking tests were conducted using an Autoclave Engineers
Isostatic Pressure Unit (Model No. IP-2-22-60) at room temperature (20C). Three
pressure levels of 10.5, 21, and 35 MPa were used each for durations of 5, 10,
15 and 30 min. Three 25-g samples were used at each set of soaking conditions.
The samples were taken in a 5-cm diameter polyethylene tube filled with tap water.
The ends of the sample tubes were sealed using a heavy-duty stapler. These sam-
ple tubes were placed in the pressure chamber of the high pressure unit. Further
details of the high-pressure soaking procedure can be found in Gunasekaran and
Farkas (1988).

1Al moisture contents reported are on wet basis.
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After the specified duration of high-pressure application, the moisture absorbed
was determined by weighing the samples. Subsequently, the samples were soaked
at room temperature for about 8 h. Additional tests were conducted by soaking
triplicate of 25-g samples at 20C (room temperature), 40, 60, and 100C. High-
temperature soaking tests were conducted in a laboratory oven set at the desired
temperatures. During these soaking tests, the samples were periodically weighed
to determine the amount of moisture absorbed. Before each weighing, the samples
were surface blotted with paper towel to remove the surface moisture.

RESULTS AND DISCUSSION

Moisture content of the samples after the high-pressure application are presented
in Table 1. These were the initial moisture contents of the samples during the
subsequent atmospheric soaking. In all atmospheric-soaking tests, the moisture
absorbed varied nonlinearly with the soaking time exhibiting a power-law
relationship.

TABLE 1.
MOISTURE CONTENT (%) OF CORN SAMPLES AT THE END OF
HIGH-PRESSURE SOAKING

Drying air temperature ( C)
Pressure  Soak time

(MPa) (min) 20 65 20 65
Corn: FRB27 x Mo17 Corn: FRB27 x Va22
5 21.28 21.55 1976  23.97
10.5 10 21.46 23.18 20,14 2423
15 21.92 22.56 2071 2457
30 22.92 23.80 21.83  26.08
5 19.57 20.62 19.86  23.54
21.0 10 20.05 21.18 2014 2432
15 20.33 21.64 2043 25.00
30 22.18 25.00 229 2617
s 20.14 22.65 1868 2201
35.0 10 20.62 21.83 21.00 2475
15 21.18 23.00 2128 26,08

30 21.46 23.36 21.24 26.49
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M=at

Where, M = moisture content (%, wet basis)
t = soaking time (h)
a, b = power law contants

The numerical values of the power-law constants a and b were determined by
regressing the experimental values of M and t. All the test results conformed
to the above equation with a correlation coefficient (r) of at least 0.90. Tables
2, 3, and 4 present the a and b values obtained for atmospheric soaking tests con-
ducted following high-pressure application of 10.5, 21, and 35 MPa, respectively.
The constants a and b are, respectively, the slope and intercept of the linear
logarithmic plot of moisture content versus time. Therefore, ‘‘a’’ value can be
related to the initial moisture level; and the ‘‘b’’ value to the rate of moisture
absorption. For all three levels of high-pressure application, the *‘a’’ values showed
a general increase and the ‘‘b’’ values a general decrease with the increased dura-
tions of high-pressure soaking. These trends indicate two aspects of the increased
duration of high-pressure soaking. First, there is a slight increase in the initial
grain moisture content. Second, there is a reduction in the rate of moisture ab-
sorption during the subsequent atmospheric soaking.

Similar a and b values obtained for soaking only at atmospheric pressure and
at different temperature results both in increased moisture content (at any given

TABLE 2.
THE POWER-LAW CONSTANTS (a AND b) FOR PREDICTING MOISTURE
CONTENT DURING SOAKING AT ATMOSPHERIC PRESSURE AFTER
INITIAL HIGH-PRESSURE APPLICATION OF 10.5 MPa

Corn: Corn:

Drying air Period of FRB27 x Mo17 FRB27 x Va22

temperature high-pressure
(S application (min) a b a b

5 23.07 0.144 2371 0.150

20 10 23.95 0.131 25.19 0138

1S 24.41 0.125 24.62 0.138

30 24.41 0.125 25.93 0.113

5 21.29 0.194 26.53 0.113

65 10 23.17 0.150 2806  0.094

15 24.30 0.119 2545 0119

30 23.11 0.125 28.47  0.081
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TABLE 3.
THE POWER-LAW CONSTANTS (a AND b) FOR PREDICTING MOISTURE
CONTENT DURING SOAKING AT ATMOSPHERIC PRESSURE AFTER
INITIAL-PRESSURE APPLICATION OF 21.0 MPa

Corn: Corn:

Drying air Perind of FRB27 x Mo17 FRB27 x Va22

temperature high-pressure -
(O application (min) 3 b a b

5 21.67  0.160 23.11  0.130

20 10 23.57 0.118 23.33 0.134

15 22,65 0.156 2221  0.157

30 2568  0.105 2491  0.100

5 2344 0151 27.54  0.090

65 10 2540 0.114 2784  0.090

15 25.45  0.120 2847  0.093

30 26.01  0.106 2694 0122

TABLE 4.
THE POWER-LAW CONSTANTS (a AND b) FOR PREDICTING MOISTURE
CONTENT DURING SOAKING AT ATMOSPHERIC PRESSURE AFTER
INITIAL-PRESSURE APPLICATION OF 35 MPa

Corn: Corn:

Drying air Period of FRI327 x Mo1l7 FRB27 x Va22

temperature high-pressure
(O application (min) a b a b

5 2238 0.150 21.76  0.157

20 10 24.15 0.120 23.80 0.132

15 23.67 0.133 23.65 0.136

30 23.09 0.135 23.53 0.127

5 25.64 0.124 2502 0.145

65 10 25.88 0.103 2847  0.091

15 25.55 0.121 2852  0.089

30 2555 0126 2832  0.090
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TABLE 5.
THE POWER-LAW CONSTANTS (a AND b) FOR PREDICTING MOISTURE
CONTENT DURING SOAKING AT ATMOSPHERIC PRESSURE

Corn: Corn:
Drying air Period of FRB27 x Mol7 FRB27 x Va22
temperature high-pressure

(O application (min) a b a b
20 16.60 0.200 16.01  0.181
20 40 19.93 0.213 1851  0.228
50 21.04 0.280 2128 0295
100 23.94 0.295 2548  0.228
20 15.85 0.238 1828  0.206
65 40 20.39 0.212 2251 0194
60 2213 0.273 2620 0210
100 25.64 0.264 27.01  0.250

time) and in increased rate of moisture absorption. Comparing the ‘‘b’’ values
from Tables 2, 3 and 4 with those corresponding to 20C (room temperature) in
Table 5, it is clear that the rate of moisture absorption is much higher for at-
mospheric soaking alone than when the atmospheric soaking was preceded with
high-pressure application. This is probably due to the fact that initial moisture
contents for atmospheric-soaking tests preceded with high-pressure application
were very high (Table 1). It is known that high-moisture samples do not absorb
moisture as rapidly as low-moisture samples. All the trends were similar for both
the varieties of corn and for samples dried at both drying air temperatures.

Because of the obvious differences in both a and b values, it is hard to deter-
mine the overall effect of the initial high pressure application on the moisture
absorption characteristics of the samples. To have an equivalent measure of ef-
fectiveness of different treatments, total time required for the samples to reach
a moisture content of 45% was calculated for each set of soaking conditions us-
ing the model parameters (Tables 6 and 7). The moisture content value of 45%
was chosen to represent the approximate maximum moisture level desired in prac-
tical wet milling operation.

Table 6 shows that the predicted total soaking times required at atmospheric
pressure after initial application of high-pressure vary widely. However, carefully
examining the general trend it is evident that in most cases the total time required
increased both with increase in the applied pressure and with increase in the dura-
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TABLE 6.
PREDICTED SOAKING TIME (h) REQUIRED AT ATMOSPHERIC PRESSURE AFTER
INITIAL APPLICATION OF HIGH PRESSURE TO REACH A MOISTURE CONTENT
OF 45% FOR CORN KERNELS.

Drying air Applied Duration of high-pressure soaking (min)
temperature  pressure

(O (MPa) S 10 15 30 5 10 1S 30
Corn: FRB27 x Mo17 Corn: FRB27 x Va22
10.5 103.5 1233 133.8 1341 71.7 671 794 1318
20 21.0 95.5 2412 81.8 210.6 169.8 1358 903 362.0
35.0 105.0 179.0 127.8 139.6 1012 1262 112.8 166.1
10.5 47.5 83.6 177.5 193.5 107.4 1522 120.7 285.4
65 21.0 75.87 1524 1172 176.7 239.9 209.0 140.6 167.8
35.0 92.08 2209 1086 886 57.5 152.4 168.3 177.2

TABLE 7.

PREDICTED SOAKING TIME (h) REQUIRED AT ATMOSPHERIC PRESSURE

FOR CORN KERNELS TO REACH A MOISTURE CONTENT OF 45%.

Drying air temperature ( C)

Soaking
temperature 20 65 20 65
(O Corn: FRB27 x Mo17 Corn: FRB27 x Va22
20 146.5 80.2 301.9 79.4
40 45.8 419 49.2 355
60 15.1 13.5 12.7 13.1

100 85 8.4 12.1 7.7
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tion of high-pressure soaking. Therefore, for best results the high-pressure ap-
plication should be limited to a low pressure level and only for a short duration.
As presented in Table 7, the predicted soaking times required at high temperatures
are very small. Therefore, high-temperature soaking should be preferred to high-
pressure application followed by soaking at atmospheric conditions. However,
comparing the soaking times required at room temperature, soaking at atmospheric
pressure only generally took much longer than when preceded by the brief high-
pressure soaking. This indicates that the initial high-pressure application at at-
mospheric pressure does have its merit in shortening the steeping time but not
to the extent to compensate for the effect of high-temperature soaking. Initial high-
pressure application may prove to be more beneficial if carried out at above at-
mospheric temperatures and/or followed by above atmospheric-temperature
soaking.

CONCLUSIONS

1. Increased duration of high-pressure soaking tends to reduce the rate of
moisture absorption during the subsequent atmospheric soaking.

2. High-temperature soaking at atmospheric pressure is more rapid than soak-
ing initially at a high pressure and followed by soaking at atmospheric conditions.

3. High-pressure application would help to shorten the steeping time if limited
to a low pressure level and for a short duration when used as a pretreatment for
soaking at atmospheric conditions.
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ABSTRACT

A model of the fluid mechanics of two roll cookie dough extruders, such as
used for wire cut and rout cookies, is presented. The model uses the lubrication
approximation to obtain a first estimate for the predictive equations for extruder
capacity, power consumption, total shear strain, and forces developed by the rolls.
These equations are used to understand the importance of various design and
operational parameters.

INTRODUCTION

Many cookie doughs are formed by an extrusion process which uses two counter-
rotating rolls as the drivers for dough motion. If individual pieces of dough are
cut as the dough extrudes from the die, this is known as a wire cut machine.
This type of machine is schematically represented in Fig. 1. If a continuous rib-
bon of dough is formed, without cutting, this is known as a rout press (Manley
1983). This type of machine is very old. A similar machine is described in the
literature (Schenkel 1966) as being used, as early as 1879, for the formation of
sheets and fibers from plasticized material.

More detailed descriptions of this machinery may be found in several sources
(Manley 1983; Matz 1968; Pyler 1988; Hoseney 1986). Discussion of the rheology
of the doughs used for these products may be found in (Menjivar 1990; Faridi
1990).

The authors have been unable to identify any quantitative discussion of the fluid
mechanics that describes these devices. The problem is clearly related to the fluid
mechanics of plastic/rubber calendars and dough sheeters, which is discussed in
several places in the literature (Bergen and Scott 1951; Middleman 1977; Tad-
mor and Gogos 1979; Levine 1985; Drew et al. 1987, 1988; Levine and Drew

Journal of Food Process Engineering 15 (1992) 169-186. All Rights Reserved.
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170 L. LEVINE and E. BOEHMER

1990, 1991). These earlier derivations will be used as a starting point for the
analysis that follows.

There is some discussion of the operational performance of these machines
(Manley 1983). It is pointed out that the performance of these devices is depend-
ent on roll speed, the rheology of the dough, and the height of material in the
hopper above the rolls. The plastics literature indicates (Schenkel 1966) that the
production rate of these machines may be optimized by adjustment of the gap
between the rolls. The optimum gap setting is indicated to be a function of the
resistance of the die at the end of the extruder. This behavior is similar to that
of screw extruders. It has also been observed that the rate of extrusion, and hence
the weight of the finished piece, varies across the width of the rolls. The goal
of this paper is to develop an approximate model that explains these observations
and will allow the drawing of additional inferences about machine design and
performance.

RHEOLOGY OF THE DOUGH

Figure 2 (Menjivar 1990) provides some rheological information for “‘typical’’
cookie doughs. The data for the various doughs may be described by the power
law model given in Eq. (1).

DOUGH
HOPPER

DIE

_MOTION_
OF FRAME

WIRE HOLDING
FRAME

SCRAPERS (LIPS)
WIRE

FIG. 1. SCHEMATIC REPRESENTATION OF A COOKIE DOUGH EXTRUDER
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ou,
ay

s B
Txy =

n—1 (‘§”‘ 1
A 1

For the wire cut dough, the flow consistency and flow index may be estimated as,

K = 3,650 Pa-Sec’4?
n= 042

We will develop the equations describing the fluid mechanics of the extruder us-
ing the power law model of viscosity.

MODEL DEVELOPMENT

Unlike sheeters or calendars the discharge from the rolls of cookie extruders
is not “‘free.’” That is, a finite pressure exists at the point where the dough leaves
the rolls and enters the ‘‘lips.”” Since these lips also function as doctor blades,
the resistance that the lips present to flow is a function of their length, position-
ing and roll gap. The combination of positioning and roll gap define the spacing
of the slot formed by the lips. As a consequence, the model must simultaneously
consider the fluid mechanics associated with the rolls and the lips.

Fortunately, the equations for the flow between wide rolls are described in the
literature (Middleman 1977). These equations assume that the lubrication approx-

108

o
~

p (poise)
o
(0)]

~I

107° 10~2 10~' 109 10
v (1/s)

FIG. 2. RHEOLOGICAL DATA FOR ““TYPICAL’’ COOKIE DOUGH
(MENIJIVAR 1990 WITH PERMISSION)

-—
()
(8]
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imation is valid. That is, the solutions neglect inertial effects and assume that
the flows in the direction of pumping are much greater than the flows in the direc-
tion normal to the rolls. Under these conditions the Navier-Stokes equation reduces
to,

dp 0
= Tk Ty )

0= dx  dy

The literature (Middleman 1977; Tadmor and Gogos 1979; Tanner 1985) discusses
some of the implications associated with applying the lubrication approximation
to this problem. The approximation neglects viscoelastic effects, extensional flow
phenomenon, and the circulatory flows that may develop at the inlet to the rolls.
None the less, the results obtained by using the lubrication approximation have
been shown to, at least, qualitatively describe the pressure developed between
roll. The effect of the lubrication approximations would be to underestimate the
forces acting on the rolls and the power required to turn the rolls.

The geometry used to develop the equations is described by Fig. 3. The literature
(Middleman 1977) provides the dimensionless pressure gradient developed be-
tween the rolls. This is provided in Eq. (3).

HO (l e X'Z)2n+l (3)

n

dp’ _(2n+1)“\/%(12—x'2)|;.2—x'2|"-'

HOPPER WALL

LIP WALL

FIG. 3. GEOMETRY OF COOKIE DOUGH EXTRUDER
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The parameter, A, is a dimensionless roll output per unit width. It is defined by,

Q
2 _ —
A 2UH, @
The dimensionless position and pressure, x’ and p’, are defined by,
’ X 5
X, 1SS re—mmmm———
V2RH, "
P (H,\"
=2 6
P=x ( U) (6)
The velocity profile between rolls is defined by,
l I Iin
u, = U + q(ll& :lf) [v¢ — hi(x)] (7a)
1 Iodpy ' . r
u, = U — q( = ‘_117() Ly = h(x)] (7b)

Equation (7a) applies when the pressure gradient is positive, and Eq. (7b) ap-
plies when the pressure gradient is negative.

The pressure as function of position may be obtained by integration of Eq. 3.
In dimensionless form,

dx' (8)

‘n

. (2n+ [\" [2R ¥ |22 = x|~ 1(x? — 2%)
P - po= ) H_ 2 2n+ 1
Hg & x; (1 + x'?)
The lower boundary of the integration is not zero to allow for the presence of
a head at the feed of the rolls as a result of high levels of fill in the hopper.
It is assumed that the lips form a channel whose sides are parallel to one another
and that the rolls are very wide. This allows the lips to be considered as a simple

slot. The equations for the flow of a power law fluid through a wide slot is given
by (Schenkel 1966),

— _ nQHp p HPipq'" 9
& 2(2n + 1) 1K 1 ©)
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The total pressure developed at the discharge of the combined system, ignoring
entrance effects at the lip feed, is the difference between the pressure developed
at the discharge of the rolls and the pressure fall through the lips. (Entry effects
may be considered by replacing the lip length in Eq. 9, with a longer effective
length.) The pressure developed is available for pushing product through the die.

Figure 4 illustrates the pressures and pressure changes that are developed within
the system. The net pressure rise developed by the system is the difference be-
tween the pressure rise developed by the rolls and the pressure drop in the lips.

Prise = P = Po = Pijps (10)

Again referring to Fig. 4, the pressure available to push the dough through the
die (the die pressure drop) is given by Eq. 11.

Pgie = Prise + Po (11)

Recognizing the output of the extruder and the output of the die are identical,
the actual operating condition of the extruder is determined by the intersection
of the extruder output curve and the die output curve. This is illustrated in Fig.
5. This view makes it obvious that the performance of the extruder is directly
tied to the particular die used to form the cookie shape.

The problem is now solved by choosing a dimensionless output and integrating
Eq. (10). Before this is done, some *‘typical’’ values (Kuipers 1991) for the lip
length, and lip and hopper position must be chosen. Table 1 summarizes the values

Dough Surface

P=0
Hopper Wall
-P=Pg
Roll Surface
Prise
] TTP=P
. 4 PIips
Lip Wall }
P=P,.
T I d
Die— P=0 e

FIG. 4. PRESSURES AND PRESSURE CHANGES DEVELOPED IN SYSTEM
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TABLE 1.
TYPICAL EXTRUDER GEOMETRY

Item Value (in roll Radii)
Distance of hopper from nip 1.0
Distance of lips from nip 0.5
Length of lips 1.0

used for the calculation. The integration has been accomplished through the use
of a commercially available mathematics program, MathCAD™ (MathSoft, Inc.,
Cambridge Mass.) The program uses Simpson’s rule to perform numerical in-
tegrations. The convergence accuracy of the integration was specified to be not
less than 1%.

The results of these integrations, for three different flow indices, are presented
in Figures 6, 7 and 8 as plots of dimensionless output versus dimensionless
discharge pressure, with dimensionless gap as a parameter.

Figures 6, 7, and 8 are analogous to the operating curves for the two-plate
model of extruders that is widely discussed in the literature (Middleman 1977;
Harper 1981; Levine 1988). One conclusion can immediately be drawn in this
case: the roll radius is somewhat analogous to length of the extrusion screw. The
larger radius results in the ability to develop higher discharge pressures or more
capacity at the same discharge pressure. In addition, the effect of hopper fill level
is readily apparent. Deep hoppers create a head at the contact point with the rolls.
This results in a higher pressure delivered to the die per Eq. (11) and hence a
direct increase in the output for a particular resistance curve. The significance
of this effect is a function of the rheology of the dough, the operating conditions
of the extruder, and the resistance of the die assembly.

] Extruder Curve

Die Curve

SYSTEM OUPUT

PrisetPg ©r Pqie

FIG. 5. INTERACTION OF EXTRUDER
AND DIE
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FIG. 6. DIMENSIONLESS OUTPUT VERSUS DIMENSIONLESS
PRESSURE RISE: FLOW INDEX 1.0
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FIG. 7. DIMENSIONLESS OUTPUT VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 0.5

The analogy between roll radius and screw length can be improved by con-
sidering a change in the position of the feed hopper. As the feed hopper is moved
closer to the nip, the ‘‘screw’’ becomes shorter and the pressure development
capability of the ‘‘screw’’ becomes significantly less. This is illustrated for one
gap and flow index in Fig. 9. Note that reducing the fill level of the hopper below
the hopper’s contact point with the roll is identical to moving the hopper closer
to the nip, so this is one additional explanation for the importance of controlling
hopper level.

Because the gap between the rolls appears in both the ordinates and abscissas
of Fig. 6, 7, and 8 the effect of this variable is not readily apparent. Figure 10
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FIG. 8. DIMENSIONLESS OUTPUT VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 0.2
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FIG. 9. EFFECT OF HOPPER POSITION ON OUTPUT

is a replot of the data in Fig. 7. In this case the gap has been removed from the
definitions of the axis. Figure 10 reveals, as suggested by the literature (Schenkel
1966) that, analogous to the thread depth of single screw extruders, there is a
roll gap setting that optimizes the output of the rolls. The optimum gap setting
is directly related to the resistance of the die assembly. For example, for a low
resistance die (a die that passes larger volumes at low pressure drops) the highest
production is achieved with a large gap. At intermediate die resistances the max-
imum output may be achieved with an intermediate gap, and with the highest
die resistances the highest output is obtained with a small roll gap.
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FIG. 10. ILLUSTRATION OF OPTIMUM GAP

Integration of the pressure profile across the face of the rolls provides us with
another additional useful piece of engineering information, the force exerted on
the dough by the rolls. This information is needed in order to mechanically specify
the bearing and shafts, and to estimate how much deflection of the roll results
in wider gaps at the center than at the edges. This causes increased flow rates
at the center of the roll. This is reflected in final cookie size or mass and is one
observed explanation for weight variation across the width of the roll.

The force per unit width is given by,

Xo
F = p dx (12)

J—Xe

This integration has been carried out numerically. The results are presented in
Fig. 11, 12 and 13 as dimensionless force versus dimensionless discharge pressure
with dimensionless gap as a parameter. Higher speeds, and at fixed roll speeds,
smaller gaps, higher pressure, and larger roll diameters result in greater forces
on the rolls.

Another value that would be useful for the model to calculate is the work input
of the rolls. This is needed in order to accomplish the task of sizing the motor
required to drive the device. In addition, work input is often indicated as a cause
of the effect of the processing device on the quality of the dough. The power
transmitted to the rolls per unit width is given by,

Xo

POW = 2 ‘ _xfoy |y=h(x) U dx (13)



FLUID MECHANICS OF COOKIE DOUGH EXTRUDERS 179

O 10 20 30 40 50

n
Prise | U
K Ho
FIG. 11. DIMENSIONLESS POWER CONSUMPTION VERSUS
DIMENSIONLESS PRESSURE RISE; FLOW INDEX 1.0
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FIG. 12. DIMENSIONLESS POWER CONSUMPTION VERSUS
DIMENSIONLESS PRESSURE RISE; FLOW INDEX 0.5

The shear stress is obtained through the use of the pressure profile and the veloc-
ity profiles (Eq. 3, 7a, b). The velocity profiles are differentiated to obtain the
local shear rate, and Eq. (1) is used to obtain the local shear stress. The integra-
tion indicated by Eq. (13) is then carried out.

As before, the results of the integration of Eq. 13 is presented in dimensionless
form in Fig. 14, 15, and 16. Higher speeds, and at fixed roll speeds, smaller
gaps, higher pressure, and larger roll diameters result in greater power consump-
tion in turning the rolls.

The work input per unit throughput of the system is now calculated by com-
bining the results of Fig. 6, 7, or 8 with the appropriate power curve of Fig.
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FIG. 13. DIMENSIONLESS POWER CONSUMPTION VERSUS
DIMENSIONLESS PRESSURE RISE; FLOW INDEX 0.2
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FIG. 14. DIMENSIONLESS FORCE VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 1.0

14, 15, or 16. An example result is presented in Fig. 17. The work input per
pound increases with roll radius. This is the price that is paid for designing stif-
fer, larger diameter rolls. The curve also indicates that at lower die output
resistances a gap may exist that minimizes work input, this is somewhat similar
to the performance of screw extruders.

There is one final item that may be of interest. It is often observed that ex-
cessive shear results in coalescence and ‘‘oiling out’’ of droplets of oil contained
in the dough. One mechanism for this phenomenon may be similar to the
ocoalescence that is observed in the emulsions undergoing stirring. The phenomenon
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FIG. 16. DIMENSIONLESS FORCE VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 0.2

is sometimes referred to as orthokinetic flocculation (Bisio and Kabel 1985). The
coalescence is the result of the collision of oil droplets that reside on different
flow stream lines. As the result of the velocity gradients (shear rates) within the
system, some droplets are moving faster than others. Given time, droplets on
fast streamlines will overtake those on slow streamlines, resulting in a collision.
The number of collisions that will occur is directly related to the product of shear
rate and time of exposure. This is best expressed as the weighted average total
shear strain. The weighted average total shear strain, a dimensionless quantity,
is defined by,
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_ X h(x)
¥ = LS S dUx gy dx (14)
Q) —x —h(x) dy

Figure 18, 19, and 20 are presentations of the results of these calculations. As
the roll radius and velocity increase, the gap decreases, and the pressure increases,
the total shear strain increases, indicating an increased tendency for coalescence.
The results indicate that at lower die output resistances a gap may exist that
minimizes shear strain.
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FIG. 18. SHEAR STRAIN VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 1.0
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FIG. 20. SHEAR STRAIN VERSUS DIMENSIONLESS
PRESSURE RISE; FLOW INDEX 0.2

CONCLUSIONS

Examination of the fluid mechanics of cookie dough extruders by this means
can be extremely useful in predicting design and performance criteria. The theory
indicates that the performance of these extruders is somewhat analogous to that
of extrusion screws. The important machine design variables are roll radius and
speed, gap setting, hopper design, and lip design. If knowledge of the rheological
properties of the cookie doughs is available, the model allows one to estimate
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roll pumping capacity, roll forces, roll power consumption, and the total shear
strain exerted on the dough, as well as the work input to the dough.

The following conclusions about extruder performance/design can be drawn
from the model:

(1) For a given die resistance, the model indicates that an optimum gap exists,
which maximizes extruder output.

(2) For a given power and shear strain, the model indicates that an optimum
gap exists, which maximizes extruder output.

(3) As the roll radius increases, the output of the extruder increases at the cost
of increased energy input to the dough and total shear strain on the dough.

(4) As the roll speed increases, the output of the extruder increases at the cost
of increased energy input to the dough and total shear strain on the dough.

(5) The model indicates that narrowing the hopper or lowering the level in the
hopper decreases the output of the extruder.

NOMENCLATURE

Closing force per unit width

Half the space between the lip walls

Half gap

Distance from the center line to the roll surface at any position, x
Power law consistency

Length of lips

Power flow index

Pressure

Dimensionless = (p/K)(Ho/U)"

p'o Dimensionless pressure at the feed of the rolls
Pgie Die pressure drop

Pow Power consumption

Po  Pressure at the contact point of the hopper

Prise Pressure increase between the rolls

Piips Pressure resistance of the lips

Q  Volumetric flow rate per unit roll width

q Exponent used in Eq. (8a) and (8b) = (1 + n)/n
R  Roll radius

U  Roll surface velocity

ux  Velocity in direction of flow

X Direction of flow

x'  Dimensionless X direction = x/N(2RHy)

x¢f  X-coordinate of the point of contact with the hopper

= T
EET

- R-Nelka
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»
=

X-coordinate of point of contact with the lips
Direction normal to flow

Shear rate

Total strain

Dimensionless ouput (Eq. 6)

Viscosity

Shear stress

= >’~gr4‘<

=
<
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ABSTRACT

An increase in milk solids in yoghurt from 14.7 to 20.4%, obtained by adding
NFDM (2-8% wv) to whole cow milk enhances the yield of freeze-dried yoghurt
from 0.2196 to 0.3067 kg/(m2.h). A reduction of 25.8% in drying time per unit
output occurs when the concentration of milk solids in yoghurt increases from
14.7 to 18.8%. A further increase in the solids concentration of yoghurt from
18.8 10 20.4% results in a 5.7% reduction in the drying time. Organoleptic evalua-
tion showed that an increase in the milk solids to 18.8% enhances the accept-

ability of the product. A further increase in the level of milk solids imparts a chalky
taste to the product.
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INTRODUCTION

Yoghurt is a common ingredient of diet because of its nutritional and therapeutic
value (Deeth and Tamime 1981; McDonough et al. 1982; Savaiano and Levitt
1984). Because of these attributes, it is not only consumed directly but efforts
have also been made to incorporate it in the manufacturing of products such as
yoghurt-flavored wafers, chocolates and various dietetic foods (Winwood 1987).
However, the shelf-life of yoghurt in its natural form is short but can be enhanced
either by spray or freeze drying. The latter method is more suitable for retaining
its original biological characteristics (Vitanov et al. 1973).

Gavin (1968) found that plain yoghurt after freeze drying loses its original
characteristics and flavor on rehydration. Vietz (1966) observed that the
acetaldehyde level originally present in yoghurt is reduced by about 75% after
freeze drying. Radaeva et al. (1970) froze yoghurt at —25C, dried it at 23-30C
for 9-10 h, and found that the product has excellent keeping but poor reconstitu-
tion qualities. Blanchaud (1972) added sucrose/glucose, fruit pulp and milk powder
to yoghurt and freeze dried the mixture to instant yoghurt powder. Vitanov et
al. (1973) observed that the quality of freeze-dried Bulgarican yoghurt is con-
siderably influenced by the strain used for fermenting the milk. Toei (1984) ob-
served that not only the physicochemical properties of the product but also the
drying method used, i.e., the contact and radiative heating influences its freeze
drying rate. Little is known about the effect of freeze-drying conditions, such
as the compositional characteristics of the material to be freeze dried, the freez-
ing rate, the temperatures of freezing and drying on the product quality. Franks
(1989) stated that the quality of the final product can be improved by simple
changes in the formulation and/or the freezing and drying conditions.

The objective of this study was to determine the effect of milk solids in yoghurt
on its freeze-drying rate and the quality of the reconstituted product.

MATERIALS AND METHODS

Materials

Fresh cow milk obtained from Livestock Research Centre of the University
of Pantnagar, India, was used for this study.

Cultures

Streptococcus thermophilus-YHS and Lactobacillus delbrueckii subsp.
bulgaricus-YHL obtained from National Dairy Research Institute Karnal, India
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were used to prepare the yoghurt. The cultures were maintained in sterilized skim
milk by fortnightly transfers, and stored at 4 + 1C between transfers.

Yoghurt Preparation

For yoghurt preparation, the milk was heated to 85C for 30 min. The total
solids in milk were increased by adding nonfat dry milk (NFDM) (moisture 5%,
fat 2.7%, protein 35.0%) at 2, S, and 8% (w/v) levels. The resultant solids in
the yoghurt are 14.7% without addition of NFDM, and 16.3%, 18.8% and 20.4%
with the addition of NFDM. The milk was then cooled and inoculated with S.
thermophilus and L. delbrueckii subsp. bulgaricus in the ratio of 1:1 @ 3% v/v.
The inoculated milk was incubated at 42C for 3.5 h. The yoghurt thus prepared
was kept at 4 + 1C until use.

Freeze-Drying Apparatus

The drying chamber has a cylindrical stainless steel enclosure with an inside
diameter of 0.23 meter and an inside depth of 0.30 meter. A transparent cover
permits the visual inspection of the inside of the vacuum chamber during the freeze-
drying process. The vacuum is produced using a two-stage rotary vacuum pump
with a displacement of 150 L; about 5 min are required to obtain 0.52 mbar in
the chamber. The vacuum was measured using a vacuscope and a Pirani gauge.
The compressor maintained a temperature of —54 + 3C in the cylindrical
condenser.

Drying Method

Twenty four grams of yoghurt sample were transferred to a sample vessel and
placed in a deep freezer along with platen and left overnight at —24C. Before
loading the samples, the freeze dryer was run for about 2 h to obtain a constant
minimum temperature of —54 + 3C in the condenser. Samples were placed sym-
metrically on the circular aluminium platen (20 cm dia.) fitted with a micro-heater
at the bottom. A constant minimum temperature of the sample was obtained after
about 20 min. Thereafter, heater supply was switched on and the samples were
dried for a specified time after which the samples were removed, weighed quickly
and discarded. The process was repeated till constant weight of the sample was
obtained. The temperature of the heater plate and at various locations in the samples
were measured with a copper-constantan (30 gauge) thermocouple and Philips
(PPX 9004) microvoltmeter. A temperature controller automatically adjusted the
heater-platen temperature to 45 + 3C. The pressure in the vacuum chamber ranged
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from 1.3 mbar at the beginning of the drying run to 0.52 mbar at the end of a
test. After the drying process was complete, the samples were removed and stored
in glass-stoppered containers at 4 + 1C until use.

Chemical Analysis

The fat content of the milk and the freeze-dried yoghurt was measured by the
Gerber method and by Soxhlet extraction, respectively (APHA 1972). The pro-
tein in a sample was determined by the Kjeldahl method using a nitrogen-to-protein
conversion factor of 6.38 (AOAC 1980). Ash and moisture in the samples were
calculated according to AOAC (1980) procedures. The lactic acid in reconstituted
yoghurt (dried yoghurt: water = 1:3.5, w/v) was determined by titrating 10 g
of the sample with 0.1 N NaOH using phenolphthalein as the indicator and com-
puting on a dry basis (I.S.I. 1981).

Sensory Evaluation

The acceptability of the reconstituted freeze-dried yoghurt samples was deter-
mined by multi-comparison test (Larmond 1977) using freeze-dried yoghurt
without added NFDM as the reference. The samples were reconstituted in water
at a ratio of 1:3.5 (w/v), and cooled to 4 + 1C before serving. The sensory panel
consisted of 6 trained judges of the department of Food Science and Technology.
The samples were evaluated for color, flavor and texture on a scale ranging from
1to 9, where 1 represented extremely inferior to the reference and 9 represented
extremely better than the reference. The samples were served at random to same
panelists for two replications of study.

RESULTS AND DISCUSSION

In thermal contact heating of the frozen layer during freeze drying, it is essen-
tial to seal the face receiving heat supply against vapor flow. There is a tendency
for drying to take place from the edges of the frozen layer and at surfaces in
contact with the heating platen. Mellor (1978), has suggested drying at lower
plate temperatures in metal trays or by superimposing thin plastic sheets between
the bottom of the tray and the underside of the frozen layer to overcome these
difficulties. Metal trays would promote growth of dry layer at the edges, since
vapor generated can easily escape. Quast and Karel (1968) used a circular dish
with Lucite side walls and flat brass bottom in freeze drying of coffee. They
reported drying from the sides and from the bottom of the sample as a frequent
source of irregularity in the drying curves. These difficulties were overcome by
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using a circular product tray made of nylon side walls and flat aluminium bottom
(Fig. 1). To promote good contact between the product bottom and tray, steel
pins fixed radially through the side walls and extending into the product were
used in this study. These pins kept the product in good contact with the tray dur-
ing drying and helped check the growth of the dry layer at product bottom-tray
interface and product separation. During several trials, samples were removed
from the drying chamber at various times and cut to see the growth of dry layer.
It was observed that sample bottom-tray interface always exhibited a frozen state.

The weight loss as a function of drying time for the yoghurt samples with dif-
ferent total solids (14.7-20.4%) is shown in Fig. 2. After drying for 4.5 h,
moisture determinations showed that the moisture loss of the samples had become
negligible. Therefore, the end point of drying was taken as 4.5 h. Due to the
large thermal contact resistance between the heater-platen and the product-tray
interface, the temperature at the product bottom-tray interface varied from — 19
to —3C during sublimation. The placement of the sample on the heater-plate,
in the drying chamber influenced the drying rate. The drying rate decreased as
the sample vessel was moved away from the center of the heater-platen. Therefore,
the sample vessels were placed symmetrically on the heater-platen. The percen-
tage weight loss of the different yoghurt samples after 4.5 h of drying was 78.33,
80.0, 82.5 and 84.5% for yoghurt containing 20.4, 18.8, 16.3 and 14.7% milk
solids, respectively (Fig. 2).

The moisture remaining in the samples at any given time during drying decreased
with the decrease in concentration of solids. The drying rate curves for the various
samples are shown in Fig. 3. During the sublimation phase the drying rate ex-
hibited a decrease with an increase in milk solids in yoghurt. In contrast, during
desorption, the drying rate increased slightly with an increase in milk solids. The
decrease in drying rate with an increase in concentration of milk solids during

Dry layer

Sublimation front
Frozen layer
Steel pins
Nylon side wall

Heater plate—/

FIG. 1. SCHEMATIC OF PRODUCT TRAY
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sublimation may be attributed to a decrease in the porosity of the dried layer and
to an increase in the tortuosity of vapor flow path. During desorption at higher
temperatures, the fat globules probably migrate to and block some of the
capillaries, resulting in a decrease in the drying rate.

In the present investigation, nonfat dry milk was used to enhance the concen-
tration of milk solids in the product. Consequently, the number of fat globules
per unit volume of the product decreased with an increase in the level of nonfat
dry milk. Therefore, the increase in the drying rate during desorption of the dif-
ferent samples may be attributed to the decrease in the number of blocked
capillaries due to the increased level of the additive.

Kumagai et al. (1984) observed a constant rate period during freeze drying
of milk with back-face heating. However, no constant rate period was observed
in this study. The drying rate depends on the characteristics of the dry layer matrix.



FREEZE DRYING OF YOGHURT 193

181
N-Heater power on
16
— 14
] @ %
el \
‘e 12—%
2 |
= 1ok 't ©—0 147% MILK SOLIDS
¥ \h B----8 163% MILK SOLIDS
2 R &-— -8 188% MILK SOLIDS
— 8 W V—-—% 204% MILK SOLIDS
1) X
©
6._
(@]
c
=
<TAR
2 Lo
0
0

Drying time (h)
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Apparently, a crust formation takes place in liquid foods during freezing, which
offers additional resistance to vapor flow during the drying process. The forma-
tion of a surface film or crust in liquid foods has been documented by other re-
searchers (Lambert and Marshall 1962; Quast and Karel 1968; Sagara 1984).
Flink (1975) indicated involvement of carbohydrates in surface-film formation.
The nonoccurrence of a constant-rate period in this study may be ascribed to this
effect. Further, the shape of the drying curves is asymptotic, tending towards
a linear drying rate as the drying progresses.

The production rate and drying time per unit output of freeze-dried yoghurt
are shown in Fig. 4. With the increase in solids concentration in yoghurt from
14.7 10 20.4 %, the production rate of freeze-dried yoghurt increased from 0.2196
t00.3067 kg m~ > h™ ! and the drying time per unit output decreased from 1.265
to 0.8658 h/g (Table 1). This shows an increase of 40.6% in the production rate
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and a reduction of 28.9% in the drying time per unit output. Since temperature
increase across the dry layer is not substantial, the average moisture content
of the dry layer at the end of sublimation is large in the case of heat supply
across a frozen layer. Hence, a desorption time of 66% of the total drying time
was observed in this study. Earlier studies have also shown that desorption time
may be as much as or more than the sublimation time (Sandall et al. 1967; King
1971; Aguilera and Flink 1974; Mellor 1978). Here desorption time is the domi-
nant factor in determining the productivity of the process. Furthermore, the dry-
ing rate increases with the increase in the solids concentration during desorption.
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TABLE 1.
INFLUENCE OF CONCENTRATION OF MILK SOLIDS IN YOGHURT ON THE
PRODUCTION RATE AND THE DRYING TIME

Concentration of Drying time/ Reduction in Production
milk solids unit output drying rate
time -1
% h /g % Kg m?H
14.7 1.2650 - 9.2196
16.3 1.0718 15.27 ©.2495
18.8 90.9380 25.85 9.2851
20.4 0.8658 31.56 0.3067
TABLE 2.

PROXIMATE COMPOSITION OF FREEZE-DRIED YOGHURT AT DIFFERENT
CONCENTRATIONS OF MILK SOLIDS*

Conc.of freeze-dried yoghurt

solids in

yoghurt Moisture Protein Fat Lactic acid Ash Bulk density

(%) (%) %) (%) % % (a/ci)
14.7 4.3 26.3 29.8 5.80 5.02  9.29
16.3 4.5 26.8 28.0 6.52 5.3 0.32
18.8 5.3 27.6 23.1 6.61 5.51  0.40
20.4 5.9 30.5 20.2 6.95 6.33  0.42

* Average of three determinations

Therefore productivity increases more than that accounted for by the lower amount
of water needed to be evaporated. With the increase in solids concentration, the
eutectic temperature decreases and partial melting of the frozen core during dry-
ing may occur. Secondly, yoghurt being a cultured product, the sensory charac-
teristics of the freeze-dried product will be a limiting factor in deciding the solids
concentration in yoghurt.

Table 2 shows the proximate composition of freeze-dried yoghurt samples
prepared using different concentration of solids in milk. Freeze-dried yoghurt
prepared from whole cow milk contained 26.3% protein, 29.8% fat and 5.02%
ash. As expected, the addition of NFDM at 2, 5 and 8% levels enhanced protein
and ash content of the products, whereas their fat contents decreased. The con-
centration of lactic acid in the freeze-dried product increased from 5.8 to 6.95,
and the average bulk density increased from 0.29 to 0.42 g/cm3. Vitanov et al.
(1973) also reported similar values for different constituents of freeze dried
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Bulgarican yoghurt. However, they obtained a value of 15.1% for fat content
of freeze-dried yoghurt compared to 20.2-29.8% obtained in this investigation.
This may be attributed to low-fat milk used for yoghurt preparation by these
authors.

The acceptability of freeze-dried yoghurt samples was determined after
reconstitution. The acceptability scores of the samples prepared from yoghurt
containing 14.7, 16.3, 18.8 and 20.4% total solids were 5.08, 6.50, 7.58 and
6.41, respectively. Analysis of variance showed that the samples differed
significantly (P < 0.05). The magnitude of difference among samples was deter-
mined by Tukey’s Test analysis (Table 3). The data show that the samples con-
taining 16.3 to 20.4% solids were superior (P < 0.05) to the sample containing
14.7% solids (without added NFDM). However, no significant difference among
samples containing 16.3 and 20.4% solids was observed. It was also observed
that increasing the level of solids in milk up to 18.8% improves the acceptability
of the product. A further increase in concentration of solids lowers the accept-
ability of the product. The panelists recorded that such samples are characterized
by chalkiness.

The results of this investigation show that increasing the milk solids in yoghurt
enhances the yield of the freeze-dried product and reduces the drying time per
unit output. A reduction of 25.8% in drying time per unit output was observed
as the concentration of solids increased from 14.7 to 18.8%. A further increase
in solids concentration in yoghurt from 18.8 to 20.4% resulted in 5.7% reduc-
tion in drying time. Organoleptic evaluation of the product revealed that accept-
ability of the product improved up to the 18.8% level of solids concentration.
A further increase in the concentration of solids impairs the sensory attributes
of the product.

TABLE 3.
TUKEY'’S TEST ANALYSIS
Acceptability C B D A
Score 7.58 6.50 6.42 5.08
S:E. 9.15
L.S.D. Q.15x3.67*%=0.55
Difference
among samples C-B=1.08> 0.55
C-D=1.16> 0.55
C-A=2.50> 9.55
B-D=0.98< .55
B-A=1.42> 9.55
D-A=1.34> 9.55

*Table values for 3 treatments and 15 d.f.for error
Sample A,B,C and D contained 14.7%, 16.3%, 18.8% and
20.4% milk solids respectively.
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ABSTRACT

Corn syrups were shown to have potential for use as Newtonian calibration
fluids in some applications where established standard oils are not suitable.
Rheological analyses, using both steady and dynamic shear conditions, demon-
strated that corn syrup viscosities are as constant as those of standard calibra-
tion oils. Some syrups showed significant elasticity that may be due to their ten-
dency to dry upon exposure to air during testing. With careful attention to shelf-
life and protection from air drying, corn syrups can be used in many food engineer-
ing problems where equipment calibration and process standardization are needed.

INTRODUCTION

Calibration is carried out to ensure that an analytical method gives accurate
results. Fluids traditionally used for day-to-day calibration of rheometers are
various oils and other polymers. These include all of the materials provided by

1Address correspondence to: J.F. Steffe, 209 Farrall Hall, Michigan State University, East Lansing,
MI 48824-1323.
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national standards laboratories (Marsh 1980): mostly Newtonian oils, with
viscosities that are constant at a given temperature and pressure. These fluids
are secondary to water, the primary reference material for viscosity.

Few fluids have been cited in the literature as having been actually used or
proposed as calibration materials for viscometry. Besides the water standard —
petroleum oils, butene polymers, and silicone oils — only two other groups of
fluids have been seriously considered as Newtonian calibration fluids. These can
be classified as pure compounds and solutions.

Hardy (1962) noted that the use of pure chemicals as reference standards has
been proposed in the scientific community. The rationale was that pure compounds
could be characterized by a standards laboratory, then confidently used in other
laboratories after appropriate routine purification. Unfortunately, the techniques
for both purification and checking purity of many potential calibration fluids were
too specialized (Hardy 1962). By 1984, however, this situation had changed.
Various organic solvents became available with remarkable purities (part per
billion levels in some cases) to serve burgeoning applications in spectroscopy and
chromatography. Bauer and Meerlander (1984) studied low viscosity (less than
water) fluids with the aim of improving the reproducibility of measurements of
the same fluid on different viscometers. They recommended several commer-
cially available hydrocarbons and halogenated hydrocarbons for use as viscosity
standards.

Few pure compounds that exist as fluids at 25C have viscosities above 0.1 Pa
s (Weast 1990). The viscosity of glycerin is 0.954 Pa s but the material is
hygroscopic (Stecher 1960). Glycerin shares, with other pure compounds, the
limitation that several fluids of various viscosities are often needed for the many
applications that require a range of conditions to be evaluated.

Most certified calibration fluids are solutions comprised of several different
pure fluids. The only solid-in-liquid solution proposed as a calibration material
is sucrose-water (Bates 1942; Andrade 1947). However, numerous problems with
this material were cited: solution purity from dust (filtering would change the
concentration), condensation and evaporation, the need to prepare solutions the
day of use, and applications in a limited temperature range (15-25C) were cited.
With high concentrations of sucrose, the solution viscosity can change 25% for
a 1% change in sucrose concentration. Since most liquid sugar syrups sold to
the food industry in the U.S. are 67% sucrose (Hoynak and Bollenback 1966),
preparing and using sucrose solutions above about 0.4 Pa s involves considerable
inconvenience and potential error.

Polymers tend to form aqueous solutions that are non-Newtonian (Szczesniak
and Farkas 1962). Most polymers are very large, entangled in solution, and in-
creasingly align and deform in the direction of rising rates of shear. Some polymers
exhibit little of this behavior if they are relatively small and do not form second-
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ary associations with their polymer neighbors in solution. Many corn syrups are
solutions of such polymers, along with smaller saccharides. Currently, a very
wide range of corn syrup viscosities are available (up to 170 Pa s at 25C) at low
cost.

Many applications in the food industry (laboratory viscometers requiring
substantial sample volume of material, tube viscometers beyond capillary size,
process viscometers, mixers, pumping equipment, manifolds, filters and screens,
most heat exchangers, and extruders) requiring calibration fluids are not well-
served by the current recognized standards. Some problems require fluids with
a viscosity several orders of magnitude above the 0.001 Pa s value of water. High
cost limits practical use to small volume viscometers found in the laboratory.
All require organic solvents for cleaning with the higher viscosity standards be-
ing readily soluble only in halogenated hydrocarbons such as chloroform. There
exists a need for calibration fluids that are inexpensive, well-characterized,
reasonably Newtonian in behavior, stable, easily cleaned with water, and suitable
for use in food processing.

While several investigators have published research using noncertified fluids
as viscosity standards, none has studied the fluids per se. The limits of Newton-
ian behavior for many of these alternative fluids are unknown. Hence, the objec-
tives of this study were: (1) to identify suitable calibration fluids for food in-
dustry use with regard to Newtonian flow behavior and ease of use, and (2) to
determine the extent of Newtonian behavior of suitable fluids.

MATERIALS AND METHODS

Materials

ASTM viscosity calibration oils were obtained from Cannon Instrument Co.,
State College, PA. Corn syrup samples were donated by A.E. Staley Co., Decatur,
IL. The approximate viscosities of the test fluids are listed in Table 1.

Equipment

Two rheometers were operated to evaluate fluid behavior. A Haake RV12
(Fisons Instruments, Paramus, NJ) with M-150 and M-500 sensors, and the SV
and MV concentric cylinder sample fixtures, was used for steady shear ex-
periments. The ratio of the diameter of the inner rotating cylinder to the outer
fixed cylinder ranged from 0.955 to 0.873. The outer cylinder was fitted with
a cap to help exclude air from the top of the sample. A Carrimed CS500 (Car-
rimed, Ltd., Dorking, England) was used for both steady and dynamic oscillatory
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TABLE 1.
APPROXIMATE VISCOSITIES OF TEST FLUIDS
Fluid Type Fluid Name Viscosity at 25 C, Pa s
oil S 60 0.1
oil S 600 1.4
oil S 8000 21
oil S 30000 77
corn syrup Isosweet 100 0.17
corn syrup Isosweet 5500 0.80
corn syrup Staley 4300 17
corn syrup Neto 7350 47
corn syrup Sweetose 4400 87
corn syrup Staley 1300 87
corn syrup Staley 300 170

experiments. The sample fixture geometry was cone and plate with the following
cone angles and radii: 1°-2cm, 2°-2cm, 2°-1cm and 2°6cm. The ‘‘solvent trap’’
on the Carrimed was used in the corn syrup analyses to effectively exclude air
from the sample surface. A concentric solvent trap well (Fig. 1) was filled with
water to effect the seal. All measurements were made at 25.0 + 0.2C. Calcula-
tions to determine rheological properties were performed using standard tech-
niques (Whorlow 1980).

Approach

The research focused on comparisons of the corn syrups with the ASTM calibra-
tion oils, which are generally accepted as Newtonian. Comparisons were made
with respect to the degree of Newtonian performance in steady shear, dynamic
shear, time and shear dependency, and handling stability.

Steady Shear

Fluids were subjected to continuously increasing shear rates while the resulting
shear stress was measured. A variation of this approach is to immediately repeat
the increasing shear rate program in the reverse order. The first part is called
the ‘‘up-ramp’’ while the second part is called the ‘‘down-ramp.’’ Tests were
also conducted using the Haake rheometer where shear rates were incrementally
increased, each ‘‘step’’ being held for 30 s before being rapidly changed to the
next shear rate value. The shear stress readings in the final 16 s of the step were
averaged. This step ramp program was designed to minimize errors due to sam-
ple fixture inertia and/or the deflection or ‘‘windup’’ of the torque-measuring
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spring in the Haake rheometer. A correlation coefficient, r2, was calculated from
a straight line fit through each shear stress versus shear rate plot using the method
of least squares.

Dynamic Oscillatory Shear

Fluids were tested using the Carrimed CS-500 rheometer to check for elastic
behavior. Fluids are known to exist that are very elastic, yet whose steady shear
viscosity does not change with shear rate (Boger 1977). Torque sweeps at con-
stant frequency, as well as frequency sweeps at constant torque, were conducted.
The amplitude of oscillation was automatically limited to 10 milliradians with
programmed software control. Torque sweeps used a frequency of 0.5 Hz (in
the logarithmic middle of the available range), while the frequency sweeps were
conducted from 0.05 to 4.332 Hz, the widest efficient range available on the
CS500.

Time-Shear Dependency

Time-dependent behavior was evaluated using an up-ramp immediately followed
by a down-ramp in shear rate. A second approach taken was to simply perform
a series of identical experiments on a sample without removal from the rheometer.
Analyses were conducted after the sample was left in the rheometer for a period
of one to several days, allowing for the possibility of structural recovery in the
sample. Finally, samples were analyzed over a period of months to determine
shelf stability.
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TABLE 2.
LINEARITY OF SHEAR STRESS — SHEAR RATE ANALYSES AS EXPRESSED BY
CORRELATION COEFFICIENT, CONCENTRIC CYLINDERS

Fluid Shear Rate, s n, Pa s r2

Continuous ramp data:

Cannon S60 2 - 592 0.109 0.999
" 3 - 596 0.097 0.999

" 3 - 596 0.095 0.999
IsoSweet 100 3 - 478 0.173 0.999
e 3 - 478 0.175 0.999

Step ramp data:

Cannon S60 5 - 596 0.096 0.999
IsoSweet 100 2 - 478 0.178 0.999
Cannon S600 2 - 226.5 1.330 0.999
IsoSweet 5500 2 - 359.3 0.829 0.999
" 2 - 322.7 0.812 0.999
Cannon S30000 0.5 - 54.0 73.8 0.997
" 0.5 - 54.1 70.2 0.998

o 0.7 - 49.5 76.8 0.999
Neto 7350 0.9 - 76.6 51.9 0.997
" 0.9 - 76.0 47.2 0.997

" 1.0 - 76.2 53.3 0.998
Sweetose 4400 0.9 - 45.2 87.0 0.999
Staley 1300 0.9 - 44.9 82.7 0.999
" 0.9 - 45.3 87.2 0.999

TABLE 3.

LINEARITY OF SHEAR STRESS — SHEAR RATE ANALYSES RESULTS AS
EXPRESSED BY CORRRELATION COEFFICIENT, CONE AND PLATE

Fluid n, Pa s o
IsoSweet 100 0.195 0.999
2 0.161 0.999
Cannon S600 1.25 0.999
" 1.12 0.999
2 1.29 0.999
" 1.29 0.999
Sweetose 4300 173 0.999
Staley 3260 19.9 0.999
" 19.4 0.999
" 17.4 0.999
Cannon S8000 18.7 0.999
e 17.6 0.999
Cannon S30000 77.8 0.999
" 78.3 0.999
" 74.9 0.999

Staley 4400 101.0 0.999
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TABLE 4.
DYNAMIC OSCILLATION RESULTS FOR CANNON S8000 OIL AND STALEY 3260 SYRUP
Cannon S8000 oil Staley 3260 syrup
Frequency (Hz) G', Pa n, Pas G', Pa n, Pas
0.0500 0.106 22.6 0.236 26.0
0.0661 0 23.0 0.281 2547
0.0873 0 23.0 0.483 25.2
0.115 0.0221 22.7 0.551 24.6
0.153 0 22.5 0.700 24.8
0.202 0 21.9 1.12 24.4
0.266 0.0104 22.3 1.46 24.2
0.352 0 22 .3 239 24.2
0.465 0 21.9 2.50 23.6
0.615 0.0329 22 .1 3.99 23.7
0.813 0.954 22.3 4.52 23.9
1.07 0.0482 21.9 6.65 23.4
1.42 0.664 22.3 10.6 232
1.88 0 22«1 14.6 22.9
2.48 0 21.8 16.6 22.6
3.28 0 20.8 30.8 21.4
4.33 0 19.5 45.6 20.6

RESULTS AND DISCUSSION

Steady and Dynamic Shear

One measure of the Newtonian behavior of a fluid is the linearity (and zero
intercept) of a shear stress versus shear rate plot. Table 2 and Table 3 compare
the linearity and Newtonian viscosity (n) of the Cannon calibration oils with that
of several corn syrups for analyses conducted using the concentric cylinder and
cone and plate geometry, respectively. The corn syrup data are as linear as that
of the calibration oils. None of the fluids tested exhibited a yield stress.

A comparison of dynamic test results of a standard oil and a syrup of similar
viscosity shows some differences (Table 4). The data are somewhat erratic (due
to the CS500’s limited computer digital feedback control rate, significant instru-
ment and fluid inertia, mechanical resonances, and slight sensor misalignment,
phase angle near 90°, and imperfect Fourier transform of the measured in-phase
component of the waveform), but the syrup did show increasing storage moduli
(G') values with increasing frequency, whereas the oil did not exhibit this behavior.
One may conclude that while the corn syrup dynamic viscosity (') was constant
over the range studied, the material had a greater elastic component. One possi-
ble cause of this behavior was the drying of the syrup at the edge of the cone
and plate fixture. Drying could occur despite use of the solvent trap accessory,
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since a brief interval was inescapably required to position the solvent trap after
loading the syrup between the cone and plate. The dried syrup could show signifi-
cant elasticity; no analogous structure would form when testing an oil.

Time and Shear-Dependency

The viscosity of an ideal fluid will not change as a result of being sheared or
over time. A thixotropic loop is typically seen in fluids that break down during
the first part of steady shear up-ramp, down-ramp analysis.

Typical flow curves for medium viscosity fluids are shown in Fig. 2. No signifi-
cant thixotropic loop is evident from the graphs; the somewhat jagged curves
are probably due to a slight warp or misalignment in the Carrimed fixtures. There
is no difference in the general shape or separation of the loops between the Can-
non calibration oil and the corn syrup of similar viscosity.

While high viscosity corn syrups behaved like the medium viscosity syrups in
these thixotropic tests, a low viscosity syrup did not. Figure 3, comparing the
Staley I1.S. 100 syrup with a Cannon S60 standard oil, represents typical results.
While the oil shows essentially no difference between the up and down curves,
the syrup shows a down-loop that first drops below the up-loop at the higher shear
rates, then crosses so that the down-loop is above the up-loop at the lower shear
rates. This anomalous behavior is probably due to drying of the syrup at the edge
of the cone and plate. The lowest viscosity fluids were analyzed without the benefit
of a solvent trap.

3000 +

Cannon S8000 oil
2000 +

Staley Sweetose 4300 syrup

Shear Sress (Pa)

1000 +

0 T +— it

0 50 100 150

Shear Rate (s—l)

FIG. 2. FLOW CURVE COMPARISON OF SIMILAR VISCOSITY FLUIDS,
CONE AND PLATE GEOMETRY



PRACTICAL FLUIDS 207

16

12 +
Staley I.S. 100
©
&
12]
8 8
&
n
13
<
@
2
n
4 + Cannon S60
0 t t } t
0 20 40 60 80

Shear Rate (s—l)

FIG. 3. FLOW CURVES WITH THIXOTROPIC LOOP OF LOW VISCOSITY FLUIDS,
CONE AND PLATE

Time and shear-dependency were also tested by repeatedly analyzing the same
sample without removal from the rheometer. A comparison of results for several
fluids is found in Table 5. The table includes the Newtonian viscosity of each
of several test runs performed on several fluids, as well as the percent difference
by which subsequent results vary from the first result. All data reported are from
the up-ramp part of the analysis only.

Standard calibration oils tended to decrease in viscosity with repeated analysis.
The simplest explanation for this behavior is slight viscous heating during each
analysis, a phenomenon in which some of the energy applied to cause flow was
converted to heat, raised the temperature and thereby slightly lowered the viscosity
for subsequent analyses. For example, data taken from the Cannon S8000 oil
calibration certificate shows that an increase from 25.00C to 26.00C would result
in a viscosity of 7.8%.

Corn syrups behaved differently than the standard oils (Table 5): oil viscosity
decreased slightly with repeated analysis, while syrup viscosity increased slightly
(except the Neto 7350 syrup, which was essentially unchanged). The syrups pro-
bably increased due to drying at the edge of the coaxial cylinders. This drying
occurred despite use of a cover plate, positioned 5-10 mm above the top of rotating
cylinder. The cover plate had a hole slightly larger than the rotor shaft, and cer-
tainly allowed some contact of the sample with circulating ambient air. The in-
crease seen was small, but did point out the sensitivity of corn syrups to drying
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TABLE 5.
RESULTS OF ANALYSES REPEATED ON SAME LOAD OF VARIOUS OILS AND
SYRUPS, CONCENTRIC CYLINDERS

Fluid run no. n (Pa s) % Difference
S60 oil 1 0.0977

2 0.0973 -0.4

3 0.0977 0
I.S. 100 syrup 1 0175

2 0177 0.7

3 0.177 1.1
S8000 oil 1 20.6

2 19.6 -4.7

3 1953 -6.3
Neto 73%3 syrup 1 51.9

2 51.8 -0.1

3 51.8 -0.1
S300000 oil 1 76.8

2 754+9 -1.2

3 75.9 -1.2
1300 syrup 1 82.7

2 83.7 1.2

3 84.6 2.4

during analysis. It is also possible that the syrups could absorb water both during
transfer to the sample fixture and during testing. Perhaps the edge drying and
moisture gain effects canceled each other out for the Neto 7350 syrup.

Fluids were analyzed over a period of time using steady shear in concentric
cylinders. Samples (stored at 22C) were repeatedly analyzed for reach of several
loadings each test day to avoid confounding the effect of sample load with that
of different days. Student’s t test (for comparison of a single pair) or Dunnett’s
t test (for multiple comparisons within a single fluid type) were used as p < 0.05
to compare analyses for a subsequent day with those obtained initially for a given
type of fluid (Gill 1978). The Cannon calibration oils showed greater deviation
from initial results, on subsequent days, than did the corn syrups (Table 6).

The Cannon fluids proved to be very stable during the typical manipulations
required for laboratory experimentation over a period of months. The syrups,
however, had some sensitivity to drying on exposure to air. A slight skin was
noticeable at the fluid surface when transferring samples. Simply stirring the fluid
prior to sampling seemed to alleviate any negative effects of the skin in the con-
tainer itself. During analysis, the cone and plate geometry was quite susceptible
to sample drying.
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Effect of Sample Drying

Figure 4 shows a comparison of steady shear flow analyses performed on
Sweetose 4300 syrup. The loop on the lower right results from an up- and down-
ramp test using the solvent trap attachment for the cone and plate fixture. The
syrup shows a slight thixotropic loop, as the down-ramp portion is below that
of the up-ramp. The upper loop is the same syrup (different sample load) using
the same cone, but without the solvent trap. The up-ramp curve turns up, almost
certainly due to drying during the 30 s analysis period. Confirming this conclu-
sion, the down-ramp curve is well above the up-ramp, showing such a large degree
of drying that the viscosity (the slope of a line tangent to the curve at any point
of interest) continues to increase as the torque is continuously decreased.

The large effect of the solvent trap discussed above was opposite in both trend
and degree to that expected for a fluid that is not sensitive to air. One would
expect a small amount of drag from the solvent held in the solvent trap well (Fig.
4). A test of potential effect of the solvent trap was made by first performing
three successive up-down ramp analyses on one sample load of Cannon S8000.
The solvent trap was then positioned without disturbing the sample between the
cone and plate, and water was added to the trap well. A second set of three analyses
was then conducted. The mean plus or minus one standard deviation for the
“‘without trap’’ and ‘‘with trap’’ results (six results per trap status) were 22.02

3000 +

WITHOUT

SOLVENT TRAP

2000 + WITH
SOLVENT TRAP

1000 4

SHEAR STRESS (Pa)

0 t } t
0 50 100 150

SHEAR RATE (s~ 1)

FIG. 4. FLOW CURVES OF STALEY SWEETOSE 4300 CORN SYRUP,
EFFECT OF SOLVENT TRAP ON CONE AND PLATE RESULTS
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TABLE 6.
RESULTS OF ANALYSES REPEATED ON DIFFERENT SAMPLE LOADS OF VARIOUS
OILS AND SYRUPS, CONCENTRIC CYLINDERS

Days Run Up Ramp Avg % Sig.
Fluid After Test no. n (Pa s) n (Pa s) Diff. Diff.?

S60 oil 0
126

0.109
0.0977
0.0973
0.0977 0.0976 -10.0 yes
0.0952
0.0951
0.0960
0.0959 0.0956 -11.9 yes
0.173
0.175 0.175
0.177
0.177 0.177
0.179
0.178 0.179
0.178
0.179 0.179 -1.3 yes
73.8
72.8
72.1 72.9
70.2
69.6
69.1 69.7
76.8
75.9
75+9 76.2 6.9 yes
78.1
77.4 & % 9.1 yes
51.9
51.8
51.8 52.8
47.2
46.4 46.8
53.3
5347
51.5
54.7 53.3 0.9 no

146

I.S. 100 0
syrup

20

S30000 oil 0

95

138

Neto 7350 0
syrup

185
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+ 0.47 and 21.49 + 0.43, respectively. These means are not significantly dif-
ferent in a t test at p = 0.05. The trend in the data is unexpected, and may be
due to slight sample loss or warning of the sample.
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The stability of corn syrup viscosity over extended periods of time was not
systematically studied. Some of the high fructose syrups require storage above
ambient to minimize crystallization and ‘‘color development.’’ A.E. Staley Co.
recommended that Isosweet 100 be stored at 35-40.5C. Samples stored at 22C
did form crystals, but these were dissolved by heating at 37C overnight. The data
presented in Table 6 suggest that most syrups should have stable viscosities for
several months.

SUMMARY

Corn syrups were shown to have potential for use as Newtonian calibration
fluids in some applications where the established standard oils are not suitable.
The syrups tested have viscosities as constant with varying shear rate as those
of standard ASTM calibration oils. Some syrups showed significant elasticity that
may be due to their tendency to dry upon exposure to air. Appropriate precau-
tions in handling and analysis reduced this effect to insignificant levels for most
practical food industry purposes.

- Those wishing to use syrups as calibration fluids should carefully characterize
the material with respect to the following: steady shear viscosity and temperature
sensitivity, elasticity, sensitivity to air drying, and shelf-life. Also, the applica-
tion should be characterized with regard to needed viscosity and temperature range,
fluid exposure to air, and the length of time needed to conduct the calibration.
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ABSTRACT

The ohmic heating rate of a liquid-particle mixture is expected to depend on
particle orientation. A mathematical model was developed to determine the ex-
tent of orientation dependence for the case of a cubic particle. The particle and
liquid resistances were determined by taking incremental sections through the
particle and using the electrical conductivity to calculate the effective resistance.
Modeling and experimental results indicate that for a cubic particle, orientation
effects are slight; both with regard to effective resistance and heating time.
However, this result is not expected to apply to particles of large aspect ratios.

INTRODUCTION

Ohmic heating of liquid-particle mixtures is of relatively recent industry in-
terest, but shows considerable promise for continuous sterilization of liquid-particle
mixtures. Since heating is accomplished by passing an electrical current through
the product, it is essential that the electrical conductivities of each phase, as well
as the effective conductivity and resistance of the mixture, be known for pur-
poses of process design. Since electrical resistance depends on the length and
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cross-sectional area of the conductor, particle orientation effects could be signifi-
cant, as illustrated by de Alwis and Fryer (1990) for a long rectangular particle.
Sterilization process design criteria must account for extreme cases, hence it is
necessary to understand which particle orientations represent extremes of
resistance. Since a particle may be oriented in infinitely many ways, the problem
is tedious but fortunately lends itself to precise mathematical treatment. Several
models exist in the literature for determination of electrical and thermal conduc-
tivities of two-phase mixtures (Maxwell 1881; Meredith and Tobias 1960;
Kopelman 1966; Brailsford and Major 1964, among others); however these apply
only to dilute spherical particle dispersions. A detailed discussion and evaluation
of these models is provided by Palaaniappan and Sastry (1991).

The present paper is aimed at mathematical determination and qualitative ex-
perimental verification of the resistance of a cubic particle under various orienta-
tions relative to the current, as well as the effective resistance of a system con-
sisting of a particle within a cylindrical sample of fluid of different conductivity.
The results are expected to be useful in studies on modeling of heat transfer dur-
ing ohmic heating.

MATERIALS AND METHODS

Mathematical Model

The coordinate axes of rotation are as specified in Fig. 1, with the y-axis assumed
to be the direction of the electric field. The particle (a cube of side /) can rotate
about any of these axes; however, rotations about the y-axis do not change the
effective resistance, and may be considered redundant. Rotation about the x-axis
(@ rotation) causes different cross sections to be exposed to the current; however
identical repeating patterns are obtained every for 45° rotation; thus considera-
tion of one 45° rotation is sufficient. By similar reasoning, only a 45° rotation
about the z-axis (¢ rotation) need be considered. For convenience, we will con-
sider all positions to consist of first a  rotation, followed by a ¢ rotation. For
calculation of resistance of a solid in a liquid, the particle is assumed to reside
within a cylinder of fluid of diameter equal to the diagonal dimension of the cube
G.e., \Bl, so that the particle can always be contained within the circle.

In all cases, (except where unnecessary), the resistance of the particle can be
considered as the sum of an infinite number of infinitesimally thin resistances, or:

fA(y})’o 0y

O;\‘Y
%
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FIG. 1. ISOMETRIC VIEW OF CUBE SHOWING AXES
AND ANGLES OF ROTATION
or, approximately:
N-1 N-1
= A
R=YR =Y 2 0))
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where
X _ Alnl * An
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—— s
P —— —f N N N + wn_
A
R

FIG. 2. EQUIVALENT CIRCUIT FOR A CUBE WITHIN A CYLINDER OF FLUID
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The problem then reduces to determination of A, for each specific situation. For
calculation of solid-liquid mixture resistance, the circuit is considered as the sum
of an infinite number of parallel solid-liquid circuits connected in series with each
other and in series with a pure liquid resistance (Fig. 2). Mathematically speak-
ing, this is approximated as:

N
R =Rg+Y —t o @

=1 R +R
In sn

Rs = 4(N3!l- I )/(3nloc)
where
= maximum length of particle in direction of field.

!
¥max

The problem then breaks down into a number of cases, each involving deter-
mination of Ap.

Case 1. Particle Face Towards the Current

In this trivial case, the full face of the particle is oriented towards the current;
consequently the cross-sectional area is /2, and the length is /, yielding:

R = = )

Case I1. Particle with 6 Rotation

Two situations occur, as illustrated in Fig. 3. In both cases, a rectangular cross
section is exposed to the current; and the following relationships result.

Situation Ila

Forf<y,<b

l . I l
A, = l|—cos(45-0) - y, [tan® + Isin® + —sin(45-0) -y, (6)
[ﬁ J [ V2 Bng
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where f = (IN2) sin(45-6)

b = (IN2) cos(45-6)

Situation ITb

ForO<y, <f
A, = I*| cos8 - _L[sin(45-8) - cos(45-6)] )
=

~B _A -B _A
(@ N (b L
| 1 L
T

Wl ' Field | | |Field

N
| 20
I T I

LB A LB LA

(@) (@

7

FIG. 3. ILLUSTRATION OF CASE II: PARTICLE WITH 6§ ROTATION ONLY
(a) Side evaluation; (b) plan; (c) section A-A; (d) section B-B.
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Case III1. Particle with Both 6 and ¢ Rotations

This case, illustrated in Fig. 4(a), presents a number of possible scenarios,
depending on the relative values of the corner coordinates k; through k4. It is
useful at this stage to determine their values in terms of /, 6 and ¢ as:

k = |2 Icos(¥ -8 )cos(@ +6) ®)
N4 ’
3 *
k, = J7 I cos(¥ +6 )cos(®* +¢) &)

Py
|

, = \% Icos(‘i’+6p)cos(<b‘+¢) (10)

3 -
k, = Y lcos(‘l’—ep)cos(':b -9) an

where ¥ = tan? {tan(45)/N2}
9, = tan” (tan@/N2)
> = tan {1/[V2 cos(45+8)]}

&
1}

tan {1/[V2 cos(45-0)])

Situation IIla

For max [ki1, k2] < yn < ks a triangular cross section occurs, as illustrated
in Fig. 4(b).

e -2
2 cos?d sind cosO sin®

A =

12)
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FIG. 4. ILLUSTRATION OF CASE III: PARTICLE WITH BOTH , AND ¢ ROTATIONS
(a) Plan; (b) side elevation; (c) section A-A, representing situation Ila.

Situation III b

This occurs for min [k, k2] < yn < max [k, k2]. Three different situations
can occur here, k1> kz; k2 > ki; and ki = k». In the first 2 cases (Fig. 5), a
trapezoidal cross-section is obtained in going from max [k1, k2] to min [k, k2].
For the third case, no trapezoidal zone occurs, and the situation is similar to III
¢, described later.

I b.1 k&1 > k, a trapezoidal cross section is obtained as in Fig. 5(a).

o lark-2,]
2cos? cosOsind

13)

I b.2 k» > ki, a trapezoid, as in Fig. 5(b)

Ik, +k, -2y,
A, = [t = ) (14)
2cosBsing cosd,

where ¢, = tan~ '{tan¢/cos6}
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FIG. 5. ILLUSTRATIONS OF CASE III, SITUATIONS III b, SHOWING PLAN VIEWS
AND SECTIONS
@) k1 > kz; (b) k2 > ki; (c) section A-A; (d) section B-B.

Situation III ¢

This situation involves k3 < yn < min [k;, k2] as illustrated in Fig. 6(a), and
produces a pentagonal cross section.

[ [ kl -y
A, = — + I (tany, +tan SUN .M. 15
. 2cos¢| cosp T h(an¥iriany;) ¢ cos¢ cosd sine} i

2

l
= %{‘a“‘l’x +tany,]
where | = {k; - y,}/[cosdsing]
v, = tan"'[tanOsin¢]

v, = tan™![cotOsind]
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FIG. 6. ILLUSTRATIONS OF CASE III

(a) Plan; (b) section A-A, representing situation III c; (c) section B-B, represen-
ting situation III d

Situation III d

Here, 0 < yn < k3; a parallelogram is obtained and A, no longer depends on y;.

A __.12
* = “cosBcosd (16)

A FORTRAN program was written to perform the above computations over 1°
increments in 6 and ¢ from O to 45°. Calculations were performed for a range
of solid-to-liquid conductivity ratios (rc) ranging from 0.01 to 1 (o1 was assumed
equal to unity in all cases). Maximum, minimum and mean values of resistance
were determined in each case, as were the orientations (f and ¢ values) correspond-
ing to the maximum and minimum resistance.

Experimental

Two potato cubes (0.01 m side) were placed within a fluid (0.1 M sodium
phosphate solution) within a static ohmic heater (Fig. 7). Both particles were
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TEFLON TUBE —\ I | t THERMOCOUPLE PORTS
L]

ELECTRODES

TEFLON ELECTRODE HOLDERS

FIG. 7. EXPLODED VIEW OF EXPERIMENTAL SETUP

mounted at the desired orientation, (one attached to a teflon-coated thermocou-
ple for internal temperature measurement). Samples were heated ohmically using
a constant voltage, and temperatures of solid and liquid phases, voltage and cur-
rent were monitored during the experiments. Since the purpose was primarily
qualitative model verification, studies were conducted using two orientations
only: one with particle face towards the current, and the other with a @ rotation
of 45°.

RESULTS AND DISCUSSION

Results of model simulations are shown in Table 1, for various values of con-
ductivity ratio r.. In all cases, orientation had only a slight effect on the overall
resistance of the mixture. As expected, for r. = 1, orientation had no effect on
the mixture resistance. As r. decreased, the range of variation in resistance in-
creased, but even at r. = 0.01, the variation was less than 10% . The significance
of orientation thus seems to increase as the conductivity ratio increases; however
the effect is slight. Even at a conductivity ratio of 0.001, (far lower than likely
to be encountered for liquid-solid mixtures), the variation was still found to be
within 10%.

These findings can be qualitatively verified by Fig. 8, which shows the overall
resistance of three potato-sodium phosphate mixtures versus temperature as af-
fected by orientation. The results are similar, indicating the small effect of orien-
tation in this case. The heating rates (Fig. 9) are also similar, indicating negligi-
ble orientation-related differences. Comparison between model results and ex-
periment also yielded generally satisfactory prediction (Fig. 10) with only the
results for the 0.5 M solution being offset slightly from predictions. This devia-
tion may be due to sample-to-sample variation in electrical conductivity of
particles.
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TABLE 1.
MAXIMUM, MINIMUM AND MEAN VALUES OF RESISTANCE FOR VARIOUS
CONDUCTIVITY RATIOS, AND 6 AND ¢ VALUES CORRESPONDING TO THE
MAXIMUM AND MINIMUM RESISTANCE ORIENTATIONS*

Conductivity Maximum Minimum Mean
Ratio (r,)

Resis- [*] [} Resis- [¢] [} Resis-

tance () () ©) tance (2) ©) ©) tance ()
0.001 1.132 20 0 1.038 19 1 1.050
0.010 1.125 17 0 1.033 19 1 1.045
0.100 1.061 17 0 0.990 21 2 0.998
0.400 0.907 17 0 0.877 21 2 0.879
0.700 0.807 17 0 0.796 35 33 0.797
1.000 0.735 all all 0.735 all all 0.735

“ - Based on a hypothetical cube side (/) of 1 m, and a fiquid electrical conductivity of 1 S/m.

\ — - parallel orientation
1100 8 — 45%angle orientation

Resistance (ohm)

Temperature ( C)

FIG. 8. PLOT OF MIXTURE RESISTANCE VERSUS TEMPERATURE FOR
SODIUM PHOSPHATE SOLUTIONS CONTAINING POTATO PARTICLES
ORIENTED PARALLEL AND AT 45° TO THE FIELD



224

Temperature ( C)

Resistance (ohm)

100

S.K. SASTRY and S. PALANIAPPAN

(0]
o
t

(o))
o
1

A~
o
t

— parallel orientation

—— 45° angle orientation

20

Time (s)

FIG. 9. PLOT OF LIQUID AND PARTICLE TEMPERATURE HISTORIES

FOR PARALLEL AND 45° PARTICLE ORIENTATIONS

1300
q 0—o0 0.1 M Solution (model)
1100 + e—e 0.05 M Solution (model)
a—a 0.025 M Solution (model)
9004 — 0.1 M Solution (Exp)
— - 0.05 M Solution (Exp)
—-- 0.025 M Solution (Exp)
700 u\.
.
~_ e
500 + =~ o
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o~ TSI
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FIG. 10. PLOTS OF PREDICTED AND EXPERIMENTAL VALUES OF MIXTURE
RESISTANCE VERSUS TEMPERATURES FOR VARIOUS POTATO-SODIUM

PHOSPHATE SOLUTION MIXTURES



INFLUENCE OF PARTICLE ORIENTATION 225

The absence of a pronounced orientation effect is primarily due to the aspect
ratio of the particle, and the presence of a parallel (liquid) conduction path at
all points. The resistance of a cube immersed in a nonconducting medium changes
greatly with orientation if two corners were aligned with the current, due to the
small cross-sectional area associated with the corners. This point has been observed
in the present simulations.

While the present studies indicate small orientation effects for individual par-
ticles, it is by no means certain that this would be true if large particle popula-
tions are involved. In such situations, small variations in individual samples could
result in large variations in the resistance of the population, due to a cumulative
effect. This situation may occur with fine particle mixtures, where the particle
population is large. Further work is necessary to test for such effects.

The primary implication of these results lies in the design of ohmic heating
processes for particulates. If cubic particles of significant size are to be used,
orientation effects can be considered small, and voltage gradients within the ohmic
heater can be expected to show few local variations due to orientation. It must
be noted, however, that our results apply to cubic particles alone, and not to par-
ticles of aspect ratio far from unity (long thin particles) such as those studied
by de Alwis and Fryer (1990).

A final note pertains to the likelihood of local effects that may cause channel-
ing of current. As discussed earlier, the presence of sharp edges or corners in
an object creates a zone of high resistance, which results in low current density
at these locations. This could well happen with cubic particles, resulting in low
energy generation at the corners. Fortunately, these zones are also close to the
fluid medium, and would be expected to heat more rapidly by convection than
other locations. Further studies on such localized effects and on particles of large
aspect ratios are necessary. The results of these studies do show that if particle
shapes are carefully controlled, orientation effects can be minimized.

CONCLUSIONS

The effective resistance of a two-phase mixture consisting of liquid and a cubic
particle shows only a slight dependence on orientation. The orientation effect in-
creases as solid-to-liquid conductivity ratio increases, but the effect is not strong.
This result is not applicable to cases involving long thin particles. Situations in-
volving large particle populations merit further study.
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NOMENCLATURE
A Cross sectional area (m?)
b Dimension defined in text (m)
f Dimension defined in text (m)
ki Dimension defined in text (m)
k, Dimension defined in text (m)
k3 Dimension defined in text (m)
ks Dimension defined in text (m)
[  Side of cube (m)
n Incrementing index
N Total number of increments
R Resistance (Q)
r. Conductivity ratio (gs/oy)
x Coordinate length (m)
y Coordinate length (m)
z Coordinate length (m)

Greek Letters

A Increment

6 Angle of rotation about x-axis
0, Angle defined in text

¢ Angle of rotation about z-axis
¢p Angle defined in text

®* Angle defined in text

&~ Angle defined in text

Y1 Angle defined in text

y?* Angle defined in text

¥ Angle defined in text

o Electrical conductivity (S/m)

Subscripts and Superscripts

1 Liquid

max Maximum value

n Corresponding to increment n
s  Solid

S Series

— Mean value
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