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ABSTRACT

Energyrequirements were monitored during the production of a beet
colorant on a pilot plant scale. Colorant production involved centrifu-
gation, concentration by fermentation, vaccum concentration, and
spray drying. The economic feasibility of adding the fermentation
operation to the present extraction and concentration operations was
studied. Data were obtained on the production rate, pigment recovery,
energy consumption (electrical, steam, gas), and pigment concentra-
tion at each unit operation. Calculations were based on a ton of raw
beets processed. Energy costs were $15.57 per ton. The final spray
dried colorant contained between 3 and 5% pigment depending on raw
product quality. Byproducts of yeast and alcohol helped to offset 16%
of the energy and raw product costs.

INTRODUCTION

Inrecent years, because of the prohibition or restriction of synthetic
dyes such as FD and C Red No. 2, 3, 4 and 40, there has been an
increased interest in natural food colorants. Table beets, which con-
tain betalaine pigments, have been considered one possible source.
Beet juice extracts have been used to color a variety of foodstuffs
including sausage-type meats, dry powdered mixtures, and dairy pro-
ducts (von Elbe et al. 1974a; von Elbe 1977a). Compatibility of beta-
laines with food stuffs depends on the product pH, storage temperature

and time, water activity, and the presence of oxygen and light (von
Elbe 1977D).

Journal of Food Process Engineering 5 (1981) 67-75. All Rights Reserved
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68 J.E.BLOCK ET. AL.

The structure of the chromphore in betalaines is a protonated 1, 2,
4, 7,7, pentasubstituted 1, 7 diazaheptamethin system. This system
accounts for the yellow pigments which have maximum absorptivi-
ties near 476 nm. If the conjugation of this system is extended by an
aromatic group, the maximum absorptivity shifts to near 538 nm.
This accounts for the red pigments.

Betanine accounts for 75 to 95% of the red pigments in sugar beets;
vulgazanthine I accounts for nearly 95% of the yellow pigments in
beets (Mabry 1970). The concentration of betalaines and the red/
yellow pigment ratio is dependent upon beet variety, harvest time,
growing conditions, and beet size (von Elbe 1977b). The red pigment
concentration peaks and then declines with age whereas the yellow
pigment concentration increases until the beet is processed.

The betalaines are usually quantified by spectrophometry. Nilsson
(1970) provided a formula to compute the red and yellow pigments in
beets and reported them as betanine and vulgazanthine I, respec-
tively. The formula is based on betanine having a maximum absorp-
tivity (A{®"cm) of 1120 and vulgazanthine I having a maximum
absorptivity of 750.

Presently, commercially available beet pigment is in the form of
concentrated beet juice and spray dried powder made from concen-
trated beet juice. The initial beet juice is an aqueous extract from a
counter-current diffuser apparatus or the liquid product of a physical
pressing operation. This juice is pasteurized and then vacuum con-
centrated to 60-65% total solids. It can then be used as is or spray
dried.

The major disadvantage of the available concentrates is that they
contain only 0.2 to 1.0% pigment expressed as betanine on a dry
weight basis (Riboh 1977). The remainder of the concentrates is com-
posed of about 80% fermentable carbohydrates, 10% ash, and 10%
protein (von Elbe 1977b). They also contain the compounds responsi-
ble for the typical beet odors and flavors. It should be noted that at
present, beet juice can not legally be purified to realize a higher con-
centration of pigment because of the restrictions of the 1960 Color
Additive Amendment which only permits vegetable juice
concentrates.

Recognizing the need for a more concentrated pigment source,
Adams et al. (1976) used the yeast, Candida utilis, to ferment a beet
juice extract. They chose Candida utilis because of its ability to fer-
ment the carbohydrates and nitrogenous compounds found in beet
juice extracts as well as its approved use in food and feeds.

Fermentation removes the carbohydrates, nitrites, nitrates, and the
compounds responsible for the typical beet odors and flavors. The
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resulting yeast cells, which contain about 50% protein, can be used for
food or feed. The alcohol obtained from the fermentation can be used
industrially or as a substitute for grain alcohol. Adams et al. (1976)
reported a 5 to 7 fold increase in pigment concentration after fermen-
tation.

This study was undertaken to evaluate the economic feasibility of
producing a food colorant from beets.

EXPERIMENTAL

Production of beet colorant was conducted at the Food Engineering
Pilot Plant, University of Wisconsin-Madison and at Amber Labora-
tories, Division of Milbrew, Inc., Juneau, Wisconsin. The production
at both facilities was split into three separate operations because of
equipment location but it is assumed that under commercial condi-
tions, the process would be continuous. A continuous process would
be desirable because of the pigment’s senstivity to heat and oxygen.
Further, any commercial operation would properly size and locate
equipment for a continuous operation. Therefore, our calculations
assume a continuous process.

The first operation was juice extraction. The beets were blanched
for 10 min. at 100°C, abrasion peeled and washed. They were then
diced into 3/8 in. cubes and immediately comminuted with a Fitz-
patrick mill, model D, equipped with a 1/2 in. round hole screen. The
product was pumped to a centrifugal separator (Bird solid bowl
separator, 18 in. diameter and 28 in. long) to separate the pulp from
the supernate, which was passed through a 150 mesh screen to
remove any remaining solids. This clarified juice was sent to a plate
heat exchanger pasteurized at 88°C for 2 min. and cooled to 2°C.
Energy consumption and pigment degradation were monitored and
product flow measured.

The second operation was the fermentation of the clarified beet
juice. In addition, for comparison purposes, we obtained clarified beet
juice from a commercial source, which employed countercurrent
extraction. In both instances, the initial juice was standardized at
about 14% (w/w) total solids prior to fermentation. The fermentation
method was essentially that of Adams et al. (1976). The temperature
was maintained at 30 + 2°C. The pH was maintained at 5.0 = .2 by
the addition of citric acid or ammonia. Dissolved oxygen content was
maintained at 20% saturation or less by controlling air flow to the
fermentor. The 450 gal. fermentor containing 300 gal. of juice was
operated in a continuous mode after starting in a batch mode to build
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up yeast concentration. Energy consumption, pigment degradation,
and product flow were measured.

In the third operation, the fermented juice was centrifically separ-
ated (Self-cleaning Clarifier, De Laval PX309) to obtain clarified juice
and a yeast cell slurry. The clarified juice was vacuum concentrated in
a single effect falling film evaporator (Arthur Harris Co.) to 30% solu-
ble solids, cooled to 16° C and spray dried in the University of Wiscon-
sindryer (Amundson 1967). The yeast cell slurry was also spray dried.

Energy Measurements

Electrical consumption was measured every 15 min for at least 2h to
determine an average hourly rate. For operations which continued for
several days, consumption was measured hourly and averaged. An
amprobe was used to measure both volts and amps. In single phase
applications, volts X amps = watts. In three phase applications, volts
X amps from either of the three power wires X v/3= watts. By multiply-
ing the watts consumed by hours of operation, watt-hours of electrical
consumption was computed. Electrical costs were calculated at $.05
per kilowatt-hour. Steam consumption was measured with condensate
meters (Cadilac Condensation Meter, model B) or calculated using a
modified Napier’s formula as described by Witzel and Berry (1976) or a
formula by Hall (1963). Steam costs were assumed to be $3.00 per 1000
1b of steam. Natural gas to the spray dryer was measured with an
in-line meter installed by Madison Gas and Electric Co., and calcu-
lated at $1.90 per 1000 cubic feet of gas.

Chemical Analysis

Pigment. Pigment concentration was determined by measuring light
absorbances at 476, 538 and 600 nm and using the absorbances to
calculate pigment concentrations according to a formula developed by
Nilsson (1970).

Total solids. Six gram juice samples were weighed in aluminum pans
and total solids were determined according to AOAC (1970) procedures
for vegetables.

Ethanol. 50 or 100 ml of the fermented broth was distilled according to
AOAC (1970). The concentration of alcohol was then measured with a
hydrometer or with gas chromatography.
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RESULTS AND DISCUSSION

Extraction of the juice from one ton of beets used 69.3 + 0.2 KWH of
electricity and 499 + 30 1b of steam (Table 1). It took 95 + 5 min and
yielded 1210+ 100 1b of juice at 7% solids. During the extraction, the red

Table 1. Calculated energy costs to process one ton of beets

Product Time to Steam Electri- Gas
Processed Complete (1b) City KWH (feet)’

Operation (Ib)* (min)® + 30° + .2 + 50°
Extraction

Blanching 2000 96 328 5

Peeling 2000 96 7.8

Dicing 1842 96 19

Milling 1842 96 59

Separation-Bird 2428 96 24.8

Separation-Sweco 1210 96 4.0

Pasteurization 1210 96 171

Cooling 1210 96 15.1

Pumps, conveyors 9.3
Concentration

Evaporator 1210 62 756 5.1
Continuous Fermentation

Agitation 706 119 1.7

Aeration 706 119 54

Refrigeration 706 119 1.6

Pumping 706 119 1.5
Yeast Harvest

Desludger 684 18 34

Metering pump 684 18 3

Pumping, agitation 684 18 9

Washing yeast 51 1.3 3
Concentration

Evaporator 636 48 872 4.6
Spray Drying

Yeast product 51 45 2.5 941

Pigment product 55 5 2.8 1045
Totals 2127 99.4 1986

Cost in dollars $6.38 $4.97 $3.77

“Maximum estimated error = 10%
*Based on slowest part of operation. Maximum estimated error = 10%
‘Maximum estimated error
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pigments were degraded 18 + 9% and the yellow pigments were
degraded 27 + 8%. Most of the pigment losses were observed during
pasteurization.

During continuous fermentation the juice extracted from one ton of
beets used 10.2 + 0.2 KWH at a cost of $.51 and required 119 min to
complete. Prior to fermentation, the juice was vacuum concentrated to
14% total solids (Adams 1976). This used 756 + 30 1b of steam and 5.1 +
0.2 KWH at a cost of $2.52. Aeration and refrigeration accounted for
most of the fermentation costs. Fermentation yields, defined as per-
cent of sugar conversion efficiency into a product on a dry weight
basis, were 18 + 2% for yeast cells and 36 to 45% for ethanol. The
maximum productivity rates, defined as the weight of product pro-
duced by the unit of fermentation volume of the fermenter per unit
time, were 4.9 g per liter per h for the yeast cells and 9.5 g per liter perh
for the ethanol. The above yields and productivities are based on a
dilution rate of .16 and a fermenter volume of 450 gal. Pigment losses
ranged from 18 to 27%. The majority was lost with the harvested yeast
cells. The fermentation removed about 80% of the solids with a result-
ing 3 to 5 time increase in pigment concentration expressed as a
percent of solids.

Desludging the fermented juice to remove the yeast cells took 4.9 £
0.2 KWH at a cost of $.25. Desludging the fermented juice from one ton
of beets took 18 min.

Vacuum evaporation accounted for an additional 10 + 4% loss of
pigment. The operation used 872+ 301b of steam and 4.6 + 0.2 KWH at
a cost of $2.83 to concentrate the juice from one ton of beets. Spray
drying the juice took 1045 + 50 cubic feet of gas and 2.8 + 0.2 KWH of
electricity. Spray drying the yeast cells took 941 + 50 cubic feet of gas
and 2.5 + 0.2 KWH of electricity. Total spray drying costs were $4.04
per ton of beets.

The total energy cost to process one ton of beets was $15.12 plus an
estimated $.45 to recover the ethanol by column distillation (Tables 1
and 3). The energy data contained in this study has been used to
calculate plant design including all fixed and variable costs for a full
size plant producing three million pounds of beet colorant per year.
This information is contained in NSF-RANN Project AER76-24677
Report (1979).

Extraction pigment losses totalled 22 + 10%. Pigment losses during
fermentation, yeast harvest, vacuum concentration, and spray drying
amounted to 36 + 6% of the pigment available after extraction. Sub-
stantial post extraction losses are primarily a result of the pigment
removed with the yeast cells. In spite of substantial pigment losses, the
final product contained three to five times as much pigment as the clari-



ENERGY USAGE IN BEET COLORANT PRODUCTION 73

Table 2. Pigment concentration as a function of processing step

Red Pigments Yellow Pigments  Total Pigments

(g/100g total (g/100 g total (g/100g total
Processing Step solids) £+ 0.1° solids) £+ 0.1° solids) + 0.2°
Initial 0.54 0.26 0.80
After fermentation 3.00 0.93 3.93
After evaporation 3.10 0.98 4.08
After spray drying 2.69° 1.02° 3.71°

“Maximum estimated error
’Not actual; these figures are adjusted to account for Morex solids added at 37% of total solids

Table 3. Pigment production cost analysis'

Expense $20.00
Raw Product
Energy
Extraction $4.97
Concentration 5.35
Fermentation .51
Spray drying—beet juice 2.13
Spray drying—yeast 191
Desludging .23
Yeast washing .02
Alcohol distillation .45
Total Energy Costs 15.57
Tap Water and ‘Sewer 13
Cost Less Labor, Overhead and Capital Investment 35.70
Income
Alcohol 5.31
Yeast 44
Total By-Product Income 5.75
Cost to be Offset by 12.5 1b of Dried Powder 29.95

'Calculated in dollars on cost per ton basis

CONCLUSION

This pilot plant operation demonstrated it is possible to produce a
beet colorant 3 to 5 times more concentrated than those commercially
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available. It does not contain the organic compounds responsible for
typical beet flavors and odors or the sugars associated with the pres-
ently available beet powders and concentrates. The fermentation pro-
vides an imporved product and two valuable byproducts, ethanol and
single cell protein. Fermenting the beet juice from one ton of beets
yeilds about 30 1b of ethanol and 12 1b of yeast worth approximately
$5.75. The fermentation, desludging, yeast washing and drying costs
about $4.80 per ton of beets processed. The estimated cost of alcohol
recovery by distillation is $.45. This leaves $.50 in excess of the added
cost of fermentation, harvesting, and drying (Table 3).

The pulp could also have marketable value as animal feed. At 50%
solids (w/w), the pulp would contain approximately 6.8% protein, 5.7%
fiber, and 30% fermentable sugars. It could be fermented as is to make
silage, or yeast could be added for increased protein content.
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ABSTRACT

The energy consumption of several steam blanchers was monitored
to identify design characteristics which are most energy conserving.
Hydrostatically sealing the units to prevent escape of steam was
shown to be significant in reducing energy usage. Results are com-
pared with estimates of energy efficiency found in the literature and
are shown to be in agreement.

INTRODUCTION

Blanching has been shown to be an energy intensive unit operation,
accounting for example, in the case of spinach processing, for 34% of
all energy used (Chhinnan et al. 1980). Very little quantitative infor-
mation is available in the literature concerning energy utilization by
different types of blanchers. What informationis availableis summar-
ized by J. L. Bomben (1977, 1979).

In its simplest design, a steam blancher is a shrouded conveyor
which transports vegetables through a steam atmosphere. The hood of
the blancher may be open at both ends and along the sides or water
sprays may be incorporated at the ends to condense escaping steam.

'Data presented in this paper were collected to identify measures which could be taken to effect
energy conservation in such processes. Because of the relatively small data base and with variation
in product and operator practices in different plants, itis not possible to generalize from these results
inevaluating all blanchers of similar design or to compare directly one piece of equipment or process
with another.

Reference to a company or product name does not imply approval or recommendation of the
product to the exclusion of others that may be suitable.

’Department of Agricultural Engineering

’Department of Food Science & Technology

“UOP Process Division, Experiment Development, Riverside, Illinois

*National Food Processors Association, Berkeley, California
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Modifications to the basic design may also include hydrostatically
sealing the ends and sides of the blancher and using venturi nozzles to
recirculate steam within the-unit (Layhee 1975; Ray 1975).

Individual quick blanching (IQB) systems represent another modi-
fication in which the food is heated in an atmosphere of condensing
steam after which it is held in an adiabatic chamber. This allows the
product temperature to become uniform which results in the desired
enzyme inactivation (Lazar et al. 1971). IQB-has been applied directly
by Cumming and Stark (1980). Bomben applied IQB to a vibratory
type spiral blancher in which a vibratory conveyor transports product
through the system (Bomben 1977, 1979).

Bomben (1977, 1979) has estimated blancher energy efficiencies
using a theoretical steam requirement of 134 kg steam per 10’ kg of raw
vegetables, and an arbitrary product temperature rise of 72°C. This
theoretical estimate equals 302 kd/kg of product (130 BTU/1b). On this
basis, the conventional steam blancher was estimated to have an
energy efficiency of only 5%, the hydrostatic steam blancher 27%, and
the vibratory spiral blancher-cooler 85%.

This paper summarizes data and information gathered on energy
use in steam blanchers, based on measurement of four blanchers of
differing designs.

METHODS

In performing the energy analyses, the critical measurements were
of thermal energy (i.e., steam) input and mass flow. Product and
blancher temperatures were recorded to calculate theoretical energy
requirements, as well as convective and radiative heat losses. Where
appropriate, determination of associated water flow rates and electri-
cal energy consumption were made. All measurements were conducted
over several shifts for each blancher to provide representative data for
the units. Monitoring production operation resulted in considerable
nonuniformity among operating parameters, which were not subject
to control of the project investigators.

Thermal Energy

Accutubes (Meriam Instrument Co., Cleveland, Ohio) inserted in
steam pipes through welded couplings were used to quantify steam
flow. The mass flow rate of steam in a pipe was determined by the
upstream and downstream pressure difference across the tube.

The pressure difference was monitored by connecting the high and
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low pressure sides of the accutube to an electronic differential pres-
sure cell (Westinghouse) by copper tubing filled with water. The cell
emitted a 4 to 20 milliamp signal proportional to the steam flow rate.
The milliamp signal was wired across a known resistance to produce
a voltage signal which was recorded by a battery-operated data
acquisition system (Campbell Scientific Co., Model CR5). The data-
logger had capability for recording data on both paper tape and
magnetic tape for subsequent analyses, and was equipped with vari-
able scan speed and capability to integrate data over time between
printouts.

Steam characteristics of temperature and pressure were measured
with thermocouples which fit into the accutubes in the steam line and
with pressure gauges on the steam lines and on the differential pres-
sure cell. Steam density was determined with such temperature and
pressure data from saturated steam tables. Steam quality was deter-
mined by a calorimentic method in which live steam was injected into
cold water in an adiabatic chamber and the increases in mass and
temperature were measured.

Temperature

Temperatures of blancher surfaces and water lines were monitored
during processing with copper-constantan thermocouples attached to
the data acquisition system. Mass average product temperatures
were determined by collecting samples in an insulated plastic beaker,
and inserting a metal thermometer into the center of the pack.

Electrical Energy

Large motors were monitored for electrical energy use by wiring
transducers (Ohio Semitronics) into the electrical circuits. The trans-
ducers emitted a millivolt signal proportional to power demanded by
the motor. The signal was monitored continuously by the data acqui-
sition system and the power demand was integrated over time to yield
energy consumption.

Mass Flow

Samples were taken intermittently from product lines during
energy monitoring and weighed to determine product flow rate. Pro-
duct flow manually determined agreed within 3% with the processor’s
record of product packed during the monitoring operation. Close
agreement was expected since in all cases studied, there was no sort-
ing or waste removal between the blancher, the freezer, and the pack-
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ing machine, although there was some product dehydration during
freezing. All trimming and waste removal occurred before blanching.
To systematize results for processors, mass flow is based on the aver-
age hourly packed weight output of product according to plant
records during the monitoring period.

Analysis Methodology

Energy inputs were quantified for the blanchers studied. The princi-
pal basis on which results are expressed is total energy supplied per
mass of vegetable blanched. A secondary basis is efficiency defined
as the theoretical requirement divided by total thermal energy input.
This theoretical requirement represents the energy required to heat
adiabatically the vegetables from input temperature up to the
blancher set point. Since it was not possible to measure the maximum
temperature achieved by the product for both the hydrostatically
sealed units as well as the open unit with water sprays, the energy
needed to heat product to the blancher set temperature was selected
arbitrarily as a basis for comparison among the four units. Results
for the blancher with no end seals were expressed similarly for con-
sistency. Energy losses were determined either by estimating or
measuring flow and temperature of effluent, and by using conven-
tional engineering correlations to estimate heat transfer losses by
convection and radiation. Unaccounted for losses included escape of
steam, loss due to evaporation from water surfaces, and energy used
to heat certain make-up water flows which were variable and not
quantified.

RESULTS AND DISCUSSION
Steam Blancher/No End Seals

Physical Description. The steam blancher without end seals was
bascially a conveyer with a stainless steel hood. The unit was not
sealed on the ends, and the hood fitted into 2.5 cm (1 in.) water seals
on the sides. Steam entered the blancher through a manifold system
fed by one 5.0 cm (2 in.) line. Steam flow was through an air-to-open
control system and a by-pass line. The unit was 15.2 m (50 ft) long
and 1.3 m (4.2 ft) wide, with 0.5 m (1.5 ft) vertical sides and sloped top
of .7 m (2.2 ft) from the vertical wall to the highest point. Product was
conveyed on a mesh belt, driven by a 1.5 kW (2 HP) motor. This small
motor was not monitored.
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Results for Steam Blancher Without End Seals. Spinach was
blanched at a mass flow of 5,490 kg/h (12,110 1b/h) for 1.5 min. Spin-
ach entered the blancher at 25°C (77°F), and was blanched at a set
temperature of 96° C (205° F). The surface temperature of the blancher
shell averaged 84°C (183°F) along the top, 91°C (196°F) along the
bottom, and 90°C (194°F) along the sides. Ambient air temperature
was 14°C (67°F). The stainless steel conveyor belt exited the blancher
at a temperature of 95°C (203°F) and was sprayed for cleaning along
the return pass, during which it cooled to 18°C (64°F).

The steam to the blancher had the following characteristics: 159°C
(318°F), 0.60 M Pa (87.2 psia), and quality 76%. Flow rate was 5,180
kg/h £+ 170 kg/h (11,410 1b/h + 380 1b/h), which is equivalent to a
thermal energy input of 11.625 GJ/h + 0.383 GJ/h (11.019 X 10°
BTU/h + 0.363 X 10° BTU/h). Since the blancher was not sealed, a
very large quantity of steam escaped from the unit.

The total convective and radiative heat losses were calculated to be
0.055 GJ/h (52,360 BTU/h) and 0.023 GJ/h (21,370 BUT/h), respec-
tively (Henderson and Perry 1976; Perry and Chilton 1973). With
respect to convective losses, 53% occurred from the top of the
blancher, 34% from the sides, and only 13% from the bottom. Radia-
tive heat losses amounted to only 42% of convective losses. Energy
was also lost during reheating the conveyor belt, amounting to 0.512
GJ/h (485,630 BTU/h). The energy used to reheat the moving stain-
less steel conveyor belt from 18°C to 95°C was based upon the belt
speed of 10.2 m/min (33.3 ft/min) and physical properties of the steel.
The theoretical energy requirement for blanching the spinach, based
on product temperatures and physical properties of product (ASH-
RAE 1977), was 1.537 GJ/h (1,456,800 BUT/h).

Table 1 lists an energy balance for this blancher with no end seals.
Losses which were unaccounted for were attributed to escaping steam
whcih was visually observed to be considerable. The loss of energy in
steam which escaped the system as uncondensed vapor is highly
significant.

Steam Blancher/Blancher with Water Curtains

Physical Description. The steam blancher with water curtains at its
ends was of similar design as the blancher with no end seals. The
stainless steel hood fitted into shallow troughs on the sides of the
unit. Inside the ends of the blancher were water sprays whose pri-
mary purpose was to condense steam which might escape into the
processing area and which thus would create an unsanitary condi-
tion. Also, the sprays at the outlet facilitated cooling of product.
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Table 1. Thermal energy balance for steam blancher with no end seals

BTU/h GJ/h %

Energy consumed by product for blanching

(theoretical) 1,456,800 1.537 13.2
Energy lost by convection 52,360 0.055 0.5
Energy lost by radiation 21,370 0.023 0.2
Energy lost by conveyor belt reheating 485,630 0.512 44
Energy lost in steam condensate effluent 217,400 0.229 2.0
Unaccounted for losses (i.e., energy lost by

escaping steam) 8,785,160 9.269 79.7
Total thermal energy input 11,019,000 11.625 100.0

Energy required per mass of product = 2.12 MJ/kg (910 BTU/1b)

The blancher was 15.2 m (50 ft) long, but the sprays reduced the
effective blanching length to 12.2 m (40 ft). The widths of the sloped
hood and bottom trough of the blancher were 1.5 m (4.9 ft) and 1.45m
(4.75 ft), respectively. The sides of the blancher were 0.43 m (1.42 ft)
high. A 0.75 kW (1 HP) motor drove the mesh conveyor belt which
carried product through the blancher. The steam entered the blancher
thorugh one 5.0 cm (2 in) line and an air-to-open controller. The
thermocouple sensor of the controller was located inside the blancher
near the bottom.

Results for the Steam Blancher with Water Curtains. The product
mass flow of 4,830 kg of cut green beans (2.5 cm cut, 1.0 in. cut) per
hour (10,650 1b/h) required a saturated steam flow of 3,090 kg/h £ 150
kg/h (6,820 1b/h + 330 1b/h) with steam conditions of 0.55 MPa (80.0
psia) and quality of 85%. Product entered the blancher at 20°C (68°F).
The blanching temperature and time were 99° C (210°F) and 3.75 min,
respectively. Ambient air temperature was 21°C (69°F). Total water
spray flow rate at the ends of the blancher was 8,160 kg/h (18,000
1b/h), entering at 21° C (70°F). This water combined with steam con-
densate and exited through a single pipe at 36°C (97°F). During mon-
itoring of energy, the water spray flow rate was constant at the high-
est values possible since the control valves were adjusted to their
maximum opening. The average surface temperature of the blancher
was 90°C (194°F). The stainless steel conveyor belt entered the
blancher at 27°C (80°F) and was heated to 99°C (210°F) within the
unit.

The steam flow did not vary significantly because the steam con-
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trol valve rarely changed from a completely open position. This may
have been the result of large steam demand in a blancher in which
tremendous amounts of uncondensed steam escaped through vent
ducts through the roof. Another contributing factor may have been
placement of the termocouple control sensor on the bottom of the
blancher where a locally low temperature may have caused a contin-
uously open valve position.

A summary of information is presented in Table 2. Of the total
thermal energy input to the blancher only 19% was needed to fulfill
the theoretical energy requirement to blanch the beans. Approxi-
mately 60% of the energy input was not accounted for and, presum-
ably, escaped as uncondensed steam or was condensed by the water
sprays. The energy required per mass of product averaged 1.56
MJ/kg (670 BTU/Ib).

Steam Blancher/Blancher with Hydrostatic Water Seals

Physical Description. The steam blancher with hydrostatic water
seals at the entrance and exit of the unit conveyed product into and
out of the steam chamber on dunking and discharge belts which
passed the product under water seals. In addition, the sides of the
hood fitted into shallow troughs which acted as water seals. Process
steam was thereby not permitted to escape directly from the blancher,
although overflow lines on the water seals presented a route for loss
of hot water. The main conveyor belt was completely enclosed within
the unit and only short sections of the dunking and discharge belts
were exposed. Water sprays at the inlet end aided in loading product

Table 2. Thermal energy balance for steam blancher with water curtains

BTU/h GJ/h %

Energy consumed by product for blanching

(theoretical) 1,363,500 1.438 19.0
Energy lost by convection 32,800 0.035 05
Energy lost by radiation 25,600 0.027 04
Energy lost by heating of water sprays 486,000 0.513 6.8
Energy lost in steam condensate effluent 784,300 0.827 109
Energy lost by conveyor belt reheating 230,400 0.243 3.2
Unaccounted for losses (i.e., escaping steam) 4,244,100 4478 59.2
Total thermal energy input 7,166,900 7.561 100.0

Energy required per mass of pr(;duct = 1.56 MJ/kg (670 BTU/1b)
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onto the dunking belt and sprays at the outlet end helped to cool the
product. These water streams flowed into the water seals and were
recycled through a cleaning reel. The blancher was 25.6 m (84 ft) long,
0.79 m (2.6 ft) high and 1.7 m (5.4 ft) wide. Steam entered the manifold
through an air-to-open control system which was fed by a single 0.15
m (6 in.) pipe. The entire processing plant operated with hydraulically
driven conveyors and pumps. Based upon consideration of electric
motors used with blanchers of similar size, estimation of equivalent
energy needed to power the conveyor belt through the blancher and to
operate the recycle pumps was judged unnecessary. Further monitor-
ing of a similar blancher with hydrostatic seals and nozzles operat-
ing on the venturi principle confirmed the judgment as correct.

Results for the Steam Blancher with Hydrostatic Seals. Spinach
was transported through the blancher at a rate of 12,800 kg/h (28,200
1b/h). Steam with 85% quality and 0.80 M Pa (116.7 psia) pressure was
injected at a rate of 4,960 kg/h + 830 kg/h (10,900 1b/h + 1,830 1b/h)
so that thermal energy input was 12.196 GJ/h *= 2.05 GJ/h
(11,560,000 BTU/h £ 1,940,000 BTU/h). Product entered at 33°C
(92°F). Blanching temperature and time were 98°C (209°F) and 1.5
min, respectively. Ambient air temperature was 23°C (73°F).

The data is summarized in Table 3. The assumed rise in spinach
temperature of 65°C for blanching required only 27% of the total
energy input. Energy lost in steam condensate effluent was apprecia-
ble. The surface temperature of the blancher was 86°C (188°F) from
which convective and radiative heat losses were calculated to be only
a small percentage of total energy usage. The energy required in this

Table 3. Thermal energy balance for steam blancher with hydrostatic water seals

BTU/h GJ/h %

Energy consumed by product for blanching

(theoretical) 3,142,700 3.316 27.2
Energy lost by convection 80,700 0.085 0.7
Energy lost by radiation 40,000 0.042 0.3
Energy lost in steam condensate effluent 1,934,000 2.040 16.7
Unaccounted for losses 6,362,600 6.713 55.1
Total thermal energy input 11,560,000 12.196 100.0

Energy required per mass of product = 0.95 MJ/kg (410 BTU/Ib)
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case is much reduced over that demanded by open blancher designs,
amounting to 0.95 MJ/kg (410 BTU/1b).

Steam Blancher/Blancher with Hydrostatic Water Seals
and Venturi Nozzles

Physical Description. The hydrostatically sealed steam blancher
with venturi nozzles was generally similar to the previously described
blancher with hydrostatic seals except for incorporation of special
steam injection nozzles of venturi tube design. When steam is
injected, the increase in flow velocity at the constriction causes a
pressure decrease which is used to draw steam from the top of the
blancher through a recycling tube and back through the nozzles and
into the product area. The blancher was 1.2 m (40 ft) long, 0.79 m (2.6
ft) high, and 1.6 m (5.3 ft) wide. Steam entered the venturi nozzle
manifold system through an air-to-open controller in a single 0.076 m
(3 in.) pipe. The blancher was equipped with two 7.5 kW (10 HP)
pumps for recirculation of water in the entering seal area, a 3.7 kW (5
HP) conveyor motor, and two small 0.75 kW and 0.2 kW (1 HP and
0.25 HP) motors which operated paddles to submerge spinach
through the entering and exit seals. The water level in the inlet seal
was maintained by addition of fresh water and flow of steam conden-
sate. Water level in the discharge seal was maintained by flow of
water from cooling sprays, plus steam condensate.

Results for Steam Blancher with Hydrostatic Water Seals and
Venturi Nozzles. The spinach mass flow rate of 5,900 kg/h (13,000
1b/h) required a steam flow of 2,180 kg/h + 220 kg/h (4,800 1b/h £+ 470
lb/h) at a pressure of 0.86M Pa(125 psia) and quality of 99%. The
thermal energy input was 5.37 GJ/h £+ 0.53 GJ/h (5,093,600 BTU/h +
500,000 BTU/h). Product eneted at 24° C (75.3°F). Blanch temperature
was set at 95°C (203°F). Ambient air temperature was 28°C (65°F).
Thermocouple measurements on the blancher surface showed the
surface temperature to be 93°C (200°F). The blanch time was 0.75
min, a low value which corresponded to the light loading of the spin-
ach on the conveyor belt. The throughput of spinach during monitor-
ing was less than 50% of the design capacity of the unit.

A summary of results is listed in Table 4. Based on the temperature
rise from 24°C to 95°C, the theoretical energy requirement for blanch-
ing was 1.66 GJ/h (1,577,600 BTU/h), which represents 30.9% of the
energy input. Losses in steam condensate were approximately 16% of
energy input. Convective and radiative heat losses represent rela-
tively small percentages. The energy required per mass of product
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Table 4. Thermal energy balance for steam blancher with no end seals

BTU/h GJd/h %
Energy consumed by product for blanching 1,577,600 1.66 309
Energy lost by convection 61,200 0.06 1.1
Energy lost by radiation 27,600 0.03 0.6
Energy lost in steam condensate effluent 821,900 0.87 16.2
Unaccounted for losses 2,605,300 2.75 51.2
Total thermal energy input 5,093,600 5.37 100.0

Energy required per mass of product = 0.91 MJ/kg (390 BTU/1b)

was determined to be 0.91 MdJ/kg (390 BTU/1b).

Monitoring of electrical energy with transducers showed that the
two large pumps required 5.32 kW (7.1 HP) total and that the con-
veyor motor required 1.53 kW (2.1 HP). On a fossil fuel equivalent
basis the measured electrical energy use is equivalent to 75.8 MJ/h
(7,200 BTU/h) (Chhinnan et al. 1980). This is equivalent to 0.11 GJ/h
assuming a 70% efficient boiler. The electrical energy input is neglig-
ible, amounting to only 2.0% of total energy input.

SUMMARY OF STEAM BLANCHER RESULTS

The results indicate the energy conservation to be achieved by seal-
ing the blancher to minimize escape of live steam. Despite the varia-
tion in operating conditions among the four units, the open blanchers
are approximately 10% less efficient than the sealed units; the sim-
ilarity of efficiencies shown in Table 5 for open and for sealed units
suggests that the hydrostatic seals are a primary factor responsible
for the difference.

Table 5 lists three energy efficiency values for each blancher. The
measured values derive from the energy balances already presented.
The calculated values are the quotient of Bomben’s theoretical
requirement of 302 kd/kg (130 BTU/1b) and the measured energy
required per mass of product (Bomben 1977). The estimated value of
Bomben was based on available literature results and reports by
industrial users of the units (Bomben 1977; Layhee 1975; Ray 1975).
Bomben’s theoretical requirement assumes a product heat capacity of
1.0 kcal/°C gm, a temperature rise Of 72°C, and use of saturated
steam at atmospheric pressure. Basing the energy usage on heat
input rather than mass of steam corrects for steam inputs at different
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conditions of temperature, pressure, and quality. The actual tempera-
ture increases and reported heat capacities (ASHRAE 1977) are listed
in Table 5, and differences between these values and Bomben’s
assumptions are clear. Nevertheless, the measured and calculated
efficiencies are not very different which indicates that Bomben’s defi-
nition, while arbitrary, is a useful basis on which to compare
blanchers. The measured and calculated efficiencies are greater than
estimated by Bomben, but only slightly so for the hydrostatically
sealed units.
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ABSTRACT

The thermal conductivity, thermaldiffusivity, apparent heat capac-
ity and density of frozen invert sugar solutions were found for 40, 50, 60
and 95% sugar inversion, each in concentrations from 2 to 35%,
between —40° C and 3.9° C at 2.78° C temperature intervals. The appa-
ratus and instrumentation used was identical with that reported by
Keppeler and Boose (1970).

INTRODUCTION

Sucrose is a disaccharide composed of two molecules of the mono-
saccharides, dextrose (glucose) and fructose. By hydrolysis, catalyzed
by acid and heat, sucrose can be split into its own molecular consitu-
ents in equal proportions, called the invert sugars. Fructose and dex-
trose also occur abundantly in nature in various proportions with
sucrose because of the slow natural process of inversion.

Sucrose fills the human’s needs in daily living in the form of a
household sweetening agent processed from sugar cane or sugar beets,
while fructose and dextrose are found not only in sugar cane or sugar
beets but also abound naturally in raisins, grapes and flower nectars
(Liener 1966). These sugars, plus lactose and corn syrup solids, consti-
tute a major portion of the sweetening agents in processed, sweetened
frozen food products.

Although limited information is available about the thermal proper-
ties of frozen sugar or mixed sugar solutions, manufacturers continue
making frozen, sweetened food products using mixes of various pro-
portions of sugars to achieve the least cost of materials, possibly
improve quality and satisfy the increasing demand for the product and
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its variations. Since all sugars have their own chemical and molecular
structure, any combination of different amounts of these sugars will
affect the thermal properties of the frozen aqueous solution. The
enormous number of possible combinations of these sugars makes
nearly impossible the determination of the thermal properties of the
individual sugars at various concentrations and temperatures and a
good estimate can be made of the thermal properties of a sugar mix-
ture at a given concentration from these known thermal properties at
various temperatures and concentrations (Bard and Keppeler 1970;
Keppeler and Hall 1968).

Knowledge of those thermal properties could greatly increase the
flexibility in choosing sugars in making frozen food mixes to satisfy
the consumer’s demands and improve quality and processing
equipment.

REVIEW OF RELATED LITERATURE

Interest in the determination of thermal properties of food started
in 1892 when Seibal reported specific heats of some foods based upon
his calculations made from the assumption that foods were composed
of water and solid matter.

Using calorimetry, Short et al. (1942) and Staph (1949) found that
the assumption of a weighted average for the value of specific heat by
Seibel was not correct. They said that specific heats of frozen foods
and sugar solutions increased sharply as the temperature increased
to the thawing region.

Lentz (1961) determined the thermal conductivities of gels and
meats for temperatures between —25°F to 5°F (—31.7°C to —15°C).
Moline et al. (1961) described a method that can continuously deter-
mine the specific heat of foods over a wide temperature range below
the freezing point. They found that an estimate of the specific heat of
foods could be made based on their compositions with an appropriate
correction factor.

Working with sugar solutions, Keppeler (1968) adapted the method
of Moline et al. (1961) along with the mathematical solutions of the
Fourier heat transfer equation by Thomas (1957) to determine the
thermal diffusivity and apparent heat capacity of sucrose, corn syrup
solids, lactose, corn syrup solids-lactose and sucrose-lactose solutions
over a temperature range from —20 to +20° F (—28.9°C to —6.7°C). He
found that the apparent specific heat was not linear with tempera-
ture; that it was possible to predict the apparent specific heat of
mixed solutions using the specific heat of the ingredients of the solu-
tion and the regression equation for each mixture; and that the ther-
mal diffusivities of the mixture could be predicted by calculation
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using the thermal diffusivities of the ingredients and a parallel elec-
trical resistance analogy (Bard and Keppeler 1970).

Keppeler and Boose (1970) continued that work and determined the
thermal diffusivity, apparent heat capacity, thermal conductivity
and density of a number of concentrations of frozen sucrose solutions.

(Bard and Keppeler 1970) studied further the initial findings of
Keppeler and Hall (1968) and Keppeler and Boose (1970) and deve-
loped a method of predicting the thermal properties of sugar solutions
at various concentrations over the temperature range from —40 to
25°F (—40°C to —3.9°C).

No previous study on thermal properties of invert sugar has been
reported.

OBJECTIVES

The object of this work was to study 4 levels of sucrose inversion to
dextrose and fructose at concentrations from 2 to 35% each at the
temperature range from —40° to —3.9°C at 2.78°C intervals and
determine the thermal diffusivity, apparent heat capacity, thermal
conductivity and density.

PROCEDURE

The relationships, equipment and procedures for usage of that
equipment are detailed in the paper by Keppeler and Boose (1970) and
Keppeler and Hall (1968).

In the determination of thermal properties of invert sugar, four
inversion levels of sucrose (40, 50, 60 and 95%), with each inversion in
aqueous solution from 2 to 35% concentrations, were used in the
study. At 40% sugar inversion five concentrations (2, 10, 16, 25 and
35%) were used, while at the other levels (50, 60 and 95%) thirteen
concentrations (2, 4, 6, 8,10, 12, 14, 16, 18, 20, 25, 30 and 35%) for each
inversion were made for the study.

The solutions used in the study were mixed from pure sucrose
(household sugar and the commercially available pure dextrose and
fructose, taking into account the change in molecular weight of the
monosacchande moieties because of the water addition in the hydro-
lysis reaction for example. For a solution of 20% concentration at 60%
sugar inversion, the 20 g of sugar for a 100 g aqueous solution is made
up of 12 (20 X 0.6) combined weight of dextrose and fructose and 8 g of
sucrose. From the balanced chemical equation, the amount of
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dextrose or fructose (x) is

thus, the amounts of sugars and distilled water to be added to from
the 100 g aqueous solution would be: 8, 6.316, 6.316 and 79.368 of
sucrose, dextrose, fructose and distilled water, respectively.

The apparatus designed by Keppeler and Hall (1968) and con-
structed by Keppeler and Boose (1970) was used to determine the
thermal diffusivity, apparent heat capacity, thermal conductivity
and density of the frozen, mixed solution. The apparatus used con-
sisted of the following: (1) Aluminum tubes (5.08 cm O.D., 4.83 cm
I.D., 25.4 cm long) with welded bottoms and plugged at the top. The
tubes were wired with 28 gage copper-constantan thermocouples to
measure the temperature at the geometric center of the sample.
Paired 24 gage iron-constantan thermocouples were used for mea-
surement of the temperature difference between the geometric center
and the outside surface of the sample; (2) Polystyrene foam con-
tainers (20.32 X 20.32 X 40.64 cm) divided into halves and drilled at
the center to receive the aluminum tubes. When in use the two halves
were held together by a light wooden frame and the open end was
plugged by a roll of polyurethane foam; (3) A Brown recording poten-
tiometer (—51°C to 32°C range sensitivity 1% of range) measure and
record the temperature at the geometric center of the sample; (4) A
Honeywell Deviation Amplifier No.811-11 to amplify (approximately
10,000 times) the signal from the 24 gage iron-constantan thermo-
couples. An attenuator was used for calibration purposes; (5) A
Brown recording potentiometer with a range of 0-50 millivolts (sensi-
tivity 1% of range) to record the signal coming from the Deviation
Amplifier; (6) A room with temperature maintained at 21°C + 1°C by
an air conditioner to contain the samples during the warming period;
and (7) A thick-walled (1.5 ecm) aluminum bar, 15.24 cm long, with a
hole 3.56 cm in diameter and 12.45 cm deep for density measurements.

Four hundred grams of the aqueous solution were poured into each
of the three aluminum tubes, enclosed in the polystyrene foam con-
tainers and placed in the freezer overnight to freeze to —51°C. The
following day they were closed, covered and connected to the
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recorders in the controlled 21°C temperature room and allowed to
warm to —4°C. The warming time varied from about 8 h to 24 h for the
lowest and highest concentrations, respectively. The thermal proper-
ties of the aqueous solutions were determined over a temperature
range of —40°C to —4°C by 2.79°C intervals.

The temperature difference between the center and outer surface of
the sample and the rate of change of the core temperature were mea-
sured to calculate the thermal properties of the solutions. The rate of
temperature change at the geometric center for each 2.78 degree
increment was the temperature change divided by the length of time
for accomplishing the change. The temperature difference between
the core and the outer surface of the sample during a particular 2.78
degree change in the core temperature was found by locating the
appropriate time interval on the temperature difference chart and
converting the average millivolt values to temperature using 50.36
millivolts per 1°C (28 millivolts per 1°F). The thick-walled aluminum
tubes were used to determine the density of the solutions. Solutions
were prepared, poured into the tubes and frozen. The excess ice was
removed with a wood plane blade until the surface was flush with the
top of the tube and the tube and ice were immediately weighed. Know-
ing the volume, tare and final weight, the density was determined.
Freezer temperatures of —12°C, —26°C and —42° C were used. (More
information can be gained from references 2 and 3).

RESULTS AND DISCUSSION

The thermal diffusivity, heat capacity, thermal conductivity and
density of 40, 50, 60 and 95% sugar inversions, each in concentrations
from 2 to 35% and analyzed between —40°C and —3.9°C at 2.78°C
temperature intervals are plotted and discussed below. Some data
obtained at higher concentrations and temperatures between —12°C
and —3.9°C were not included because the differential millivolt
recorder values went off the chart. The high temperature at the outer
surface of the sample is caused by the slow dissipation of the incom-
ing heat energy because of the relatively low values of the thermal
conductivity and diffusivity along with a steep increase in heat
capacity at the higher concentrations and temperatures.
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Thermal Diffusivity

The thermal diffusivity of all the sugar inversions studied
decreased as the temperature increase. Also, for a particular tempera-
ture interval, the thermal diffusivity values decreased with increase
in concentration. This trend was also reported by Keppeler and Boose
(1970) for sucrose solutions. The decrease in the value of the thermal
diffusivity with increasing temperature indicated that the warming
time of the solution increased.

Forty Percent Sugar Inversion. Inversion. The plot of the thermal
diffusivity versus temperature in Fig. 1, show the decrease in the
value of the thermal diffusivity with increase in temperature and
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FIG. 1. THERMAL DIFFUSIVITY VERSUS TEMPERATURE FOR FROZEN SOLUTIONS OF
40% SUGAR INVERSION OF NOTED CONCENTRATIONS
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concentration as mentioned above. The values are approximately
21% lower than those found by Keppeler and Boose (1970) for sucrose
at the same concentrations and temperature intervals.

Fifty Percent Sugar Inversion. Thermal diffusivities for 60% sugar
inversion (Fig. 3) are approximately 1% lower than those for the 50%
sugar inversion (Fig. 2).
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FIG. 2. THERMAL DIFFUSIVITY VERSUS TEMPERATURE FOR FROZEN SOLUTIONS OF
50% SUGAR INVERSION OF NOTED CONCENTRATIONS

Ninety-five Percent Sugar Inversion. Thermal diffusivities for 95%
sugar inversion (Fig. 4) were found to be approximately 6% lower
when compared to the values obtained at 60% sugar inversion.

No explanation was found for the crossover of the curves of the 8%
and 10% solutions nor the 12% and 14% curves.



96 R. A. KEPPELER AND JOSE R. ARBOLEDA

0.0045 —
0.0040 -
0.0035

£
0.0030 =

1

[

(=9

=]

g 0.0025 —

|

>

-

s 0.0020 —

B

2]

-]

U

Yy

o~

e 0.0015 —

F

2

3] 0.0010 —
0.0005 —
0.0000 T T T T T T 1

-40 ~35 -30 =25 -20 -15 =10 -5

Temperature -C

FIG. 3. THERMAL DIFFUSIVITY VERSUS TEMPERATURE FOR FROZEN SOLUTIONS OF
60% SUGAR INVERSION OF NOTED CONCENTRATIONS

Apparent Heat Capacity

Sugar in solution decreases the freezing point to an extent depen-
dent upon the concentration. During the thawing process for the fro-
zen sugar solution, a very limited amount of melting takes place at
the lower temperature and increases with increase in temperature.
The heat required by the frozen solution to thaw includes both the
specific heat and heat of fusion needed to change it from solid to
liquid state at the same temperature. This heat needed to increase the
temperature of the frozen solution and the heat of fusion to change it
from solid to liquid at the same temperature are included and reported
as apparent heat capacity.
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The apparent heat capacity increased with temperature, but more
prominently at the higher temperatures. Also, for any particular
temperature interval studied, the apparent heat capacity values
increased with concentration. This same trend was also reported by
Keppeler and Boose (1970) for sucrose solutions. The high rate of
increase could be attributed to the increased melting of the solutions,
requiring more heat (heat of fusion) for a small increase in
temperature.

Forty Percent Sugar Inversion. Figure 5 shows the apparent heat
capacities versus temperature of the 40% sugar inversion at 2, 10, 16,
25 and 35% concentrations. The plot shows a steep increase in the
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apparent heat capacity values as the temperature of the solutions
approaches —5°C. The apparent heat capacity values are approxi-
mately 52% higher when compared to those found by Keppeler and
Boose (1970) for the same concentrations and temperature intervals
with the sucrose solutions.
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Fifty Percent Sugar Inversion. For the 50% sugar inversion, (Fig.
6), the values of the apparent heat capacity are approximately 2.5%
higher than those found at 40% sugar inversion for the same concen-
trations and temperatures.
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Sixty Percent Sugar Inversion. Apparent heat capacities for the
60% sugar inversion (Fig. 7) are approximately 2.5% higher than the
values for 50% inversion.

Ninety-Five Percent Sugar Inversion. Increasing the amount of
invert sugar in solution increases the apparent specific heat of the
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frozen solution as shown by the other three sugar inversions discussed.
The values obtained from the 95% sugar inversion shown in Fig. 8 are
higher by approximately 5% than those for the 60% sugar inversion.

Thermal Conductivity

For the four degrees of sugar inversions studied, the thermal con-
ductivity decreased with increasing temperature and for a particular
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temperature the thermal conductivity decreased with increased con-
centration. This tendency with respect to concentrations and temper-
ature is the same as in sucrose solutions for the same concentrations
and temperature.

Forty Percent Sugar Inversion. The thermal conductivities of the
40% sugar inversion (Fig. 9) were found to be lower than sucrose by about
5%. These curves show a decrease in the thermal conductivity with in-
crease in temperature and concentration for a particular temperature.

Fifty Percent Sugar Inversion. For the sugar inversion of 50%, (Fig.
10) were less than 1% higher than the 40% sugar inversion. Again,
there is no explanation for the crossover of the 8% and 10% solution
curves.
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FIG. 9. THERMAL CONDUCTIVITY VERSUS TEMPERATURE FOR FROZEN SOLUTIONS
OF 40% SUGAR INVERSION OF NOTED CONCENTRATIONS
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Sixty Percent Sugar Inversion. Figure 11 shows that the thermal
conductivity for the 60% sugar inversion is approximately 1% higher
than for the 50% sugar inversion. The thermal conductivity-
temperature interval curves show overlapping values at concentra-
tions of 4, 6 and 8% and a higher value for the curve of the 18% than
for the 16% concentrations at lower temperature range. The tests on
these concentrations were repeated and the results were similar to
those reported. The cause of this crossover is not known.
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Ninety-Five Percent Sugar Inversion. The thermal conductivity
values for 95% inversion (Fig. 12) were found to be approximately
2.5% lower than the 60% sugar inversion. Again, overlapping of
values at 8, 14 and 20% concentrations were repeated with similar
results.

Density

The densities of the sugar solutions used at various inversions and
concentrations were determined at temperatures of —12, —26 and
—42°C as outlined in the procedure. The computer library program,
POLY 2, at The Pennsylvania State University Computation Center
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fit the data obtained to a second order polynominal equation and the
plotting points for the curves were computed from those equations.

Forty Percent Sugar Inversion. The density of the solutions
increased with concentration (Fig. 13), but not all solutions exhibited
an increase in density with increased temperature. An increase was
shown by the solutions with 25 and 35% concentrations, while the
lower concentrations decreased in density with increase in tempera-
ture. Similar behavior was also reported by Keppeler and Boose (1970)
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for sucrose solutions where the slope was negative slope for frozen
solutions below 30% but positive above 20% concentration.

Fifty Percent Sugar Inversion. The curves of Fig. 15 for 60% inver-
sion on the graph of the density versus temperature show positive
slopes at 18% concentration and above and negative slopes for the
solutions below 18%.
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Ninety-Five Percent Sugar Inversion. The density values for the
95% sugar inversion (Fig. 16) are higher by less than 1% when com-
pared to those on Fig. 15 for th 60% sugar inversion. The curves in
Fig. 16 exhibit the same behavior as those of the 50 and 60% sugar

inversion.
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CONCLUSIONS

(1) The thermal diffusivity of all the sugar inversions studied
decreased as the temperature increased and at any given temperature
interval the thermal diffusivity decreased with an increase in concen-
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tration. (2) The apparent heat capacities of the sugar inversions stu-
died increased with temperature, but more prominently at higher
temperatures and for any particular temperatures increased with
concentration. Increased sugar inversion showed further increase in
apparent heat capacity. (3) The thermal conductivity, for all the
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inversions studied, decreased with increase in temperature and for a
particular temperature the thermal conductivity decreased with
incresed concentration; and (4) The densities of the four inversions
studied increased with concentration. Inversion of sucrose did not
seem to affect the densities of the solutions because variation of den-
sities between sucrose, 40, 50, 60 and 95% sugar inversion were less
than 1%.
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ABSTRACT

A corn meal based model food system was successfully utilized in
experiments designed to measure the influence of protein type on
product integrity. The food systems were processed using either a
capillary rheometer or an extrusion capillary rheometer to produce
the texturized product. The Warner-Bratzler Shear test and the
Ottawa texture measuring tests were utilized to indicate product
integrity. The purified 11S soy protein produced a product with
greater integrity as measured by maximum shear value than an
equivalent amount of soy protein isolate from which it was derived.

INTRODUCTION

The potential food market for novel proteins such as single cell or
oilseed sources has not been achieved. The production costs (low
when compared to meat products), the amino acid makeup (high in
essential amino acids such as lysine) and the need for providing a
balanced protein intake argue for food products utilizing novel pro-
teins. However, providing products with high consumer acceptability
has not been completely successful.

For a product to be accepted it must conform to the tastes of the
intended purchasing group (Bowdidge 1935). Therefore, products
have been developed utilizing novel proteins; these include meat ana-
logues, extenders and snacks which have been imparted with tex-
tures and flavors consistent with consumer demand. While these pro-
ducts have had some success in the market place, the potential novel
protein market could be greater. One reason for under usage is the
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inability to develop products which can successfully mimic both the
flavor and textural characteristics of current protein sources. The
textural characteristics might be improved with additional knowl-
edge of plant protein polymerization during food processing.

A retort stable extruded food requires that the compositional varia-
bles be within certian percentage limits. Generally protein content is
between 30% and 75% with 50% being the preferred level (British Pat-
ent 1979). Carbohydrate content is between 25% and 40%, and lipid
content is less than 5% (Jenkins 1970). Although each compositional
variable influences the final structure, protein appears to be the
major factor in product physical stability. Maurice and Stanley
(1978), for instance, demonstrated that protein content, when varied
independently of moisture, explained 77% of the variation in a modi-
fied Warner-Bratzler shear test. The picture which emerges from
physical tests (British Patent 1969; Jenkins 1970; Smith 1974; Cum-
ming et al. 1972) and microscopic studies (Taranto et al. 1978; Smith
1975; Cegla et al. 1978) is that of a product consisting of a protein-
lattice structure with embedded carbohydrates. Water plays a multi-
faceted role in the process. It solubilizes the protein and carbo-
hydrates and provides a means to insure their even distribution. The
water is also the transit vehicle to distribute solubles and thus may
control the cell size in the final product (Smith 1974).

Food research devoted to studying texturization and protein poly-
merization has followed several pathways. The approaches have
been empirical, developing methods and procedures which provide
specific information for a system, but are limited in application
(Taranto et al. 1975; Aguilera and Kosikowski 1976; Jao et al. 1978;
and Maurice and Stanley 1978). Other research (Lee and Rha 1979)
has examined protein polymerization but has employed simple model
systems such as protein solutions. Specific information was obtained,
but its application to more complex systems such as that of a food
undergoing an extrusion process is limited. A third approach at-
tempted to apply theory gained from plastics and nylon (Nielsen
1977) to protein. Finally, researchers such as Aguilera et al. (1976)
and Taranto et al. (1978) have used electron microscopy in order to
examine products and describe the completed structure.

An alternative approach is to examine protein polymerization by
using a complex system. Besides examining the effects of engineering
parameters such as shear rate, shear stress, pressure and tempera-
ture on textural characteristics, the effects of these variables plus
chemical effects on protein polymerization as a function of time
should be examined. Only by knowing how proteins polymerize, the
nature and preference of binding sites and how process parameters
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influence the reactions can specific control over the process be
achieved.

This study sought to determine if a purified soy globular protein in
the presence of a high carbohydrate matrix would form a retort stable
textured body upon extrusion. If successful, such a system would pro-
vide a vehicle for studying protein polymerization under defined
conditions.

MATERIALS AND METHODS

Purification of Soybean 11S Globular Protein

The 118 globular protein from soybean was employed as the test
protein for this study. The isolation procedure based upon the pro-
cedure of Eldridge and Wolf (1967) is as follows: Promine D (Central
Soya), a protein isolate, was solubilized (1:100/W:V) in a 0.6 ionic
strength (u), pH 4.6 acetic acid sodium chloride buffer containing
0.01M mercaptoethanol (M.E.), stirred overnight and then strained
through 10 layers of cheesecloth to remove the nonsoluble material.
The supernatant solution was stored in a cold room (2 to 4° C) for 72h.
This resulted in the preferential precipitation of soy 2, 7 and 15S
proteins. The precipitated protein was removed by straining the mix-
ture thorugh cheese cloth. The ionic strength of the solution was then
lowered to 0.3 u by the addition of an equivalent volume of 0.01M
M.E. and stored in a cold room for 72 h. The 11S globular protein is
insoluble at an ionic strength of 0.3 at 2° C. Therefore, the supernatant
solution was discarded. The precipitate was frozen, freeze-dried and
stored at —20° C until required. The isolation procedure left residual
salt in the preparation. Therefore, all samples were brought to the
same electrical conductivity level.

The precent 11S protein in the extract was determined by ultra-
centrifugal analysis. A standard buffer, comprised of 0.0325M
K;HPO,, 0.026M KH,P0O,,0.4 M NaCland 0.01M M.E.,pH7.6,u=0.5,
was used. Two grams of freeze-dried protein were solubilized. Nonsol-
uble material was removed by centrifugation at 2000 rpm for 10 min.
The analysis was performed at room temperature in a Spinco Model E
ultracentrifuge at 50,470 rpm. A double-sector centerpiece was used in
the centrifuge cell to allow sample and solvent to run in the same cell.
Therefore, the base line used in the calculations were present. Areas
were corrected for radial dilution and the 11S component was deter-
mined as a percent of the total area.
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Table 1. Influence of process variables and 11S protein levels on product integrity as
measured in Werner-Bratzler shear cell

Code Values Max. Force (WBS)*
11S Protein Cook Time Cook Pressure Mean (N) Stand. Dev. (N)
1 1 0 283.3 43.1
1 0 1 297.1 24.5
1 0 -1 275.5 14.7
1 -1 0 372.5 41.2
0 1 1 439.2 18.0
0 1 -1 420.6 37.3
0 -1 1 384.3 3.9
0 —1 -1 391.2 11.8
0 0 0
0 0 0 385.3 23.5
0 0 0
-1 1 0 318.6 26.5
-1 0 1 383.3 24.5
-1 0 -1 293.1 29.4
-1 -1 0 317.6 37.3
Actual Value
Code 11S Cook Time Cook Pressure
Value (% of Total Protein) (min) (MPa)
1 75 3 15.52
0 52 2 12.24
=1 30 1 9.31

‘Dry exudates were tested

Table 2. Influence of 11S protein level and salt on product integrity as measured by
the OTMS maximum force and water adsorption

g H.O Absorbed/
Max. Force (OTMS)* g Product HSD Range Test’
for Water
11S Level Mean (N) Stand. Dev. (N) Mean Absorbence
1 296.6 60.8 1.2 1
0 239.2 56.9 1.3 1
-1 46.1 39 2.0 2
-1 54.9 8.82 2.0 2

no salt

“Product retorted before testing
*Treatments with different numbers are significantly different (p X .05)
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Sample Preparation. The base system consisted of corn meal (Buck-
eye Pure Gold Yellow Corn Meal) containing 30% moisture on a wet
basis. Protein was added to the base system. The protein was
dispersed first by hand mixing, followed by a 25S mix using a blender
at slow speed. The samples were stored in plastic bags in a cold room
until used.

Corn meal and soy protein levels were each kept at 50% of the base
system on a dry basis. The desired 11S protein levels were achieved
by diluting the purified 11S protein (75% purity) with the appropriate
amount of Promine D protein isolate. The amount of 11S protein in
the protein isolate was considered in the dilution process so that the
desired amount of 11S protein was present. In this manner, the total
protein content was held constant although the 11S level varied.

Sample Processing. Samples were processed using either a Mon-
santo capillary rheometer plugged at the discharge end (nonextru-
sion) or an extrusion capillary rheometer.

Nonextrustion. The Monsanto rheometer was equilibrated at 150°C
before an experiment was initiated. A 5 g sample was introduced into
the equilibrated rheometer. One-half minute after sample introduc-
tion, the plunger was activated and the desired force was applied. The
piston force was controlled via a regulator connected to a nitrogen
gas cylinder. The experiment was terminated by removing the
plunger. Normally the sample was ejected by the release of the pres-
sure, but occasionally it was necessary to remove the plug and push
the sample out.

Extrusion. The extrusion capillary rheometer was equilibrated at
150° C before initiating the experiments. Three-fourths of a minute
after introducing a 20 g sample, the plunger of a floor model Instron
was pushed into position to provide the cooking pressure listed in
Table 3. The experiment was terminated at the desired time by
extruding the sample at 5 cm/min.

Both extrusion and nonextrusion experiments examined the influ-
ence of 118 protein level, cooking pressure and cooking time on pro-
duct integrity. In addition, the extrusion experiments considered
extrusion pressure and the nonextrusion experiments included salt
level.

Process and Product Analysis

Pressure versus time curves were generated for each run. The pres-
sure during the cooking phase (designated as cook pressure) was
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recorded for both extrusion and nonextrusion experiments. During
the cooking phase, there was no increase in cook pressure. This indi-
cates that the mechanical pressure was sufficiently high to prevent
water vapor formation. The average pressure of extrusion (desig-
nated as extrusion pressure) was calculated by dividing the area
under the pressure-time curve by the extrusion time. The initial point
for the extrusion portion of the pressure curve was taken at the
beginning time of product extrusion. The final point was placed at the
termination of the extrusion phase. Therefore, the average extrusion
pressure excludes the pressure utilized during the cooking phase.

The maximum shear force for either a Warner-Bratzler Shear
(WBS) or an Ottawa Texture Measuring System (OTMS, 11 cm? cell
with 8 wire grid insert device) in an Instron Universal Testing
Machine was determined for all products as an indication of product
integrity.

Samples tested using the WBS device were sheared three times
along the length of the sample. samples tested using the OTMS
extrusion cell were broken into pieces approximately 1 cm long and
sized as suggested by Breene and Barker (1975). The 4 to +20 mesh
pieces were placed into distilled water (2:1, V/W) for 1 h and the
amount of water absorbed was calucated after the excess water was
drained off. The samples were then retorted at 121°C for 20 min,
cooled and stored at 2°C until analyzed. The maximum shear force
was then measured as described by Breene and Barker (1975). Two
replicate analyses were performed for each sample.

RESULTS AND DISCUSSION

In defining the model food system, protein type and ease of its
isolation were considered. Soy protein, specifically the 11S soy pro-
tein, was chosen because it is a subunit containing globular protein
which loses subunit structure and polymerizes during processing.
Finally, it can be isolated without losing subunit structure or under-
going polymerization. Corn meal was chosen as the carbohydrate
source because it is easily extruded and forms a nonretort stable tex-
turized product. The low protein content of corn meal along with its
lack of retort stability, allows the effects of exogenous proteins to be
measured.

The extrusion and nonextrusion experiments (Tables 1, 2, 3) con-
sistently indicated two things. First, the corn meal/soy protein model
system did form a retort stable product as measured by the maximum
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shear force value in the WBS and OTMS. Second, all equations (Table
4) indicate that the 11S protein influenced the product integrity.
Although the equations differ as to what quantity of 11S protein
produced the greatest product integrity, they all suggest a maximum
value based upon coefficient values and variable terms. The non-
extrusion models also suggest that the pressure of cook influenced
product integrity. The extrusion experiments were not designed to
confirm this possibility although in one extrusion experiment where
the pressure of cook was monitored, no relationships were noted
between integrity and cooking pressure.

The amount of water absorbed by the texturized products was
related to the amount of 11S globular protein in the system (Table 2).
The correlation between water absorption and 11S protein level for
the data were 0.9. This is interesting in that protein type rather than
quantity altered water absorption. The inverse relationship between
11S protein level and water absorption when combined with the
integrity tests suggests that increasing the 11S protein during extru-
sion until some maximum level occurs, results in a smaller cell struc-
ture than does a mixture of protein types (Promine D). This would
explain both the higher maximum force values in both types of shear
tests and the different water absorption. The explanation is sup-
ported by both WBS (Table 1) results for dry product and OTMS
(Table 2, 3) results for retorted products. The WBS demonstrated that
product integrity was independent of absorbed moisture. The
increase in OTMS extrusion force values with increasing 118 protein
was due to the reduction of free water in the product. It is also possible
that the 11S protein in its polymerized form is less hydrophillic, there-
by attracting less water. These possibilities could be tested by utiliz-
ing a technique such as scanning electron microscopy to examine cell
sizes.

There appears to be a large difference between the maximum shear
force developed during the nonextrusion and extrusion processes
(Table 4). However, it was not possible to conclude if the differences
were due to the increased shear during sample extrusion (Aguilera et
al. 1976), thereby producing a less fibroid structure, or if the differ-
ences were caused by product shape (Breene and Barker 1975).

During the 11S protein purification procedure, salts were intro-
duced. Some salt remained after the purification and, in order to
reduce the influence of salt, the salt was removed as a variable in the
study by bringing all samples to the same conductivity level. How-
ever, in two experiments, the maximum shear force and extrusion
pressures were compared for samples Promine D with and without
added salt. In the presence of salt, the maximum shear force decreased
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from 161.8 N to 83.3 N and extrusion pressure decreased from 17.6
MPa to 14.6 MPa. In the second experiment (Table 2), the same trend,
although not as great, in maximum shear force occurred. Salt stabil-
izes the 11S globular protein sturcture by preventing the breakdown
into subunits (Hashizume et al. 1975). Thus, the absence of salt
should increase polymerization, sample extrusion pressure and the
maximum shear force value.

The average extrusion pressure regression (Table 4) demonstrated
the effectiveness of 11S protein in altering average extrusion pres-
sure. This would be expected if the degree of polymerization varies
with protein type. It also implies that mathematical models,
employed to predict viscosity and texture, should consider how the
protein polymerizes.

While the 11S protein alters the average extrusion pressure, there is
a lack of consistency in the equations. Three equations suggest that
increasing 118 protein decreases the average extrusion pressure, and
one states the opposite. Decreasing average extrusion pressure and
increasing product integrity appears contradictory, but possibly the
polymerized 11S protein excludes bound water and this freed water
either acts as a lubricant during extrusion or possibly it reduced vis-
cosity. If this effect is real, it should be possible to reduce energy
consumption during extrusion with concomitant increased product
integrity.

CONCLUSIONS

The purified 118 soy globular protein both increased product integ-
rity and reduced the average extrusion pressure when compared to a
soy protein isolate. The increase in integrity plus the decrease in
water absorption by the extruded product suggests that the 11S soy
protein containing food system forms a smaller cell structure body
during extrusion when compared to the soy isolate.
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CHANGES IN PHYSICAL PROPERTIES OF MEAT BATTERS DURING
HEATING. J. M. Schweid and R. T. Toledo. J. Food Sci. 46, 850-855 + 859.

Techniques for measuring changes in physical properties of meat batters
during heating that would be suitable for studying kinetics of gelation were
studied. Change in absolute molulus as measured by a dynamic tester was too
variable to be useful in studying gelation kinetics. However, differences in
consistency show up as significant differences in the absolute moduli of the
raw batters. Increase in volume during heating was strictly a temperature
effect and the rate of expansion at the same heating medium temperature was
the was same for a batter that was gelling compared to a gelled batter in the
same mold. Pressure change on heating of a batter at constant volume showed
a pattern consistent with expected behavior of proteins on heating. Plots of
pressure against temperature were a series of linear sections with the transi-
tion points occurring at 33—36°C and at 57—67°C. These temperature ranges
are known to start insolubilization of muscle proteins and start solubilization
of collagen respectively. Plots of unaccomplished pressure change against
time on semi-logarithmic coordinates was used to calculate a time constant for
each stage of the process thereby giving a measure of the rate of gelation.

RHEOLOGICAL PROPERTIES OF PRUNE JUICE. H. R. Bolin. J. Food Sci.
46, 886-888.

The effect of preparation procedures, raw material and additives on prune
juice viscosity was investigated. Prune juice preparation procedure had the
greatest effect on juice viscosity of any parameters studied, with the disinte-
gration process producing juice having higher viscosity than the diffusion
process. Juice viscosity decreased during elevated storage temperatures. Also,
prune size and maturity influenced viscosity, with smaller prunes harvested
early in the season producing juice with higher viscosities. In diffusion juice
extraction, the first leach product had a lower viscosity, lighter color and
higher potassium content than the rest. Prune concentrate over 45° brix ex-
hibited dilatant properties.

HEATING CHARACTERISTICS OF WHOLE KERNAL CORN PRO-
CESSED IN A STERITORT. M. R. Berry Jr. and R. W. Dickerson, Jr. J. Food
Sci. 46, 889-895.

Cans of whole kernal corn in brine and vacuum-packed corn were heated in an
FMC Steritort and in a still retort. Two can sizes for each product were pro-
cessed to simulate two commercial agitating processing machines. The sterili-
zation values (F;) and heat penetration factors (j, f, f) were determined from
time-temperature data and were influenced by reel rotational speed, corn fill
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weight, and brine fill or container headspace. For both products, optimum
heat penetration for agitated processing occurred at a ratio of brine-to-corn fill
weights of about 35% (normal for vacuum-packed products). Above a thres-
hold value, increasing reel rotational speed did not significantly enhance
heating, and with the accompanied reduction in retention time in continuous
retorts, F; values would actually be lowered. Sterilization values were some-
what reduced because of overfills of both corn and brine. For the vacuum-
packed product, vacuum level significantly influenced heat penetration only
for the still processes.

COMBINING AQUEOUS EXTRACTION AND MEMBRANE ISOLATION
TECHNIQUES TO RECOVER PROTEIN AND OIL FROM SOYBEANS. J.
T. Lawhon, L. J. Manak, K. C. Rhee, K. S. Ree and E. W. Lusas. J. Food Sci.
46, 912-916 + 919.

Two relatively new protein isolation techniques (the Aqueous Extraction
Process and the Membrane Isolation Process) were combined to obtain a
single isolation procedure to produce protein and oil food products from unde-
fatted soybeans. Three lots of soybeans were processed using aqueous extrac-
tion, centrifugation and industrial ultrafiltration membranes to obtain either
a full-fat, low-fat or intermediate-fat product and an oil cream. Proximate and
amino acid analyses, nitrogen solubility profiles, and storage tests were
made on spray-dried products. Mean membrane permeation rates achieved
ranged from 20-42.6 gfd. Protein products possessed high nitrogen solubilities
below pH 3.5 and above pH 7, and were desirably light in color.

A PROXIMITY EQUILIBRATION CELL FOR RAPID DETERMINATION
OF SORPTION ISOTHERMS. K. W. Lang, T. D. McCune and M. P. Stein-
berg. J. Food Sci. 46, 936-938.

Sorption isotherm data are obtained by instrumental determination of water
activity at a known moisture content or determination of moisture content
after equilibration against a saturated salt solution. The latter method is
simpler and the salt solutions are primary standards. However, the equilibra-
tion takes a long time, one to ten weeks, depending upon food composition.
Thus, the objective of this work was to devise a method that retains the
saturated salt solution but accelerates the rate of equilibration. In an equili-
bration environment between a food product and a saturated salt slurry, the
driving force is the difference in vapor pressure; therefore the faster the vapor
space is the difference in vapor pressure; therefore the faster the vapor space
reaches equilibrum with the saturated salt slarry, the quicker the maximum
driving force for water absorption will be applied to the sample. It was felt
that a reduction in the size of the usual large desiccator to a single sample
size would provide the necessary area to volume ratio. The vessel chosen was
a small plastic chamber (65 mm/53 mm).In this chamber, the surface area to
vapor volume ratio was 0.3101 as compared to 0.0335 for the standard desic-
cator. The sample was contained in a standard aluminum weighing tray
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modified by removing a 44 mm diameter circular section from the bottom. This
was replaced with a 47 mm diameter circle of Whatman No. 1 quantitative
filter paper to support the sample and at the same time allow transmission of
moisture. This would allow water molecules to travel in a straight line and thus
the shortest distance between the saturated salt slurry and the sample. This
small vessel with a single sample supported on a filter paper will be referred to
as a Proximity Equilibration Cell (PEC). Using this technique, it was found
that a 2/mm deep sample of corn starch required only 6 days for complete
equilibration, as compared to 21 days for the conventional desiccator. Thus,
the PEC satisfied the obejctive by reducing time by 70%. In making compari-
sons with the same salts in conventional and the PEC, it was noted that the
end point was higher in the latter. Evidently, absorption in case of the conven-
tional desiccator was so slow at the end that no weight gain could be detected
in 24 hr but equalibrium had not yet been attained. In contrast, the PEC
equalibrated so rapidly that it allowed a closer evaluation of true equilibrium.

DRYING OF APPLE PUREES. A. L. Moyls. J. Food Sci. 46, 939-942.

Various factorsinfluencing the drying rate of apple putee were investigated. A
heated airstream passed over the purée which was contained on a large flat
tray. The drying rate could be inceased by raising the air temperature, by
increasing the air velocity, by promoting turbulence at the tray entrance, by
increasing the vertical spacing between trays, and by using metal instead of
wooden trays. Three distinct modes of moisture removal were observed during
the transition from wet purée to dried apple leather. It was possible to obtain a
suitable apple leather product in about 3 hr using 107°C air at 4.6—7.6 m/sec.

CORRELATION OF WATER ACTIVITY DATA IN WHOLE TOMATO
CONCENTRATES. J. Chirife, C. Ferro Fontan and R. Boquet. J. Food Sci. 46,
947-949.

It is shown that water activity (a.) data in whole tomato concentrates of
varying total solids content may be well correlated using a simple equation
derived from knowledge of the a. lowering behavior of nonelectrolytes. The
proposed equation has practical value because it allows a, prediction in
tomato concentrates (in the a. range of most practical interest) from measure-
ment of the °Brix value.

EFFECT OF COOKING ON THE THERMAL CONDUCTIVITY OF WHOLE
AND GROUND LEAN BEEF. M. S. Baghe-Khandan and M. R. Okos. J. Food
Sci. 46, 1302-1305.

The probe method was used to measure thermal conductivity of beef through a
temperature range of 30—120°C. Thermal conductivity of beef increases with
temperature up to 70°C followed by a decrease during the denaturation of
proteins and subsequent loss of water. The thermal conductivity of beef
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again increases with temperature after protein denaturation. The thermal
conductivity of cooked beef is lower than raw beef up to about 80° C. The rate
of increase for cooked meat thermal conductivity is fairly constant with
temperature at a given moisture content. Models based on composition and
temperature were found to predict the thermal conductivity of meat during
cooking at an average standard percent error of 7%.

LINEARIZATION OF THE WATER SORPTION ISOTHERM FOR HOM-
OGENEOUS INGREDIENTS OVER a, 0.30—0.95. K. W. Lang and M. P.
Steinberg. J. Food Sci. 46, 1450-1452.

Many attempts have been made to quantitate the water sorbed by a material
as a mathematical function of water activity (a.). Based upon a theory of
polymolecular absorption, the Smith model states that moisture content is
proportional to In (1 — a.). Subsequent workers showed this to be accurate to
1% but only between about 0.6 and 0.9 a.. It was hypothesized that the valid-
ity of this model could be extended over a much broader a. range by applying
the model to a single homogeneous ingredient. This was tested by obtaining
sorption data for nine materials, including four noncrystalline macromole-
cules as well as five crystalline solutes, including both sugars and salts.
Results showed the model to describe the sorption isotherm for these macro-
molecules to within 2% over the a, range 0.30—0.95. The model was shown to
be valid in the case of each solute to within 2.5% between the a. of a saturated
solution and 0.95. Correlation coefficients (r) for the nine materials were all
greater than 0.995, showing excellent linearity for the model. Fructose
showed the highest “% (error)..’’, only 3.26.

THE “INTRINSIC” THERMAL CONDUCTIVITY OF WET SOY PROTEIN
AND ITS USE IN PREDICTING THE EFFECTIVE THERMAL CON-
DUCTIVITY OF SOYBEAN CURD.T. Yano, J. Y. Kong, O. Miyawaki and
K. Nakamura. J. Food Sci. 46, 1357-1361.

The applicability of four heat conduction models to heterogeneous materials
was examined for defatted soy protein curd with various water contents.
Only the series model was applicable to both frozen and unfrozen soy protein
curds. The “intrinsic’’ thermal conductivity of wet soy protein was determined
on the basis of the series model to be 0.300 W/m-K for unfrozen curd and 0.488
W/m-K for frozen curd. By using the series model and the “intrinsic’’ thermal
conductivity values of soy protein, the effective thermal conductivity of fat-
containing soybean curd, unfrozen or frozen, was predicted satisfactorily.
The “intrinsic” thermal conductivity values of wet soy protein were inde-
pendent of temperature in the ranges from 0° to 20°C and from —5° to —20°C.

IMPROVED LINE HEAT SOURCE THERMAL CONDUCTIVITY PROBE.
M. 'S. Baghe-Khandan, Y. Choi and M. R. Okos. J. Food Sci. 46, 1430-1432.

An improved line heat source thermal conductivity was made to simplify the
construction and extend the life of thermal conductivity probes. The accuracy
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of thermal conductivity measurementis also improved. The better linearity of
temprature versus logarithm of time was obtained as compared to published
techniques. The probe made with the heater wire and thermocouple on the
outside of a sewing needle instead of inside of a hypodermic needle was
checked by measuring the thermal conductivity of known samples. Results
obtained with the improved probe show lower temperature rise and lower
standard deviation.

A METHOD FOR THE DETERMINATION OF DIFFUSION COEFFI-
CIENTS OF FOOD COMPONENTS IN LOW- AND INTERMEDIATE
MOISTURE SYSTEMS. W. Naesens, G. Bresseleers and P. Tobback. J. Food
Sci. 46, 1446-1449.

A simple set-up to measure translational diffusion of components in low
moisture systems is described. The tracer technique was tested on the diffu-
sion of '“C-labeled tripalmitin and palmitic acid in a model system contain-
ing paraffin oil, microcrystalline cellulose and gum arabic. Different methods
to evaluate the apparent diffusion coefficients from the experimental diffu-
sion curve were compared. Good results were obtained using a curve-fitting
procedure based on the sum of least squares. The technique appears to be
suitable for measuring diffusion coefficients up to 10~° cm®/sec. The procedure
offers the possibility to quantify the mobility of chemical compoents in dried
foodstuffs in order to elucidate the mechanisms and kinetics of reactions
occurring during storage.
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