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CHAPTER I
INTRODUCTION
The Problem

Peanuts are a very important source of protein and oil for use in
human food. In the processing of peanuts for peanut butter as well as
other products, it is desirable to remove the red skin (testa) from
around the peanut kernel. Removal of the skin, through a process known
as blanching, eliminates a source of bitter flavor which may otherwise
be imparted into the peanut products.

There are many different blanching processes (23). Generally,
blanching processes require the use of chemicals, water spray, heat, or
a combination thereof to first loosen skins before passing the peanuts
through a peanut blancher. Shackelford (17) heated kernels to moderate
temperatures prior to blanching and found that blanching percentgae de-
pended on heating temperature, initial moisture and final moisture con-
tent of the kernels. Since blanching percentage is a relative index of
the degree of looseness of the peanut skin about its kernel it was be-
lieved that differences in thermal expansion between the kernel and its
skin may be partly responsible for this skin Toosening efféct.

Large moisture gradients were found to increase stress cracking and
checking of the outer surface of hygroscopic materials such as shelled
corn and macaroni more than did large thermal gradients (6) (7). Since

the percentage of moisture lost during heating prior to blanching was



known to affect blanching percentages, the hygroscopic or -moisture con-
traction of the kernels during drying was believed to also affect the
looseness of the skin around the peanut kernel.

Thus, the problem was to determine if the apparent skin loosening
effect caused by heating and drying could be partially explained on the
basis of thermal expansion differences between the skin and the kernel
and by the moisture contraction of the peanut kernel and skin. If the
effects of temperature and moisture on skin loosening were better
understood, it may be possible to optimize combinations of heating,
drying, and cooling to produce higher blanching percentages. Reductions
in heating temperature during drying would be beneficial in extending

peanut storage life and lessening peanut quality deterioration.
Objectives

The objectives of this study were:

1. To experimentally determine the coefficient of cubical thermal
expansion for Spanish peanut kernels and skins as a function of moisture
content over the temperature range of 25 to 90°C.

2. To experimentally determine the coefficient of moisture con-
traction for Spanish peanut kernels at 40°C as a function of drying air
relative humidity.

3. To relate the coefficients of cubical thermal expansion and

moisture contraction to the blanching characteristics of peanut kernels.



CHAPTER II
LITERATURE REVIEW

The coefficients of cubical thermal expansion and the coefficients

of moisture contraction are important physical properties having a
direct application to the process of peanut blanching. In the peanut
blanching process (removal of the skins from the kernel), the peanuts
are commonly heated and dried to loosen the skin. The purpose of
blanching is to remove the skin from the kernel to eliminate a source of
bitter flavor which otherwise would be imparted to the peanut product.
After the skins are removed, the hearts which also have a bitter flavor,

are removed from peanuts used in peanut butter production.
Blanching Methods

Woodruff (23) reported five different methods of blanching: dry,
water, spin, alkali, and hydrogen peroxide blanching. In dry blanching
peanuts are heated to 138°C for about 25 minutes to remove at least
three percent of the kernel moisture, cooled, and passed through a
blancher which gently rubs the peanuts between brushes or ribbed rubber
belting. The skins are rubbed off the kernel and the hearts are removed
by screening the cotyledons. For certain peanut products such as salted
nuts where whole kernels are desirable, a whole nut blancher with re-
silient rubber rolls is used to reduce splitting and scratching of the

kernels.



The water blanching process involves slitting the skin longitudi-
nally on opposite sides of a kernel and passing the kernels through a
hot water spray to Toosen the skins. Then the peanuts are transferred
on a knobbed conveyor under an oscillating canvas-covered pad to rub off
the skins. Kernels are dried at 49°C for about six hours to reduce the
moisture content from approximately 12 to 6 percent. Although the water
blanching process is more expensive than dry blanching, it extends the
shelf-1ife of the peanuts longer than that of unblanched peanuts (23).
The quality of water blanched peanuts decreases considerably if drying
occurs too rapidly.

Spin blanching consists of slitting the skins and quickly drying
the kernels at temperatures slightly lower than roasting temperatures.
The kernels are then fed into a spin blancher which spins the kernels
and unwraps the skins.

In the alkali method, peanuts are immersed in a one percent solu-
tion of sodium hydroxide fo1]owed by one percent hydrochloric acid. The
peanuts are rinsed with water to remove the loose skins and are dried.
This method was intended primarily for home use.

In hydrogen peroxide blanching, Takeuchi, et al. (21) immersed
peanuts in a hydrogen peroxide solution for 30 to 60 seconds. The skins
were observed to swell and loosen from the kernel. The hydrogen peroxide
decomposes into water and oxygen by a biochemical reaction with catalase
in the peanuts. Oxygen generated between the skin and the kernel
loosens the skin which is removed by a peanut blancher either before or
after drying.

A new method of blanching involves subjecting peanuts to a spray of

liquid nitrogen at a temperature of -196°C for two minutes (16). The



peanuts were immediately passed through a whole nut blancher to remove
the skins. The process was very effective in removing nearly all of the
skins, but it also caused the kernels to break into many small bits and
pieces.

The most widely used commercial blanching methods .generally require
the peanuts to be heated, dried, and cooled to loosen the skins before
passing the peanuts through a nut blancher. To investigate possible
physical or mechanical effects of heating and cooling on the kernel and
its skin it was desirable to know the thermal expansion coefficients for

peanut kernels and skins.

Thermal Expansion

It is a well known fact that changes in the temperature of a ma-
terial cause that material to expand or contract. The change in length,

AL, of a material due to temperature changes can be expressed:

where: oy = coefficient of linear thermal expansion, cm/cm °C
Lm = length of the material at temperature Ti’ cm
Tf = final temperature, °C

—
n

initial temperature, °C
The change in length of a material per unit length for a one degree
change in temperature is known as the linear coefficient of thermal
expansion and is denoted as Oy«

The coefficient of cubical or volumetric thermal expansion repre-
sents the change in volume per unit volume for a one degree change in
temperature and is denoted as a,. For an isotropic solid material

Parker, et al. (14) stated that the coefficient of cubical thermal



expansion, a,s was related to the coefficient of linear thermal expan-
sion by:
a, = 3at [2]
Parker, et al. (14) reported that since the density of fluids
usually changes as the temperature or pressure of the fluid changes, the
fluid volume can be written as a function of density, pressure and tem-
pérature:
flos p, T) = 0 [3]
The total derivative can be used to relate the change in density to the
change in pressure and temperature:
do = (32)_dp + (38) a1 [4]

op’T T
Dividing by density gives the fractional change in density:
g.P_ = .]_._3.9. + .I__B.B. T
&7 R g+ i) d [5]
The fractional change in density which would occur at constant tempera-

ture for a small pressure change dp is known as the isothermal compres-

sibility, KT’

1
K= 5580 [6]

The reciprocal of isothermal compressibility is the bulk modulus of

elasticity, BT’ for which published values exist for many materials.
=L (2R %

T X p(ap)T 2 (7]

The fractional change in density which would occur at a constant

B

pressure for a small temperature change dT is known as the coefficient

of cubical thermal expansion, ay .
a =_l_3—p_',‘ [8]

p
For an ideal gas, ay is simply equal to the reciprocal of absolute tem-

perature, Tabs (14).
a =T1 [9]




For a given change in both pressure and temperature, the fractional
change in density of a fluid is a function of its bulk modulus of elas-
ticity and its coefficient of cubical thermal expansion.

The coefficient of thermal expansion is one of the essential physical
properties needed to perform a thermal stress analysis on peanut kernels
and skins. Gatewood (8) reported that if all fibers of a material were
free to expand and contract, no stresses were produced by a change in
temperature. But, in a continuous or constrained body, expansion and
contraction usually could not-occur freely and thermal stresses were
produced.

Thermal stress is dependent on the modulus of elasticity, E, of a

material. The modulus of elasticity may be written:

F=—9— : [10]
AL/Lm

where: o = uniform stress on a material, pascals
AL = change in length of the material due to stress, cm
Lm = initial length of the material, cm

Eliminating AL/Lm from equations [1] and [10] and rearranging yields:
o= - “tE(Tf - Ti) [11]

Coefficients of thermal expansion and the modulus of elasticity are two
physical properties necessary for a complete thermal stress analysis of
peanut kernels. Before performing any thermal stress analysis it was
deemed necessary to first determine the magnitude of the coefficients
which would predict peanut kernel volume changes due to thermal expansion
and moisture contraction.

A method for determining the coefficient of cubical thermal expan-
sion was described in Standard Method of Test for Coefficient of Cubical

Thermal Expansion of Plastics, ASTM Designation D864-52 (18). The



testing apparatus, known as a dilatometer, basically consisted of a long
Pyrex capillary tube with one end fused to a Pyrex bulb containing the
test specimen. The bulb was filled with a confining fluid such as
mercury. By slowly heating the bulb containing mercury and the test.
specimen, the expansion of the specimen was calculated by measuring the
rise in the column of mercury in the constant cross-section capillary
tube for a given temperature increase.

Ekstrom, et al. (7) determined the coefficient of cubical thermal
expansion for corn kernels. Dilatometers were used to determine the
cubical coefficient over the temperature range of 18 to 74°C as a func-
tion of kernel moisture content. Values obtained ranged from
18.5 x 10_5/°C at 5 percent moisture to 32.8 x 10'5/°C at 20 percent wet
base moisture content. Since a transition point at 43°C was found,
coefficient values above 43°C were larger than those below 43°C.

Magne and Wakeham (11) reported that the mean coefficient of cubi-
cal thermal expansion for peanut oil was 76.4 x 10'5/°C over the: tempera-
ture range of 30 to 200°C.

CRC Handbook of Chemistry and Physics (5) revealed that the co-
efficient of cubical thermal expansion for water increased exponentially
with temperatures from 25.7 x 107°/°C at 25°C to 69.6 x 10°°/°C at 90°C.

Arora, et al. (1) determined the coefficient for cubical thermal
expansion for rice at 12 percent wet base moisture content over the
temperature range of 30 to 70°C. For rice kernels above and below the
transition temperature, 53°C, the coefficient was calculated to be
33.6 x 10-5/°C and 24.0 x 10—5/°C, respectively.

Prasad, et al. (15) and Mannapperuma (12) determined the coeffi-

cient of cubical thermal expansion for brown rice over the temperature



range of 30 to 70°C. Values obtained ranged from 2.4 x 10'5/°C to
175.0 x 10-5/°C at dry base moisture contents of 2.2 and 29.2 percent,
respectively. A transition temperature was not found, therefore a
single coefficient was valid over the entire temperature range of 30 to

70°C.
Moisture Contraction

As previously stated blanching processes usually require a certain
amount of drying to accompany heating of the peanuts. Since it was not
known to what extent moisture loss affects the size or volume of ‘a
Spanish peanut kernel, the cubical coefficient of moisture contraction
was determined. The cubical coefficient was defined as the change in
volume per unit volume for a removal of one dry base percentage point of
moisture.

Steele and Brown (20) determined the dimensional changes in freshly
dug Virginia and Florigiant peanuts due to drying. The peanuts were
dried with air from a controlled environment chamber at 30°C and 75
percent relative humidity for 16 days. The kernels were optically
profiled for length and for diameters perpendicular and parallel to the
cotyledon interface after exposure periods of 0, 1, 2, 4, 8 and 16 days.
Based on an average of eight kernels for each exposure period, a plot of
the dimensions of the kernels was found to decrease almost linearly with
a decrease in percent dry base moisture content.

Effects of slow or rapid drying are believed to be influenced by
the method of moisture retention within a biological material. Mohsenin
(13) reported that moisture is retained in biological materials by two

different methods, molecular adsorption and capillary absorption.
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Barkas, et al. (2) stated that molecular adsorption occurs by the
attraction of water molecules to specific points in the molecular struc-
ture of a material. When the distance between the water molecule and
the gel material of a cell wall becomes very small (approximate1y 10'7cm)
the force of attraction is great enough to draw the water into the mi-
cellar spaces of the cell wall. This process, which occurs at very low
moisture contents, is known as "adsorption compression." "Adsorption
compression" -causes a net decrease in the volume of the gel-water aggre-
gate. With a further moisture increase, the attraction for the water
molecule diminishes; and the volume increase due to added

moisture 15 approximately equal to the volume of the water added.

Mohsenin (13) stated that at much higher moisture contents very few
polar sites remain available for holding water molecules. Thus, water
is held by the formation of chains of water molecules called "water
bridges" which span between water molecules that have been absorbed in
the material. If a tensile stress within the elastic limit of the
material was applied, the "water bridges" would be ruptured. - Upon re-
moval of the stress, the water bridges would reform without any indica-
tion of plastic deformation.

The second method of moisture retention is by capillary absorption.
Capillary absorption occurs when voids in a cellular material are large
enough to hold water in a liquid form by forces of surface tension. The
size of the capillary radius which will retain water is a function of -
surface tension, molecular weight, density of the liquid, the gas
constant, absolute temperature, and relative humidity of the air. In
general, the size of the capillary radius which will retain water

becomes Tlarger as relative humidity increases.
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It is not known exactly how much moisture is held in hygroscopic
materials by capillary absorption or by molecular adsorption. Hall and
Rodriquez-Arias (9) concluded that for shelled corn in moisture equi-
Tibrium with 5 to 90 percent relative humidity air, moisture retention
was primarily due to multimolecular adsorption.

Rapid drying of peanut kernels leads to large differences in mois-
ture content between the outer surface and the center core. Van Arsdel,
et al. (22) reported that large differences in moisture content within
a material cause shrinkage effects that depend on the rate of drying.
For example, if a highly shrinking material is dried so slowly that the
moisture gradient is small, internal stresses are minimized and the
material shrinks down fully to a solid core. Conversely, if the material
is dried quickly and the outer surface becomes much drier than the
éenter, the outer surface is subjected to sufficient tension to perma-
nently set the surface in nearly its original dimensions. When the
center finally dries, the internal stresses pull the material apart and
consequently the dried material contains numerous cracks -and holes in
its structure.

The bulk density of a dried material is affected by fast or slow
drying conditions. Van Arsdel, et al. (22) reported that dehydrated
0.95 cm potato cubes which were dried at 65°C and 7 percent relative
humidity for 3 3/4 hours t6 11 percent dry base moisture had a bulk
density approximately one-half that of an equal weight of potato cubes
which were dried to the same moisture content with nearly saturated air
for 15 hours. Thus, a decrease in drying rate reduced the volume of

potato cubes.



CHAPTER III

EQUIPMENT AND INSTRUMENTATION

Thermal Expansion

Dilatometers

Three dilatometers were constructed similar to provisions set forth
in Standard Method of Test for the Coefficient of Cubical Thermal Expan-
sion of Plastics, ASTM Designation D864-52 (18). Each dilatometer con-
sisted of a one meter long precision diameter Pyrex capillary tube fused
to the end of a 14 mm ID x 12.5 cm Pyrex tube. The open end of the 14
mm ID tube consisted of a ground glass joint which was fitted with a
removable stopcock as shown in Figure 1. The removable stopcock feature
enabled the dilatometers to be filled with samples, sealed and reused
without the use of glass blowing equipment. A one meter measuring stick
was attached to each capillary tube to facilitate measuring the mercury

column height.

Mercury Filling Apparatus

A Welch vacuum pump capable of obtaining a 0.1 micron vacuum was
used to evacuate the air from the dilatometers prior to filling wifh
mercury. A tygon tube connected the stopcock to a reservoir of mercury
as shown in Figure 2. A 500 ml vacuum flask was installed between the

upper end of the dilatometer capillary tube and the vacuum pump as a

12
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mercury trap. Vacuums were monitored with a vacuum gauge and a mercury.
manometer. For all dilatometry tests new Bethlehem Instrument contin-

uous vacuum triple distilled mercury was used.
Water Bath

The water bath for heating the dilatometer bulbs consisted of a
4000 ml Pyrex beaker filled with tap water as shown in Figure 3. The
use of water in a temperature bath was recommended by ASTM D864-52 (18)
for the temperature range of 10 to 90°C. The beaker was heated and
magnetically stirred with a Cole Parmer hot plate. The hot plate was
equipped with a.temperature probe which was used to control the heating
rate. The temperature near the center of the water bath was measured
with a thermister probe and a Thermistemp temperature controller to
within #0.1°C. The water bath temperature was also monitored with a

mercury thermometer. .

Helium-Air Comparison Pycnometer

A Micromeritics Model 1302 helium-air comparison pycnometer as
shown in Figure 4 was used to determine the initial volumes (0.1 cm3)
of peanut samples at room temperature. A Welch vacuum pump was employed
to remove air from the test sample and from the pycnometer chamber. A

helium cylinder and pressure regulator provided the desired 3.4 x 104

to
5.5 x 104 pascals (5 to 8 psig) helium pressure needed to operate the

pycnometer.
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Moisture Contraction

Environmental Chamber

An environmental chamber used to dry peanut kernels was constructed
from clear plexiglas plastic. The chamber dimensions were 12 cm in
width, 7 cm in height and 40 cm in 1engﬁ%‘as shown in Figure 5. To
attain nearly uniform air flow conditioﬁs across the center of the
chamber, an inlet and outlet perforated transition chamber. was placed in
the chamber next to the air inlet and outlet. The top, bottom, and walls
were constructed of plexiglas 0.32 cm thick. The ends were made of
plexiglas 1.27 cm thick.

The inlet air temperature and relative humidity conditions were
controlled with an Aminco-Aire precision temperature-humidity air supply

3 insulated

unit which continuously circulated air through a 0.4 m
chamber. A Dayton Model 2C781 centrifugal fan was used to draw air out
of the large circulation chamber’through a 3.8 cm ID flexible tube and
into the environmental chamber. A Honeywell Brown: Electronic 0-200°F
thermocouple potentiometer was used to monitor the temperature in the

environmental chamber as shown in Figure 6.

Microprojector

A Wilder Model A microprojector equipped with a 20 X magnifying
lens was used to measure the dimensional changes of peanut kernels
during drying as shown in Figure 7. The image of a kernel was magnified
20 times and projected onto a grid surface. Dimensional changes as

small as 0.025 mm were detected.












CHAPTER IV
EXPERIMENTAL MATERIAL AND PROCEDURE
Thermal Expansion

Peanut Kernels and Skins

Peanut kernels used for the determination of the coefficient of
cubical thermal expansion were purchased from a commercial sheller at
approximately eight percent moisture contenta] Spanish peanuts were
manually sorted and only those whole kernels large enough to be retained
by an "Official USDA 15/64 inch" grading seive were used. At least one
week prior to testing, a sample of approximately 1500 grams was hygro-
scopically conditioned to the desired moisture content in a controlled
humidity and temperature chamber. The sample was sealed in an air-tight
bag and allowed to equilibrate for a minimum of 48 hours at 4°C and
stored at that temperature. The sample was removed from cold storage
12 to 18 hours before testing so that the»samp1e would be at room tem-
perature prior to its volume determination.

Peanut skins were obtained by manually sorting loose skins from
shelled kernels. Preliminary investigations indicated that skins re-
ceived in this manner were more nearly intact and contained less foreign

material than those obtained from a blanching process. The skins were

]A]I moisture contents used in this dissertation are expressed as
percent dry basis unless otherwise stated.
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initially at 14 percent moisture content which was much higher than that
of the kernels. Karon and Hillery (10) reported that for Runner peanut
kernels and skins in moisture equilibrium, the skins will typically con-
tain a percentage of moisture approximately twice that of the kernels.
The skins were hygroscopically conditioned as needed to attain desired
moisture contents. The skins were given 48 hours to equilibrate and

were stored in air-tight containers at 4°C until 12 to 18 hours before

testing.

Preparation of Dilatometer Samples

Three samples of sixteen peanuts were randomly selected from one
1500 gram sample. The kernels were then individually skinned. Each
sample was weighed on an analytical balance to the nearest 0.0001 gram.
The volume of each sample was determined by a Micromeritics helium-air
comparison pycnometer to the nearest 0.1 cm3° The temperature of the
sample at the time of the volume determination became the reference tem-
perature for that sample throughout all further testing. Reference
temperatures ranged from 23°C to 28°C.

Skin sample size'was limited by the size of the dilatometers as
shown in Figure 8. Preliminary testing revealed that sample sizes
greater than four grams resulted in skin compaction which Tater caused
difficulty in attaining a complete mercury filling in the dilatometers.
Skin samples of approximately one to three grams were weighed and

measured for .volume.

Filling the Dilatometers

Mercury was utilized as the confining Tiquid for the dilatometers.
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Bekkedahl (4) reported that the confining 1iquid should meet several
requirements: (a) the fluid should exist as a 1iquid over.theentire
range of temperature measurements; (b) the 1iquid must have a sufficient-
1y low vapor pressure to prevent evaporation loss during heating; (c) its
viscosity must not become overly high at lower temperatures; (d) it must
have minimal swelling effects on the specimen; and (e) the cubical
thermal expansion coefficient must be accurately known over the entire
temperature range to be tested. Confining liquids such as water, ace-
tone and various alcohols have been used for dilatometry measurements,
however, Bekkedahl (4) strongly recommended the use of mercury in all
dilatometry determinations which do not require measurements below the
mercury freezing point of -39°C.

The samples of pre-measured volumes and weights were placed inside
the dilatometer bulbs. High vacuum stopcock grease was applied to all
ground glass joints and the removable stopcock was securely fastened
into the dilatometer bulb by means of wire and heavy rubber bands. With
proper procedure a vacuum tight seal was easily obtained. With the
three dilatometers suspended in a vertical position the mercury filling
apparatus was connected to the lower end of the stopcock as: shown in
Figure 2. A vacuum was drawn from the upper end of the capillary tube
to evacuate air from the dilatometer and sampie. The stopcock was
slowly opened to allow mercury to completely fill the dilatometer bulb
and part of the capillary tube. The mercury column level in the capil-
lary tube was noted and the vacuum on top of the column was released. A
negligible drop in the mercury column when the vacuum was released indi-
cated that the dilatometer had been successfully sealed, evacuated, and

filled with mercury. Next the mercury Tevel was lowered to 20 cm above
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the stem mark by draining mercury from the stopcock. The stem mark
which divided the dilatometer into the bulb below and the capillary
above also indicated the height of the dilatometer in relation to the
water bath Tevel as shown in Figure 9.

A11 three dilatometers were filled with samples at the same mois-
ture content. Moisture contents were determined by oven drying repre-
sentative samples at 105°C for 24 hours. Six moisture contents ranging
from 0.5 to 15.7 percent for the kernels were tested. Five moisture
contents ranging from 2.4 to 29.0 -percent were used for the skins. Skin
moisture contents covered a higher range of moisture than kernels because
skins in equilibrium with kernels are normally at much higher moisture

contents than the kernels.

Mercury Column Height

Each dilatometer was adjusted to an initial level of approximately
20 cm above the stem mark at room temperature after the vacuum on top of
the column was released. Assuming the center of mass of the sample was
approximately four cm below the stem mark, then 24 cm of mercury plus
one atmosphere (76 cm) or approximately 1.332 x 10° pascals (19.3 psia)
was initially exerted on the sample. Upon heating the sample to 90°C,
thermal expansion of ‘the sample and mercury caused the mercury column to
rise by 10 to 40 cm depending on the sample tested. Assuming the maxi-
mum 40 cm rise occurred, then a hydrostatic pressure of 64 cm of mercury
plus one atmosphere or a total pressure of 1.867 x 105 pascals (27.1
psia) was exerted on the sample. Thus, for each degree rise in tempera-
ture and corresponding column height the sample was subjected to a

sTightly higher pressure. Based on ASTM Designation D864-52 (18) it was
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assumed that the pressure difference created by the increased capillary
column height would have a negligible effect on the values of the coef-

ficients of cubical thermal expansion.

Heating the Dilatometers

A 4000 ml Pyrex beaker was filled with water 12 to 18 hours prior
to heating to allow the water temperature to equilibrate with the room
air temperature. The three dilatometers were submerged to their stem
marks in the water bath which was vigorously mixed with a magnetic:
stirrer. Mercury column readings to the nearest 0.1 cm were periodical-
ly taken for each dilatometer. After the readings remained constant for
30 minutes the dilatometer sample, mercury and water bath were assumed
to all be at an equilibrium temperature. The water bath was slowly
heated at a rate not to exceed 0.5°C per minute. Temperature near the
center of the water bath was measured with a thermister probe to the
nearest 0.1°C and a mercury thermometer to the nearest 0.5°C. Due-to
~ the slow heating rate and relatively small diameter of the dilatometer
bulbs it was assumed that dilatometer sample temperatures were essen-
tially the same as the water bath temperatures.

Water bath temperatures and mercury column heights were recorded at
5 to 10 minute intervals until 90°C was reached. At that time the heat
was turned off but the magnetic stirrer was left running. One minute
readings were taken until the mercury columns reached a maximum level
and then decreased. The maximum level usually occurred within three
minutes after heating was stopped. The increase in mercury column
height while water bath temperature remained constant generally never

exceeded 0.2 cm.
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Dilatometers were heated from room temperature 25°C + 3°C to 90°C.
Three heatings were performed on each sample and between each heating
the dilatometers and water bath were allowed to cool overnight by free
convection.

After the final heating and cooling, the mercury and sample were
carefully collected from each dilatometer and weighed together on an
analytical balance to the nearest 0.0001 gram. The mercury weight was
determined by subtracting the original sample weight from the total
weight of the sample and mercury. The total volume of mercury contained
in the dilatometer, th, was determined by dividing the total weight of
the mercury by the density of mercury at the room reference temperature

(the temperature of the sample at the time of its volume determination).

Emergent Stem Correction

Water bath temperatures and mercury column heights measured to the
nearest 0.1 cm were recorded for each dilatometer. An emergent stem
correction factor was added to each mercury column reading to compensate
for the difference in temperature between the mercury contained in éhe
capillary tube and that in the dilatometer bulb. Thus, actual mercury
column readings would be Tower than those obtained if the entire capil-
lary tube and dilatometer bulb were submerged and heated in the water

bath. Bekkedahl (4) used the correction factor, C:

C = K(T - Tr)(H - Hb) [12]
where: K = 0.00017 if mercury is used in Pyrex glass
T = measured temperature of water bath, °C
Tr = temperature of the liquid in the emergent stem, .°C

which is essentially the same as room temperature
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H the mercury column height, mm
Hb = the mercury column height at the level of the bath, mm
After applying the correction factor to peanut kernels and skins the

observed mercury column heights incr?ased by 0.5 c¢cm or less.

Calculation of Capillary Cross-Sectional Area

The cross-sectional area of the capillary tube for each dilatometer
was experimentally determined by filling each dilatometer and capillary
tube with new triple distilled mercury to an approximate 50 cm height.
The mercury and dilatometers were essentially at the room air tempera-
ture (+0.5°C). The vacuum above the mercury columns was released and
readings were taken of the column heights for each dilatometer to the
nearest 0.05 cm. Excess droplets of mercury from the bottom of the
stopcock were removed and the dilatometers were individually drained to
an approximate five cm height. Exact column height readings were again
recorded and the collected mercury was weighed on an analytical balance
to the nearest 0.0001 grams. The weight of the mercury divided by the
known density of mercury at the measured room temperature yielded the
volume of mercury contained in each capillary tube. This volume was
divided by the difference in column height to obtain the average cross-
sectional area of each capillary tube. Three replications of capillary
cross-sectional area were performed for each dilatometer. The mean
cross-sectional areas were calculated to be 1.146, 1.154, 1.262 mm2 for
dilatometers 1, 2, 3 respectively.

It was assumed that the calculated cross-sectional areas were uni-
form over entire capillary tube length. 1In pre]jminary investigations

where the dilatometers were filled only with mercury, mercury heights in
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all three dilatometer capillaries increased linearly with temperature.
Since mercury expands at the same rate over the entire 25 to 90°C tem-
perature range, it is apparent that if capillary cross-sectional areas
were not essentially uniform then mercury column heights could not

increase linearly with temperature.

Calculation of the Coefficient of Cubical

Thermal Expansion

The coefficient of cubical thermal expansion was calculated from a

formula similar to that used in ASTM Designation D864-52 (18). "

AX _ _
AZE-— apr + ahVh ang [13]
where: a, = the coefficient of cubical.thermal expansion, 1/°C

for the sample
a_ = the coefficient of cubical thermal expansion for
Pyrex glass, 1.0 x 10'5/°C
a = the coefficient of cubical thermal expansion for the-
| mercury, 18.2 x 10—5/°C

A = cross-sectional area of the capillary tube, mm2

slope of the line depicting the change in mercury

column height, per unit change in temperature of

the water bath, mm/°C

v, = the volume of the peanut sample at the room
temperature, mm3

V_ = the internal volume of the dilatometer bulb below

the stem mark, mm3

Vg =V

h * Vp
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Vh = the volume of the mercury contained in the dila-
tometer bulb below the stem mark, mm3
Vh = th - LS x A
th= the total volume of mercury contained in the
dilatometer, th was determined by dividing the
total weight of the mercury by the density of
mercury at the room reference temperature, mm3
L. = distance from the stem mark to the mercury meniscus
when the dilatometer and water bath were at-the
room reference temperature, mm
The room reference temperature referred fp the temperature measured
when the peanut sample was placed in the helium-air comparison pyenometer

for its volume determination.

Solving equation [13] for a, yields:

=[x i
a, = [AM +agl ahvh] /v, [14]
A Fortran program shown in Table XVIII in Appendix C was utilized to
readily solve for a, - Sample calculations for a, are shown in Appendix

A.

Calibration of the Dilatometers

The three dilatometers were calibrated with materials of known
cubical thermal expansion coefficients. The materials used were new
triple distilled mercury and Pyrex beads. The dilatometers were heated
and cooled three times. For the mercury determinations, a, ranged from
17.46 x ]0'5/°C to 18.93 x 10-5/°C as shown in Table XVIII in Appendix C.
The mean value of a, was 18.56 x 10'5/°C. Compared to the published ay

value of mercury of 18.2 x 10'5/9C, the absolute error ranged from
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0.10 x 107°/°C to 0.74 x 107°/°C (18). The mean absolute error was
0.52 x 10'5/°C. A plot of mercury column height versus temperature in-
dicated that there was a negligible hysteresis effect between the first
and successive heatings. Thus, when the dilatometers were filled only
with mercury, due to its liquid state there were no initial stresses on
the mercury to cause a hysteresis effect.

Next, each dilatometer was tested with five Pyrex beads. The beads
were each approximately 0.8 cm in diameter and 2.5 cm long. Pyrex was
used because it was known to have a very small coefficient of cubical
thermal expansion, 1.0 x 10-5/°C, and was a substance that would not
react with mercury (18).

Values of a, for Pyrex ranged from 1.12 x 10'5/°C to 1.77 x 10'5/°C
as shown in Table XVIII in Appendix C. The mean value of a, was
1.45 x 10_5/°C._ Absolute error ranged from 0.12 x 10'5/°C to 0.77 x
10'5/°Co The mean absolute error was 0.45 x 10'5/°C which compares

closely to 0.52 x 10'5/90 found for mercury alone.

Experimental Design for Thermal Expansion

Coefficients

A randomized complete block experimental design was used to deter-
mine if moisture had a significant effect on the coefficient of cubical
~ thermal expansion. Each of the three dilatometers represented one
complete block. Within each block there were six moisture levels, 0.5,
4.2, 6.7, 10.0, 13.5 and 15.7 percent for the kernels. Five moisture
levels, 2.4, 7.6, 14.3, 18.8 and 29.0 percent were used for the skins.
Within each Tlevel of moisture there were three heatings of the dila-

tometers.
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Moisture Contraction

The moisture contraction coefficient, a ., was defined as the change
in volume per unit volume for a one percentage point reduction in mois-
ture content (cm3/cm3%). To determine the coefficient, peanut kernels
were individually dried in a clear plexiglas chamber under controlled
temperature and humidity conditions. The length and diameter dimensions
of the kernels were periodically measured by optically projecting and
magnifying the image of -the kernel with a microprojector. Periodic
weighings of -individual kernels were used to calculate the moisture

content at.the times when dimensional measurements were taken.

Preparation of Kerne1s

To determine the coefficient of moisture contraction due to drying,
naturally moist Spanish peanut kernels were freshly dug from the
Oklahoma State University Agronomy Farm near Perkins, Oklahoma. Kernel
moistures varied from 15 to 107 percent with an average of 45 percent.
Due to the high moisture contents and short storage 1ife, the peanuts
were stored at 4°C and were replaced with freshly dug peanuts approxi-
mately every two weeks. The effect of peanut digging dates on the
coefficient of moisture contraction was not investigated. The pods were
hand shelled and the skins were.carefully removed from the kernel imme-
diately prior to testing. Apical énd basal kernels were tested sepa-
rately to determine if a difference in the coefficient of moisture

contraction for apical and basal kernels existed.
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Environmental Chamber Temperature and

Humidities

The coefficient of moisture contraction for Spanish peanut
kernels was determined as a function of drying rate. To find the effect
of drying rate, the drying air was maintained at four different relative
humidities (20, 42, 70 and 80 percent). Temperature of the drying air
was held constant at 40°C for all relative humidities so that any ther-
mal expansion effects would be eliminated. The air supply unit was set

at the conditions as shown in Table I.

TABLE 1

ATR SUPPLY UNIT SETTINGS NEEDED TO ATTAIN
THE DESIRED PEANUT ENVIRONMENTAL
CHAMBER CONDITIONS

Peanut Environmental

Air Supply Unit Settings Chamber Conditions
Water Temperature Dry Bulb Relative Dry Bulb Relative
°C Temperature °C Humidity% | Temperature °C Humidity%

6 48 13 40 20

22 48 27 40 42

32 48 45 40 70

35 48 54 40 80
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The dry bulb temperature of the drying air near the center of the
environmental chamber was monitored with a thermocouple and a Honeywell
Brown Electronik Potentiometer. Due to relatively high air velocities,
drying air tempe?atures were fairly uniform (+1°C) over the entire en-
vironmental chamber. The relative humidity of the air in the circulation
chamber was determined from a graph supplied with the air supply unit.
To use the graph it was necessary to know the water temperature in the
air supply unit-and the dry bulb temperature in the circulation
chamber. The dry bulb temperature and relative humidity of air in the
cfrcu]ation chamber defined a state point on a psychrometric chart which
was used to calculate the new relative humidity at the 40°C temperature
that existed in the environmental chamber. The new calculated relative
humidity was then assumed to be essentially equal to the actual relative
humidity in the environmental chamber.

The relative humidity in the circulation chamber was periodically
measured with an Opancol Quicktest humidity probe (5% relative humidi-
ty). Due to the ability of the air suppily unit to consistently main-
tain dry bulb and water temperatures within *0.5°C, the air supply unit
was capable of controlling relative humidity more precisely than mea-
surements of -relative humidity could be performed. Thus, calculated
relative humidities were always within the accuracy of the humidity
.pwobeo

Drying air from the circulation chamber was passed continuously
over- the kernels in the environmental chamber at a velocity of‘approxi-
mately 15 m/min (50 ft/min). It was assumed that with air velocities as
high as 15 m/min passing over a.thin layer of fully exposed kernels, a

negligible increase in drying rate would occur if higher air velocities
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were used. Only six kernels were placed in the environmental chamber at .
one time since it was not readily possible to trace the optical images
and maintain accurate weighings of more than six kernels during one

drying.

Calibration of the Microprojector:

The microprojector was calibrated using a flat metal disc which was
measured optically and then with a Brown and Sharpe 0-25 mm micrometer.
Five measurements were made with each method. For the microprojector
the diameters were 12.002, 12.000, 12.000, 12.000 and 12.000 mm. For
the micrometer the diameters were 12.000, 12.002, 12.002, 11.997 and
12.006 mm. The average values obtained by the two methods varied by
less than 0.01 percent. In all measurements with the microprojector
care was taken to obtain a sharp image by turning the focus adjustment

knob in a clockwise direction only.

Determination of Dimensional Changes

A Wilder microprojector was utilized to measure the length and
diameter dimensions of a peanut kernel. The image of a kernel was mag-
nified twenty times and projected onto a centimeter grid surface from
which changes in dimensions were measured.

The total of six kernels, three apical and three basal usually
obtained from six different pods, were placed in the plexiglas environ-
mental chamber at one time. Cotyledons were laid face down in the
plexiglas chamber. Length and a diameter dimension parallel to the
cotyledon interface were measured optically from the cotyledons. The

whole kernels were turned with the cotyledon interface in a vertical
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plane. This enabled length and a diameter dimension perpendicular to
the cotyledon interface to be measured. Length and diameter dimensions
were optically measured to the nearest 0.025 mm.

Preliminary testing revealed that as a kernel dried, the bottom
kernel surface would distort slightly causing the kernel to change its
orientation each time it was viewed on the microprojector. Consequently,
the germ was removed from the cotyledons and the bottom of the cotytedons
was thinly shaved with a razor blade to remove the minimal amount needed
to produce a flat surface. The whole kernels were placed with the
cotyledon interface in a vertical plane and a thin slice approximately
one mm in thickness was removed from the bottom surface. The flat
surface eliminated the problem of keeping the kernel properly orientated.
It was assumed that the removal of a thin slice did not significantly
alter the way the kernel responded,

The kernels were individually weighed after they were sliced. The
six kernels were placed in the environmental.chamber and the projected
image of the kernels was magnified twenty times. The image was traced
onto 18 x 25 cm graph paper. For the 20, 42, and 70 percent -relative
humidity treatments, the images of the kernels were traced initially
before drying, and then at 0.5, 1.0, 2.0, 4.0 and 24 hours from the
start of drying. Immediately after eaéh tracing, the kernels were in-
dividually removed and weighed on an analytical balance to the nearest
0.0001 gram. The kernels were out of the chamber for approximately two
minutes for each weighing. It was assumed.that this periodic removal
from the chamber would not significantly affect the total drying time.
After the 24 hour measurements, the kernels were oven dried for 24 hours

at 105°C so that moisture contents could be calculated. After oven
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drying, the kerne1s were weighed and the projected images were traced so
that the oven dry lengths and diameters would be known.

The Tength and diameter dimensions were measured from the tracing
of individual kernels and plotted against the corresponding moisture
contents. A 1east squares regression analysis was performed for each
kernel to determine the slope of the 1ines depicting kernel lengths and

diameters versus moisture content.

Experimental Design for Moisture Contraction

Coefficients

The Tinear moisture contraction coefficients, o and aps were the
dependent variables used in the experimental designo' The coefficients
o and ap were determined by dividing the slope of the lines depicting
length and diameter kernel dimensions versus moisture by oven dry
lengths and diameters, respectively (cm/cm%).

Whole kernels and cotyledons were tested separately. Relative
humidity was set to one of four levels (20, 42, 70 and 80 percent) to be
investigated as main effects. Six kernels (three apical and three basal)
were placed in the environmental chamber at one time. Each of the three
apical or basal kernels was called a triplicate. After testing, the
kernels were removed and the relative humidity was changed to a new
level. Two replications of the experiment were performed for both whole

kernels and for cotyledons. A total of 48 whole kernels and 48 cotyle-

dons were measured. Table II illustrates the experimental design.



TABLE II

EXPERIMENTAL DESIGN FOR THE LINEAR COEFFICIENTS
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OF MOISTURE CONTRACTION, o AND ap
Whole Kernels Cotyledons
Relative | 1 n0 | Rep-1 Rep-2 Type | Rep-1 Rep-2
Humidity yp p ‘ P yp p p
Triplicate | Triplicate Triplicate | Triplicate
1 2 31 2 3 1 2 311 2 3
Apical Apical
20%
Basal Basal
Apical Apical
42%
Basal Basal
Apical Apical
70%
Basal Basal
Apical Apical
80%
Basal Basal




CHAPTER V

RESULTS AND DISCUSSION

Thermal Expansion

Dilatometer Column Height Versus Temperature

A plot of mercury column height versus temperature indicated a
linear relationship between the variables. A Statistical Analysis
System, SAS, Teast squares regression program was used to determine the
slope of the straight line which best fitted the data points (3). Cor-
relation coefficients ranged from 0.97 to 0.99 but in 96 out of 99
determinations the correlation coefficients were larger than 0.99.
Dilatometry literature review, ASTM Designation D864-52 (18) and Ekstrom,
et al. (7) indicated that a transition point often occurs at a certain
temperature. Above the transition temperature the slope was greater
than below the transition temperature. For the peanut kernels and skins
a transition temperature was not found. Thus, one slope was calculated
for the entire temperature range from 25 to 90°C. Typical plots of
mercury column height versus temperature are shown in Figures 10 and 11

for the kernels and skins respectively.

Hysteresis Effect of Heatings

Before the first heating each dilatometer was adjusted to an ini-

tial Tevel of approximately 20 cm above the stem mark after the vacuum
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was released. After the first heating to 90°C and cooling to room tem-
perature, the height of the mercury column generally dropped below its
level prior to the first heating. After the second and subsequent heat-
ing and cooling cycles, a smaller, negligible ‘hysteresis effect was
observed as shown in Figure 10. A similar finding was reported by
Ekstrom, et al. (7) for shelled corn. ASTM Designation D864-52 (18)
stated that coefficient values obtained from the first heating may
greatly differ from values obtained from subsequent heatings. This
difference was attributed to stresses within the test sample which were
released at the temperatures reached during the first heating.

A Targe hysteresis was more noticeable for peanut skins than for
kerne]s after the first heating. For several skin samples the hystere-
sis was so large that the mercury column decreased during the first
heating as illustrated in Figure 11. Thus, a negative coefficient of
cubical thermal expansion was calculated for the first heating (See
Table XVIII in Appendix C). The most feasible explanation is that the
vacuum drawn upon filling the dilatometers Teft minute void spaces in
the sample which were not completely filled with mercury. Upon heating,
the thermal expansion of the skins and the reduced viscosity of the
mercury slowly allowed the mercury to completely fill these void spaces.
This created an apparent decrease in mercury column height. Due to the .
nature and necessary size of the skin sample the large hysteresis effect
could not be eliminated completely.

The size of the skin samples ranged from 0.94 to 3.1 grams. Pre-
liminary tests indicated that if a skin sample size much larger than
four grams was used the sample was so tightly packed into the dila-

tometers that it was nearly impossible to obtain a complete vacuum and
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to fully fill void spaces with mercury. Smaller samples would reduce
the accuracy of -the computed coefficient. It was also believed that
hygroscopic samples of -peanut kernels or skins should not be subjected
to a high vacuum for a prolonged period of time to maintain a constant
moisture. Thus, peanut kernel and skin samples were exposed to a vacuum
for no longer than one to two minutes during the dilatometer filling
with mercury.

Recommendations given by ASTM Designation D864-52 (18) stated that
coefficients obtained for the first heating should be disregarded
because coefficients which were nearly equal and obtained from second
and subsequent heatings were more likely to be correct. Coefficients
calculated from different heatings but for the same sample and dila-
tometer were considered to be statistically dependent on»fhe previous
heating. Therefore, the coefficients calculated for the second and
third heating were averaged to yield one coefficient for each dila-

tometer at each moisture level.

Statistical. Analysis

A randomized complete block experimental design was used to deter-
mine if moisture had a significant effect on the coefficients of cubical
thermal expansion. The coef}icients used were an average of the two
values obtained from the second and third heatings. Each of the three
dilatometers represented one complete block. Within each block there
were six moisture levels: 0.5, 4.2, 6.7, 10.0, 13.5 and 15.7 percent for
the kernels. For the skins five moisture levels, 2.4, 7.6, 14.3, 18.8
and 29.0 percent were used. The kernels and skins were analyzed

separately.
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An analysis of variance indicated that moisture had a significant
effect (a = 0.05) on the coefficients of cubical thermal expansion as
shown in Table VI in Appendix B. However, dilatometers did not have a
significant effect (a = 0.05) on a, for peanut. kernels or skins.

A regression analysis was performed to determine: the equation which
would best describe the relationship between the coefficient, a, s and
moisture content. Table III summarizes. six models: fitted for peanut
kernels and skins. Also shown are the regression coefficients, correla-
tion coefficients, calculated F-test values. used in testing for lack of
fit of the model, and the standard deviations of a, about the regression
line.

The model a, = B8o * B1(Ln M) was selected to best fit the data for
the kernels and skins. It was desired to select a model with a rela-

“tively high correlation coefficient. But it should be noted that
correlation coefficients can not be compared between models which have
had a Togarithmic transformation of the dependent variable and those
which have not been transformed. Thus, an F value for the ratio of the
mean square due to lack of fit divided by the mean square due to pure
error was calculated. Analyses of Variance, Tables VII through XII,
Appendix B, were used to test for the lack of fit for each regression
model.

Since the calculated F value of 1.50 for kernels for the a =
Bg * B1(Ln M) model was smaller than the tabled F4,12 (0.05) value of
3.26 it was concluded that' there was. not sufficient evidence to reject

the model at the o = 0.05 significance level.



TABLE III

SUMMARY OF MODELS FITTED FOR CUBICAL THERMAL

EXPANSION COEFFICIENT VERSUS
MOISTURE CONTENT

Models for Kernels R Std Dev F = WSE F-test df
ay 52.2637 + 0.5961 M 0.714 2.101 13.646* 4,12
a 49.9030 + 1.5577 M - 0.058223 M2 0.847 1.588 3.019 3,12
a, 48,7777 + 2.7330 M - 0.253566 M2 + 0.008150 M3 0.886 1.416 1.805 2,12
ay 52.1921 + 2.9710 Ln M 0.869 1.422 1.501 4,12
Ln a 3.9557 + 0.0107 M 0.710 0.038® 7.997* 4,12
Ln a, 3.9533 + 0.0539 Ln M 0.883 0.024 1.415 4,12
Models for Skins RZ Std Dev  F = oL F-test df
ag 29.5873 + 0.9797 M 0.654 7.044 3.865* 3,10
a 21.1880 + 2.6162 M - 0.051920 M2 0.785 5.776 1.702 2,10
ag 19.2373 + 3.3770 M - 0.113567 M2 + 0.001309 M3 0.788 5.997 3.247 1,10
a 16.7527 + 11.3749 Ln M 0.791 5.479 1.022 3,10

LYy



TABLE IIT (Continued)

_ MSL

Models for Skins R Std Dev F =W F-test df
Ln a_ = 3.3807 + 0.0249 M ‘ 0.647 0.182° 6.850" 3,10
Ln a, = 3.0316 + 0.2986 Ln M 0.835 0.124 - 1.414 3,10

Indicates statistical significance at o = 0.05 Tevel, therefore the model should be rejected
due to lack of fit:

A11 regression coefficients were multiplied by 1050

a,», a_ denotes the coefficients of cubical thermal expansion for peanut kernels and skins
réspeétive]yg

M denotes the moisture content in the percent dry base.
@Standard deviations for equations which=haverhadva*1ogarithmic‘transformation on the depen-
dent variable can not be compared to eguations which have not had a logarithmic transforma-
tion on the dependent variable.

8v
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For the skins the semi-logarithmic model has a calculated F value
of 1.02. Since this F value was smaller than the F3,10 (0.05) value of
3.71 it was concluded that there was not sufficient evidence to reject
the model at the o = 0.05 significance level.

The linear model a, = 8¢ + B1(M) for both kernels and skins was
rejected due to lack of fit as shewn in Table III. The semi-Togarithmic
mode1 a, = Bo + By(Ln M) was selected over the log-log model for sim-
plicity and because a semi-logarithmic plot indicated that the data
could be adequately fitted by a straight Tine as shown in Figures 12 and
13. The semi-logarithmic model was selected over the quadratic and
cubic models because its standard deviation about the regression line

was usually Tess than that of the quadratic or cubic models.

Discussion of -Thermal Expansion Coefficients

The predicted coefficient of cubical thermal expansion, a, for
kernels, was found to range from 50.0 x 1055/°C to 60.5 x 10-5/°C at
moisture contents of 0.5 and 15.7 percent respective1y.—1 The cubical
thermal expansion for peanut oil was reported by Magne and Wakeham (11)
to be 76.4 x 10'5/°C over the temperature range of 30 to 200°C. It was
reported by Stansbury, et al. (19) that the oil content of samples of
dry Spanish peanuts -ranged from 45 to 55 percent by weight and that the
average oil content was approximately 50 percent. Assuming that approx-
imately 50 percent of the peanut kernel volume is composed of -0il which

has a relatively high cubical thermal expansion coefficient,

]All coefficients_of 1linear.and cubical expansion or contraction
were written times 1075 to remain consistent throughout this disserta-
tion and with Titerature review.
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76.4 x 10'5/°C, it would appear logical that peanuts and possibly other
oilseed grains would have cubical thermal expansion coefficients‘1arger>
than those of grains containing relatively low amounts of oil. It was
found that Spanish peanut kernels did have higher cubical thermal expan-
sion coefficients over all moisture ranges than did shelled corn or
rice. Ekstrom, et al. (7) reported the maximum value for corn was

32.8 x ]0-5/°C at 20 percent wet basis moisture content. Arora, et al.
(1) determined the maximum value for rice at 12 percent wet base mois-
ture to be 33.6 X 10-5/°C. Thus, commodities such as shelled corn and
rice which contain relatively low percentages of oil also have relatively
Tow coefficients of cubical thermal expansion.

In one exploratory test peanut kernels were partially defatted by
pressing at 1000 psi for three minutes. The sample weight was reduced
by approximately 30 percent due to the oil removed. Assuming that the
sample originally contained 50 percent oil by weight, then after press-
ing the sample contained approximately 28 percent oil by weight. Three
dilatometers determinations yielded an average ay of 35.2 x 10_5/°C for
7.4 percent moisture peanut kernels. The predicted value of a for 7.4
percent kernels which were not partially defatted was 58.5 x 10-5/°C as
shown in Figure 12. ~Apparently a higher 0il content produces a larger
coefficient of cubical thermal expansion.

The predicted coefficient of cubical thermal expansion for the
peanut skins ranged from 26.5 x 10'5/°C to 54.5 x 10'5/°C at 2.4 and
29.0 percent moisture contents respectively as shown in Figure 13.
Figure 14 shows that for peanut kernels and skins at the same moisture
content, ay for the kernels is considerably larger than that of -the

skins. However, Karon and Hillery (10) reported that Runner peanut
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skins at 25°C which were .in moisture equilibrium with kernels at 25°C
contained wet base moisture percentages 2 to 2.5 times higher than that
of the kernels. The dashed Tine in Figure 14 indicates the approximate
value of»aS for the skins when the skins are initially in moisture equi-
Tibrium with the kernels. In an actual peanut drying situation the

skins would quickly lose moisture and therfore no longer be -in moisture
equilibrium with the kernels. As the skins deviate further from mois-
ture equilibrium with the kernels, the dashed line in Figure 14 continues
to shift downward approaching the solid line for the predicted values of
ag for the skins. As drying occurs ag decreases due to moisture loss

and due to a downward shift in the skin moisture equilibrium curve.
Figure 14 also shows that ag decreases more than a. As drying continues
there would be a greater tendency for the kernels to expand more than the
skins causing an increased stress on the skins. But when cooling occurs,
the kernel would also contract more than the skins and possibly cause

the skin to fit loosely around the kernel. It appears likely that dif-
ferences in coefficients of cubical thermal expansion could aid in

rupturing and loosening the skin around a peanut kernel.
Moisture Contraction

Length and Diameter Changes

Images of whole peanut kernels and cotyledons were periodically
magnified and projected onto 18 x 25 cm graph paper as the peanuts were
dried. Figures 18 and 19 in Appendix D show a typical projected area.
for a whole kernel and a cotyledon respectively. The projected areas
did not contract uniformly as drying occurred. It is believed that the

edges of the peanut kernels may have contracted nonuniformly which led
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to Targe variations in dimensional measurements. - Length dimensions were
taken from the projected areas at a point which was believed to be the
maximum Tength but still representative of -.the average length shrinkage
for that kernel. Diameters were measured perpendicular to the length
dimension at the maximum diameter which was still representative of the
average diameter shrinkage. Length and diameter dimensions were re-
corded for every drying interval and plotted against moisture content.
Figure 15 shows typical plots of length and diameter versus moisture for
whole kernels and cotyledons. Steele and Brown (20) found the lengths
and diameters of Virginia and Florigiant peanut kernels decreased
linearly with moisture loss. Spanish peanut kernel dimensions were also
found to decrease Tinearly with meisture loss. A Teast squares regres-
sion analysis was performed to determine the slopes of the lines which
best fitted individual kernel length and diameter dimensions versus
moisture content. -

The slopes of length and diameter versus moisture content were
denoted as AL/AM and AD/AM, respectively and were calculated only from
the change in dimensions which occurred during the 0 to 24 hour drying
period. For the whole kernels, AD/AM represented the change in perpen-
dicular diameter per unit change in moisture.  For the cotyledons AD/AM
indicated the change in parallel diameter per unit change in moisture.
The values of AL/AM and AD/AM which were éé1cu1ated from a least squares
regression analysis are listed.in Tables XIX and XX in Appendix D under
the names Lslope and Dslope respectively.

The slopes AL/AM represented an absolute change in dimension per
unit change in moisture. Since it was believed that the size of a

kernel might affect the magnitude of expansion or .contraction, AL/AM and
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AD/5M were divided by their respective oven-dry:lengths. Thus, the
relative change in Tength and diameter: dimensions were denoted by aAL/L aM
and AD/D aM (cm/cm %). ‘The terms AL/L AM and AD/D AM are Tinear moisture
contraction coefficients and were denoted as « ,.and ap, respectively.
Values of‘aL andﬂab\forwindividua1‘kernelsaare:shownrinﬂTab]es XIX and

XX in Appendix D under the names Alphal and: AlphaD; respectively.

Stqtistica] Analysis

An analysis of variance was performed on: the two dependent variables
o and ap separately for whole kernels and for the cotyledons as shown
in Tables XIII through XVI in Appendix B. F-tests were performed for
kernel types (apical or basal), relative humidities, and humidity by type
interaction.

F-tests indicated that no significant difference: (a = 0.05) was
found between apical or:basal: kernel types for aL:andfaD in either
“Spanish whole kernels or cotyledons. ' For Virginia peanuts Steele and
Brown (20)'observed that basal kernels were usually larger than apical
kernels and that the average percentage of dimensional change with mois-
ture was larger for basal than: apical kernels. It was: not reported
whether the difference in dimensional changes with moisture between
apical and basal Virginia kernels was statistically significant.

‘Based on the F-tests in Tables XIV and XVI in Appendix B, relative
humidity did not significantly affect aD‘for'who]e kernels or cotyledons.
Relative humidity did significantly affect aL’for whole kernels and
cotyledons as shown: in Tables XIII and XV in Appendix'B; Therefore, a
least significant difference test (LSD) was performed: on the means of-

o o For whole kernels an LSD of 0.00882 was needed for:a significant
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difference (a .= 0.05) to exist between relative humidities. The verti-
cal line in Table IV indicated that no significant difference existed
between 20 and 42 percent and between 70 and 80 percent relative humidi-
ties for o . For cotyledons an LSD of 0.00556 was needed. Thus, no
significant difference existed between 20 and 42 percent and between 70
and 80 percent relative humidities for o . Since no significant differ-
ence was found between 20 and 42 percent or 70 and 80 percent relative
humidities, the o values were averaged together to give one value for
the 20 to 42 percent range and another value for the 70 to 80 percent

range for the whole kernels and cotyledons.

TABLE IV
LEAST SIGNIFICANT DIFFERENCES FOR
MEANS 0F~aL AND ap
Whole Kernels Cotyledons
Relative . . .
Humidity (%) L D L °p

20 0.00202 0.00208 0.00138 0.00292
42 0.00211 0.00196 0.00121 0.00413
70 0.00306 0.00241 0.00305 0.00453
80 0.00332 0.00272 0.00315 0.00423

Note: The least significant difference (a = 0.05) for.
ap of whole kernels and for cotyledons was 0.00882
and 0.00556 respectively. The F-test for effect
of humidity on ap was not significant. Therefore,
the Teast significant difference was not calcu-
Tated for ap. ‘
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For the whole kernels, the humidity by type interaction term was
found to significantly affect o - A plot of o versus relative humidity
for each kernel showed an' interaction to exist only between the 20 and

42 percent relative humidities which were later averaged together.

" Cotyledon: Displacement

Woodward and Hutchinson (24) reported that splitting of peanut
kernels increases as drying rate increases. Virginia, Runner and
Spanish whole green peanut kernels with their skins removed were dried
at 24°C at relative humidities of 12, 40, 60 and 80 percent to approxi-
mately 12 percent moisture content. '~ After drying, the opposing displace-
ment between cotyledons at the end opposite the germ was measured. For
Virginia and Runner peanuts the average displacement was- approximately
0.14, 0.11, and 0.04 cm at relative humidities of 12 to 40, 60, and 80
percent respectively. Thus, rapid drying at low relative humidities
caused the peanut kernels to spread further apart at the end opposite
the germ.

In measuring the whole kernel diameters: some cotyledons would
occasionally spread slightly apart after some initial drying and volume
shrinkage occurred. Since periodic weighingS'of'the.peanuts required
relocation of the sample, it was not possible to make accurate measure-
ments of cotyledon displacement. Kernels were visually checked to see
that cotyledons were always intact before kernel dimensions were re-
corded.  Readings were taken such that dimensional  changes could be

“assumed due only to moisture contraction.
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Coefficient of Moisture Contraction

The cubical coefficient of moisture contraction was computed from
the 1inear coefficients by calculating the change in volume per unit
volume which would occur for a one percent loss in moisture. Two methods
were used to ca]cu]ate a cubical coefficient of moisture contraction
once the linear coefficient was known. The simplest method was to
multiply the average Tlinear coefficient of moisture contraction by three.
For small values of o and an isotropic solid this is adequate. The
other method involved approximating the volume of a peanut kernel as a
prolate spheroid, an e11ip§e rotated about its major axis.

In the first method, fhe coefficients of cubical moisture contrac-
tion were found by calculating the average of o and ap and multiplying
by three. Cubical coefficient values for individual kernels are shown
in Tables XIX and XX in Appendix D under the name Alpha3 which will be
referred to as a 3 For the whole kernels, values of a 3 averaged over
20 to 42 percent and 70 to 80 percent relative humidities were 613 x

]0-5 5

cm3/cm3 % and 865 x 10~ cm3/cm3 %, respectively. Values of o and
an were aVeraged over the relative humidities which were not shown to be
significantly different. For the cotyledons, values of a3 averaged over
20 to 42 percent and 70 to 80 percent relative humidities were 698 x

2 5 cm3/cm3‘%, respectively.

107> cmS/emd % and 1122 x 107
The coefficient of cubical moisture contraction for brown rice
kernels was calculated by Prasad, et al. (15) by averaging the linear
moisture contraction coefficients for length, width, and thickness and
multiplying by three. By this method rice kernels were assumed to be an
isotropic solid and the cubical coefficient was assumed to be equal to

three times the Tlinear contraction coefficient. The coefficient of
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cubical moisture contraction for brown rice was found to be 1215 x 10'5

cm3/cm3

% for kernels dried at 25°C from 23.5 to 5.5 percent moisture.

The second method of calculating the coefficient of cubical mois-
ture contraction was to approximate the volume of a peanut kernel at
various moisture contents with a prolate spheroid. The volume, V, of a
prolate spheroid, an ellipse rotated about its major axis, can be
written:

RETCd [s]

where L/2 and D/2 are the half-lengths of the major and minor axes,

respectively. The volume, Vm’ of the kernel at some moisture content,

M, was calculated by:

D

L Loy /D D 2
Vo= 3Gt s MG+ 5 M)

[16]
The cubical coefficient of moisture contraction, a s for a AM change in

moisture content was defined as:

a = %—mvi":l [17]
where: Vm = the volume calculated at the moisture M
V.1 = the volume calculated at the moisture M - aM
AM = an arbitrarily chosen 1% change in moisture content

For whole kernels a. was calculated for a one percent moisture
change of AM. For drying conditions of 40°C and relative humidities
ranging from 20 to 42 percent, an o value of 0.00206 was calculated by
averaging over the 20 and 42 percent humidities. Values of o and ap
were averaged over the relative humidities which were not shown to be
significantly different. For slower drying conditions with 40°C and
relative humidities of 70 to 80 percent, an average a of 0.00319 was
used. The value of aps 0.00230, was obtained by averaging over all

relative humidities for the whole kernels.
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For the cotyledons the average values 0.00113, 0.00310, and
0.00395 were calculated for a at 20 to 42 percent, o at 70 to 80
percent, and ap at 20 to 80 percent relative humidities, respectively.

The length, L, of 1.033 cm was obtained by averaging all of the
oven-dry lengths for all whole kernels and cotyledons over all relative
humidities. The diameters, D, of 0.827 and 0.674 were obtained by
averaging the oven-dry diameters over all relative humidities for the
whole kernels and cotyledons respectively. Table XVIII in Appendix D
shows the oven-dry lengths and diameters for individual whole kernels.
Table XIX in Appendix D Tists the oven-dry lengths and diameters for
individual cotyledons.

A Fortran computer program shown in Table XXI in Appendix D was
used to calculate a from 1 to 90 percent moisture content by increments,
AM, of one percent for two drying rates for the whole kernels and coty-
ledons. For the whole kernels dried at 40°C and 20 to 42 percent rela-
tive humidity, a ranged from 660 x 10-5 to 550 x 10_5 cm3/cm3 % for
moistures ranging from 1 to 90 percent respectively as shown in Figure
16. For the 70 to 80 percent relative humidity range, values of a

5 5

ranged from 771 x 10 ° to 625 x 10° cm3/cm3 %.

Figure 16 indicates that for coty1edons dried at 40°C and relative
humidities within the 20 to 42 percent range, a varies from 889 x”’IO-5
to 685 x "IO-5 cm3/cm3 % at moistures of 1 to 90 percent respectively.
Cotyledons dried more slowly with 70 to 80 percent relative humidities

produced a_ values of 1080 x 10'5 to 825 x 107° cm3/c;m3 %.

Prolate Spheroid Assumption

In the calculation of a, it was assumed that the volume of a peanut
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kernel could be approximated by a prolate spheroid. To test the valid-
ity of this assumption, the Tength and diameters of 30 whole peanut
kernels at 6.5 percent moisture content were measured with the micro-
projector. The volumes of the 30 peanuts were also measured three times
with a Micromeretics helium-air comparison pycnometer. The average

3

peanut volume determined by‘the pycnometer was 0.44 cm™. The average

volume of a prolate spheroid, calculated from the maximum peanut diame-
ters and lengths, was 0.58 cm3. The prolate spheroid assumption tended
to overestimate the volume because the maximum length and diameter

dimensions were used in the calculations. Also, any air spaces between
the cotyledons halves of the whole kernels would cause prolate spheroid

volumes to be Targer than volumes determined by the pycnometer method

which would not account for such air spaces.

Discussion of Moisture Contraction Coefficients

Values of a 5 for whole kernels and cotyledons in the 20 to 42
percent relative humidity ranges were within the range of values calcu-
lated for a. In the 70 to 80 percent relative humidity range, a3
values for whole kernels and cotyledons were slightly larger than those
of a_ as shown in Table V.

Table V indicates that coefficient values for whole kernels were
smaller than those for cotyledons. A possible explanation is that the
microprojected images of cotyledon dimensions were obtained from the
outermost peanut edges. But for the whole kernels, the maximum dimen-
sions were projected from a convex surface of the side of the peanut:
During drying, it is possible that outermost edges of the cotyledons

would shrink more than whole kernels which were fully intact. Thus,
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because of the geometrical shape of the cotyledons, they could be ex-

pected to contract more than who]e kernels.

TABLE V
COMPARISON OF CUBICAL COEFFICIENTS OF

MOISTURE CONTRACTION a3 AND a,
Whole Kernels Cotyledons
Relative
Humidity
Range (%) a3 .am a3 a
20 - 42 613 550 - 660 698 685 - 889
70 - 80 865 625 - 711 1122 825 - 1080

*
Values of a 3 and a  are expressed times 105.

The relative humidity range used for drying peanuts with 40°C air
affected the cubical coefficfents of moisture contraction as shown in
Table V. Drying peanuts at 40°C for 24 hours produced average moisture
contents of 4.8 and 10.5 percent for the relative humidity ranges of 20
to 42 percent and 70 to 80 percent respectively. It is theorized that
drying rate affects the final volume. Van Arsdel, et al. (22) stated
that if a highly shrinking material was dried quickly and the outer
surface became much drier than the center, the outer surface was sub-
jected to sufficient tension to permanently set the surface in nearly

its original dimensions. When the center finally dried and contracted,
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the internal stresses pui]ed the material apart and the dried material
contained many cracks and holes. Conversely, if the material was dried
slowly with a small moisture gradient from outer surface to the center
core, internal stresses were minimized and the material contracted fully
to a solid core.

As previously noted, Van Arsdel, et al. (22) found that dehydrated
potato cubes which were dried rapidly to 11 percent moisture had a bulk
density approximately one-half that of an equal weight of potato cubes
which were dried slowly to the same moisture content. Thus, slowly
dried potato cubes contracted approximately twice as much as those dried

rapidly.
Blanching Characteristics

Most peanut blanching processes use some type of heating and drying
of the peanuts to Toosen the skin from around the kernel. It was hy-
pothesized that the loosening effect may be the result of thermal expan-
sion of the skin and kernels during heating, due to moisture contraction
of the peanuts during drying, and thermal contraction of the peanuts
during cooling.

Shackelford (17) determined blanching percentages for Spanish
peanut kernels dried at 71, 82, and 93°C. Initial moistures ranged from
6 to 10 percent wet base. Final moistures ranged from 4 to 7 percent
wet base as shown in Table XXIII in Appendix E. In general, as the
amount of moisture removed during drying increased, the blanching per-
centage increased. Blanching percentages were defined as 100 times the
weight ratio of those kernels with skins completely removed by one pass

through the blancher to the total weight of the peanuts blanched.



67

In the process of heating and drying prior to peanut blanching, the-
kernels undergo a continuous series of volume changes. First, heating
would expand the kernel volume, and next drying would contract the
~volume. Upon cooling, the volume would further decrease. It was as-
sumed that heating, drying, and cooling occur in three separate steps;
though in actual practice, heat and mass transfer would occur simultan-
eously. Thus initial heating would be accompanied by some moisture
loss; and some moisture would also be lost during cooling. In order to
determine if blanching percentage was related to the changing kernel
volume which occurred due to heating, drying, and cooling, the changes
in volume were calculated using the equations for cubical thermal expan-
sion and moisture contraction of whole kernels.

52.19 x 1072

a +2.97 x 1072(Ln M) [20]

4

5

660.89 x 107° - 1.23 x 107°(M) [21]

Equation 20 was determined for 0.5 to 15.7 percent moisture content
Spanish peanut kernels heated from 25 to 90°C. It was assumed that the
equation could be extrapolated to 93°C and would also apply for cooling.
Equation 21 was determined by a least squares regression on the data
shown in Figure 16 for whole kernels dried at 40°C and 20 to 42 percent
relative humidities. It was assumed that equation 21 could be applied
to peanut kernels in Shackelford's (17) data which were dried at higher
temperatures and lower relative humidities.

Sample calculations are shown in Table XXII in Appendix E for de-
termining the change in kernel volume after heating, drying, and cooling
of whole Spanish peanuts. A Statistical Analysis System computer pro-
gram was used to perform all the coefficient calculations and to compute

the final volume of a peanut kernel. The kernel was assumed to have an
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initial volume of 1.0 cm3at its initial moisture content and at 25°C.
The calculated kernel volumes after heating, drying, and cooling are
shown in Table XXIII in Appendix E along with heating temperatures,
initial and final moistures, and the corresponding blanching percentages
which were determined by Shackelford (17).

A plot of the final kernel volumes versus percent blanched is shown
in Figure 17. A regression analysis was performed to determine if a
predicted straight line would fit the data significantly better than a
straight line through the mean of percents blanched. A t-test indicated
the slope of the prediction line was significantly different than zero
at the o = 0.05 level. The prediction equation given in Figure 17 is not
intended for use in predicting blanching percentages, but only to show
that a significant correlation between percent blanched and final volume
exists. Thus, Figure 17 indicates that blanching percentage increases
as final kernel volume after heating, drying, and cooling decreases.
There is one cluster of data points in Figure 17 for each level of dif-
ference between initial and final wet base moisture contents. For
example, at a final kernel volume of 0.955 cm3 a six percent wet base
moisture difference between initial and final moistures occurred. At
0.992 cm3 a moisture difference of only one percent existed. Thus, the
difference between initial and final peanut moisture content greatly
affected the final kernel volume. Figure 17 indicates that final kernel
volume for peanuts heated to 93°C was only slightly smaller than that
for kernels heated to 71°C. Moisture loss during drying apparently has
a much greater effect on final kernel volume than heating temperature.

It should be noted that predicted peanut kernel volume changes due

to heating from some initial temperature, Ti’ to a final temperature,
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Tf, were not equal to the predicted volume decrease which would occur
due to cooling from Tf to Ti‘ Two factors are believed responsible for
unequal volume changes: (1) heating and cooling are done at two differ- .
ent moisture contents; (2) the kernel volume which .is multiplied by a,
varies continuous1y*with_heating, drying, .and cooling.-

Sample calculations in Table XXII in Appendix E predict volume
changes for a peanut kernel heated from 25 to 82°C, dried from 8.7 to
4.2 percent moisture, and cooled from 82 to 25°C. Assuming an initial

3 3

volume of 1.0 cm”, the kernel increased by 0.0334 cm” due to heating.

3, due

After drying, the kernel decreased by a smaller amount, 0.0323 cm
to cooling. The volume reduction by cooling alone was:less than the
volume increase by heating because»ak decreased due to moisture Toss
during drying. Generally, if appreciable moisture is lost during heat-
ing and drying, then the volume increase due to heating will be greater
than the volume reduction due to cooling to the original temperature.
The temperature to which peanuts are cooled affects the final
kernel volume. Shackelford (17) determined that blanching percentages
of Spanish peanuts (with standardized initial moistures of eight percent
dried to a standardized final wet base moisture of five percent) in-
creased as the cooling temperature decreased from 32 to 18°C. If the
kernel referred to in Table XXII in Appendix E was cooled only to 32°C
instead of 25°C, a for cooling would be equal to 0.02821. Multiplying
0.02821 by the volume after drying, 1.0030 cm3, yields a volume reduc-
tion of 0.02829 cm3. The new final volume would be 0.9747 cm3° Figure
17 indicates that a blanching percentage of approximately 90 percent is

obtained with a final volume of 0.9747 cm3. For kernels cooled to 25°C

3

with a final kernel volume of 0.9707 cm“, a blanching percentage of
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approximately 92 percent would be attained. Thus, blanching percentage

can be predicted to increase as peanuts are cooled to lower temperatures.



CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary

The coefficients of cubical thermal expansion were experimentally
determined for Spanish peanut kernels and for peanut skins over the
temperature range of -25 to 90°C. The Tinear coefficients of moisture
contraction during drying were determined for Spanish peanut cotyledons
and whole kernels at 40°C. The cubical coefficients of moisture con-
traction were calculated from the Tinear coefficients. The combination
of thermal expansion and moisture contraction cubical coefficients were
used to predict kernel volume change during the heating, drying, and
cooling phases which occur prior to peanut blanching. A correlation was
found to exist between kernel volume change and peanut blanchi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>