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S3TRALD W. ISAATS ‘ ABSTRACT

Molsture content 1s cominonly used es an lndex of the
keepins cuality of ferm grain and forasze crops. Farmers need
a means of determining the moisture content of such crops in
order to obtaln the fullest benefit from the uée of modern
equipment and procedures for harvesting and curing farm crops.
Equlipmnent for acetermining the molsture content of ferm crops
on ferms should be accurste, slmple to operate, low 1in cost,
and apoliceble to ell the comron hay end forage crops within
a wide ranze of molsture contents,

llolsture content varies widely within individual lots of
farm crops. Thils is particulerly true of hay which 1s curing
in the field. This non-uniformity in moisture content makes
it important to obtain a representative sample,

Detalled studles were mede of two methods of measuring
molsture content, a direct oven method and an electrlicel re-
sistance method.

Exhaust Oven Method. An oven which utilizes the heat from the

exhaust zases of an internal combustion engine to dry samples
of hay or crain was designed end tested. This oven mlxes
amblent air with the exhaust cases, which lowers the tempera-
ture of the gases and prevents burning of the sample, Samples
of hey welzhing 100 to 200 grems are dried in about seven min-
utes, Samples of grain are dried in about fifteen mlnutes,

Electrical Resistance Method., Studles were made of the effects

of electrode pressure, electrode design and frequency of the
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measuring current upon the electrical resistance measureusent
of hay end graln,

Tests of resistance-type moisturs meters indlcated that
a single reading taken on hay or grain is not a good index of
the moisture content of the whole lot. W%hen testing hay with
a resistance-type meter, at least 25 readings should be taken
and the results averesed in order to obtsin a reliable indica-
tion of the moisture content of the whole field.

Recognizing thet most farmers would not carry out such e
laborious computetion, an automatlic everagin<g device was de-
veloped which gives a sinxle indicetion of the evera.e mols-
ture content of a large number of samnles. This adevice meas-
ures the average electricsal conductivity of the samples and
thereby indicates 2 close eporoxiasetion of their avera-e mols-
ture content.

Other Methods Studied. Prellimninery investizations were made

on several other methods of molsture determinstion: a wmethod
involving the measurement of the pressure of the acetylene
produced in the reactlion between calciuxm carocide ana the water
in the sample, a specific gravity method, an oil-distillation
method, a method involving the measurement of the shearing
force required to cut hay samples, and a method using wet and
dry-bulb thermometers to measure the equilibrium relative hu-
midity of grain, None of these methods were found to be as

appliceble to the problem as the resistance and oven methods,
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INTRODUCTION

Moisture content has long been an index of the keeping quality of
grain and forage crops. Prevention of spoilage has been a great probdlem
to mankind since he first learned to store for his future needs what he
could not eat immediately. In spite of reported surpluses in certain
farm commodities, the modern American farmer can no better afford waste
through spoilage than his forefathers., Not only do wasted products
mean wasted money to the individual concerned, but waste by spoilage
means useless depletion of our nation's greatest physical asset, its
natural resources,

Changes in farm harvesting and storage procedures have brought about
changes in the need for moisture measuring equipment, The need for
equipment for the quantitative measurement of moisture or storage quality
in farm crops on the farm parallels the development of the combine and
the modern crop drying and conditioning equipment,

. Small grains used to be cut with a binder and placed in the shock
to dry before threshing. There was no great need to rush the threshing
Procedure, since the grain was reasonadbly safe from weather damage in
the shock. There was little need for a quantitative measurement of
moisture content, since the grain could be dryed beyond the critical
safe storage moisture content,

Today's combine harvesting methods require that the harvesting be
done during a certain rather short period in the maturity of the grain,

Grain which is combined too wet will obviously spoil in the granary,
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Combining grain when too dry results in greater loscses of grain at the
cutter bar due to shattering., Furthermore, leaving the grain in the
field longer than necessary increases the risk of loss through lodging
and shattering due to heavy rains, wind or hail,

Some farmers prefer to harvest their grain before it has field
cured to the extent that i1t would keep safely in an unventilated storage,
thereby avoiding the risks of leaving it in the field at a time when
weather losses could be great, Final curing is accomplished by arti-
ficlal drying. Being able to determine the moisture content of the
grain is a valuable asset in the management of a crop drier; but whether
or not artificial drying is employed, a means of measuring the moisture
content of small grains on the farm is needed to indicate the optimum
time for harvest,

Like the combine, the corn picker has greatly alleviated the labor
problem in corn harvesting, but under some conditions has created new
problems in grain storage. An increasing number of farmers today are
following the practice of harvesting cora be”nre it is dry enough for
safe storage, then artificially drying it to an allowable moisture
content. By picking the corn at high moisture content, the picking
efficiency of the picker is improved and the risk of loss through bad
weather 18 reduced., In some years, particularly in the northerly
states such as Michigan, weather conditlons are such that the corn does
not dry properly in the field and artificial drying becomes nece ssary
to obtain a high grade product.

Where artificial drying of grain is practiced, some convenient

means of determining the moisture content of the product is needed to
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allow the most efficient management of the drying equipment. On many
modern farms now practicing artificial drying of grains, moisture tests
are obtained by taking samples to the local grain elevator for testing.
For those farmers who are not located very close to an elevator, this
practice is both inconvenient and time-consuming, Furthermore, certain
types of moisture meters used in commercial elevators are not accurate
when testing grain recently dried in a heated air dryer,

New practices in the harvest, curing, and storage of forage crops
have also created an increasing need for a means of moisture measurement.
Hay has been cured for centuries by leaving it in the field until it
was adjudged dry enough to be stored without molding or excessive heat-
ing. However, farmers have long been aware of the importance of the
losses of nutrients incurred by over-curing and the dangers of spoilage
and heating caused by under-curing., The need for care on the part of
the farmer in curing hay was indicated by Columella, a Roman who wrote
as follows about 50 A,D, (1):

"There is a measure to be observed in drying hay, that it

be put together neither oven dry nor yet too green; for,
in the first case, it 1s not a whit better than straw
for 1t has lost its juice; and in the other, it rots in
the loft 1f it retains too much of it; and after it is
grown hot it breeds fire, and sets all in a flame, They
do not put it up in mows, before that they suffer it to
heat, and concoct itself, and then grow cool, after
having thrown it loosely together for a few days",

Modern agricultural science has developed new curing and storage
procedures which greatly retains the nutritional value of forage crops
and reduce the risk of loss due to rain, These modern practices can be

carried out most efficiently when a quantitative estimate of the mois-

ture content of the crop is available to indicate when to rake, when to
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start baling or chopping, and when to start or stop the crop dryer.

Most experienced farmers have to : greet evtent develoned 2 sense of
Judgnent for determining when hoy hes teen field cured sufficiently to
keep safely in an unventilated storage. However, modern haying practices
require that the farmer be able to recognize stages of curing which were
not previously of specific interest to hHim, For example, he may now
wish to rake his hay at 50% moisture content instead of 25% and he may
wish to bale or chop it at 35% instead of 20% moisture content., Murther-
more, if he is to realize the maximum benefit from modern haymsking
practices, he should be able to determine moisture contents more accu~
rately than when the hay was left in the field until it was ¥good and
dry®,

Most farmers nov using barn dryers for mow-curing hay use rather
unquantitative methods of indicating when to place the hay on the dryer,
A recent survey of the experience of farmers who use barn dryers was
made by Vary (2)., The answers thét 52 farmers gave when asked what
method they used to determine moisture content are given in Tabdle I,

TAELE I

METHODS USED BY 52 FARMERS TO DETERMINE
THE MOISTURE CONTENT OF HAY (2)

Method Nziiir Method Number
Reporting Revorting

None 10 Break 1
Guess 6 Rubd 2
Feel 15 Oven 1
Twist 6 Leaves curl 1
Rattle 1 Experience 7
Squeeze 2
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The fact that farmers resort to such indefinite methods as those
indicated in Table I reflects the unavailability of simple, inexpensive,
and reliable means for quantitatively determining the moisture content
of forage crops. As the acceptance of modern forage harvesting and
curing practices advances, the demand for moisture measuring equipment

will likewise increase,
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REVIEW OF LITERATURE

The determination of moisture was probably one of man'se earliest
acts of chemical enslysis. Procedures for molisture determination may
be found among the oldest of scientific papers. The following review
of literature i1s not intended to include all significant work in the
subject of moisture determination, but will include some of the papers
which apply most directly to the experimental work to be discussed
subsequently. The author has compiled a bibliography of rapid methods
of moisture determination (with abstracts) which should be of use to
future investigators of this subject (1). Although this work contains
450 references, it does not necessarily include all of the research on
rapid moisture determination of the last sixty years,

All methods of moisture determination may be classified generally
a8 either direct or indirect. The direct methods include the oven
methods, the distillation methods, and the methods involving drying with
dessicants, They are called direct methods because they require the
8eparation of the moisture from the dry matter and the amount of mois-
ture removed is either measured directly or calculated from the loss in
Welght of the sample. The indirect methods involve the measurement of
Some property of the material which is dependent upon moisture content.

Indirect methods require calibration with one of the direct methods,
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Direct Methods

Actually =211 methods of moisture determination are somewhat empiri-
cal or incir:ct, as indicated by Zeleny (2) and other investigators.

Even the so-called direct methods cannot measure with great accuracy

the actual amount of water in a sample, First of all, one cennot be

certain that all of the water was removed from the sample. In organic

materials, some of the water 1s present in forms which appear to be more

or less tightly "bound®™ by strong physical forces to proteins, high
molecular weight carbohydrates, and other colloidal materials, Further-

more, when testing organic materials with the oven or distillation methods,

heat must be applied which mey lead to decomposition of dry matter con~-

stituents and the production of water which was not originally present
&8 such. Volatile constituents of the dry matter may also be driven

off and result in errors in the moisture measurement.

- It 18 not the purpose of this study to discuss at great length the

shortcomings of the direct methods of moisture determination, Of greater

vValue is to point out the importance of indiceting the procedure by
which moisture determinations were made when presenting moisture data

80 that the results therefrom, may be reproduced with reasonable accu-

I‘acy.

W There are several air oven procedures for the moisture

determination of various meterials., Stendard procedures have been drawn

Up by organizations interested in each material, In the case of grain

the U,5. Department of Agriculture has set forth alr oven procedures

in the 0fficial Grain Standards of the United States (3). Basically,






this method requires hec.ting the finely grouncd grain in en air oven fér
one hour «t 130°‘C. Another eair oven procedure has been set forth by
the Association of Official Agriculturel Chemists (4), This method re-
quires heating a finely ground portion of the sample for two hours at
135° C. The latter procedure usually gives higher molsture content, &zs
would be expected from heating the sample at a higher temperature for a
longer period of time,

There have been a great number of devices developed which heat
samples in air to dry them rapidly for purposes of moisture determination.
These devices generally use higher temperatures in order to reduce the
time required by the official methods. Heating is usually produced by
electric heating coils or infrared lemps. Brabender (5) developed an
oven which has e built-in scele for accurately weighing the semples
while still in the oven. This removes the necessity of cooling the samples

in & dessicator before weighing, which is required in the officiel method.

Yater Oven Methods, The water oven method 1s recommended for corn and
Tequires heating the whole grain at 99 to lOO’C for 96 hours in a water
OVven (3). A water oven is essentially similar to an air oven except it
is tested by circulating weter which is boiling at atmospheric pressure
through a weter Jecket in the walls of the oven., The temperatures at
Various points within a water oven are usually more uniform than in en

&1r oven.

Yacuun Oven Method, The vacuum oven method for graln as set forth by the
Association of Official Agricultural Chemists (4) requires heating the

finely ground grain at a temperature of 98 to 100°C in & vacuum chember






et a pressure of 25qm or less .0 mercury. Heating is contianved until
essentielly constant sample welght is observed (about five hours).
Christie (6) has developed e speciel type of vacuum oven which uses
the dielectric heating effect of a high-frequency electric field to dry
samples of various organic materials, Since such heating effects occur
uniformly throughout the sample, heating time is only ebout ten minutes.

The cost of this equipment is rather high,

Drvines with Dessicanta, This method of drying moisture samples requires
placing the sample over an efficient dessicent in a closed container.
Since the dessicent maintains a very low vapor pressure within the
container, the sample gredually dries to a constant weight. The Associ-
ation of Official Agricul;:ural Chemists (4) has set forth a stancerd
Procedure which requires maintaining the ground sample in a vacuum with
anhydrous sulphuric acid until constant weight is attained. This method
is not widely used, since it requires a great length of timeé to complete.
HOWever. it is sometimes used on materials containing dry matter which

decomposes easily when heated,

Distillation methods. In the distillation methods, the semple is heated
in gome non~aquecus liquid end the moisture determined either by direct
VOlumetric messurement of the weter distilled and condensed from the
€Tain or by determination of the weight loss of the semple during the
hee.tin{; process,
The official toluene distillation method for grain as described by
the Association of Officisl Agricultural Qhemists (4) requires hesting

the finely-ground sample of grain in toluene. An apparatus is used which
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condenses the weter vapor ¢istilled from the toluéne end collects it in
P23 grac}uated tube for meesurenment.

The Brown-Duvel distillation method for grain was first described
by Brown and Duvel (7) in 1907. This method is somewhet similer to the
toluene distillation method except that the grein is unground end hec'led
in o1l instead of toluene., The Brown-Duvel apparetus has been standerd-
ized and marketed commercially as a rapid method moisture determination.
It 1s still used to a limited extent,

A simple distillation method was devised by Dexter (8) for use by
farmers in testing forage and grain crops. In this method, the moisture
content is determined by heating the-sample in vegetéble 0il at 190°C.

and determining the weight loss of the sample and the oil., The method

may be applied in the field using an alcohol stove, tractor exhaust or

other means as a heat source.

Indirect Methods

mem. The dependence of the electrical‘ resisi-

&nce or conductivity of naterisls upon their moisture content hes been
the basis for a number of successful molsture meters, - There is some

dl!agreement among investigators es to the exact form of the relation-
Ship between moisture content and resistance; however, it is generally
E&reed thet resistance varies inversely with the moisture content and

that relatively small chanres in moisture content produce lerge changes
in resistance. Therefore, a relatively ineccurate meesurement of re-

Sistence may give & fairly accurate indicetion of moisture content.

Moisture meters operating on the electricel resistance principle are
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usually calibrated against one of the standard oven or distillation
methods, s are all incirect methods.

The first report of the application of the resistance method found
in the litorature was by Whitney (9), who applied it to soils in 1897,
Whitney used = direct measurement of the conductivity of the soil as a
measure of the molsture content, Many investigators have published
results on this type of measurement applied to soils during the past
fifty years, but the general conclusion drawn today is that the results
are too dependent upon the type of soil and its salt content,

For this reason, the modified electrical resistance method developed
by Bouyoucos (10) has largely replaced methods involving direct measure-
ment of resistance, The method developed by Bouyoucos requires the
measurement of the resistance of a nylon, glass fiber, or plaster-of-
Paris element which is buried in the soil, To avoid the effects of
Polarization, the resistance is measured with an alternating voltage
Source, An attempt to apvly the Bouyoucos method to the moisture test-
ing of hay in storsge was attempted by Kline (11). The method was un-
Successful mainly because of poor contact between the hay and the resist-
8&Nnce elements.

The first application of the resistance method to organic materiel
found in the literature was reported by Briggs (12) who adapted the meth-
Od for testing grain in 1908, Brigrs used a Wheatstone bridge to measure
the resistance between twoxl2-inch electrodes placed in a glass jar of
wheat, He found a linear relationship between the moisture content and

the logarithm of the resistonce between the ranges of 11 eand 16 percent

moisture content. Deta taken on wood by Stamm (13) (14) indicate that
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the logarithm of the electrical resistance cecreases in direct proportion
to an increase in moisture content up to the point of fiber saturation,
or ebout 30 nercent moisture content. Above the point of fiber satura-
tion there is very little change in resistance with increased moisture
content. The variation below the fiber saturation poiﬁt is such that
the resistance increases 1,8 times for a decrease of one percent abso-
lut e noisture content. In other words, a decrease to 56.8 percent of
the original resistance corresponds roughly to a mbisture increment

equal to one percent of the dry weight of the birch wood tested.

-
L 4

The simple logarithmic relation put forth separately by Stamm and
Hasselblatt (15) indicates a linear relation when the logarithm of resist-
eance is plotted as a function of moisture content, The degree of lin-
earity was found in later experimentation by Suits and Dunlop (16) to be
not so great and more closely approximated by a relation of the form;

Log,, (Logyo R) o< (M) %
wvherein R represents resistance and M represents moisture content.

Whether or not the simple relation determined separately by Stamm
and Hasselblatt or the more complicated one of Suits and Dunlop is true,
the important fact is that resistance changes very rapidly with moisture
Content, The resistance method of moisture determinntion would be handi-
Capped indeed if the same percentege of accuracy in resistance measurement
Were necessary to obtain a given percentage of accuracy in moisture deter-
Mination,

The above empirical relations between resistance and moisture con-

tent do not rigidly hold true in all cases. Various other factors affect

the relationships in varying degrees. According to Stamm (13) the
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factors which affect the accuracy of the resistance method for molsture
testing wood are as follows:

1, The zmount of pressure applied and the type of contact

between the electrodes of the device and the wood.

?. Dimensions of specimens

3. IExtent of specimen beyond electrode surfuces.

L, Direction of flow of the current in the wood with

respect to the grain,

5. Species and density of the wood.

6., Temperature

7. Salt content

8. Distribution of moisture in the specimens.

9. The presence of moisture on the surfaces parallel to

the flow of current.
10, Polarization, electrolysis end electroendosmose.

The work by Stamm in the evaluation of these various factors was
found to be very comprehensive and basic., Since the work was done on
Wooqd, which has many physical properties in common with forages and
€Tains, an extensive review of Stamm's work follows.

Three different kinds of electrodes were used in Stamm's earlier
Sests (13): (a) plain copper plates 7.5cm. by 7.5cm. mede from lm-. plate,
(}>) 7.5cm, by 7.5cm. heevy brass plates with routings 2mm. wide and 2mm.
‘1eem cut in both directions so as to produce a cleated surface to be
Pressed into the surface of the sample, and (¢) 5.0em. by 5.0cm, brass

Plates with soft lead faces which, under pressure, conform to the sur-

face of the board. The above electrodes were tested with a one-inch
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Great devietion in readings was experienced in the
The

svecimen of wood.
use of the plain copper plates held firm by a wooden screw clamp,
other two types of electrodes gave not more then & 20 percent deviation

in the resistance reading. The routed electrode recuired tighter clenp-

ing to obtaln consistent rezdings; therefore, the leed feced electraces

were employed in most of the subsequent experiments studying the other

factors.
The tests determining the effect of thickness on resistance in~

dicate that the resistance varies directly with the thickness, The

2ffect of specimen cross-section was studied by using two one-inch
specimens, one S5cm. square and the other 7.5cm. square. The former,

when fitted with the 5cn. lead-faced electrodes, showed a resistance

of 82 megohms. The 7.5cm. plece tested similarly gave a resistance of

L2 megohms. The unit resistance (ohms per 8q. cm, of cross-section)

for the 5cm. square specimen was 2050 megohms and for the 7.5cm. speci-
These results indicate reasonable verification

men was 1970 megohms,

of the inverse law of areas for the purpose of this study. (Inverse

Law of Areas — The resistance of a mass of material is inversely

Proportional to the cross-sectional eree).

The effect of the direction of current flow with respect to the

€rain of the wood was found to have a promounced effect on the measured

Tesistance of the sample, The resistance in the longitudinal direction

(Parallel to the direction of the grain) is about half of the resistance

1n the cross-grain direction.

Tests to determine the effects of species of wood on the resist-

&nce-moisture relation show that for the range of moisture content
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determined (6 to 16 percent), the resistance-moisture relation for the
six species tested wos essentielly the same. Again it is stressed that
e rather wide varietion of actual resistance is allowable to yleld
approximately the same calculated moisture content because of the log-
arithmic relation between the two quantities., At the same time the
species of the samples was varied, density was necessarily changed. It
1s 1indicated that appreclable changes in density of the samples (from
«336 to .584), as specles were varled, failed to produce any error in
determining the moisture content beyond that attributable to experimental
error. The fact that a change in species does not change the resistance-
moisture relation appreciably is a favorable condition indeed; however,
1t 18 certainly not to be expected that a change in the material would
have the same negligible effect.,

It 1s of interest to determine the effect of the sample extending
indefinitely beyond the area actually covered by the electrodes, Ex-
Periments were conducted to indicate the amount of decrease in resist-
&nce with an increase in cross-sectional area beyond the surfaces of
the electrodes.

A basswood specimen 21,5 x 19.5 x 2.7cm. gave 450 megohms with the
5cm, lead-faced electrodes, while the section from the piece 5cm. square
indicatea 800 megohms, Increasing the cross-section of the piece 16.4
times caused a 44 percent decrease in resistance. Iurther experiments
Showed that a decresse in thickness compared to the area will lessen
the effect of cross-section on resistance. Other sections S5cm. square
and 18 by 24em., cut from 0,2cm. thick veneer, geve 1800 and 1600 meg-

Ohms respectively. A decrecse in resistance of only 1l percent was
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experienced with an increase of 17.3 times the original cross-section.
Thus it appears thz=t for very thin sections of meterial, such as veneer,
no correction need be made for an extension of the cross-section. How-
ever, for sections of 1 1/4-inch stock, it zpypears that a correction of
about one percent of moisture content would be necessary. The actual
relation between resistance and moisture in sections of consideredble
thickness and extent is an exceedingly complex one; therefore, it is
suggested that a complete tabulation for any one size of stock to be
tested be worked out empirically.

The effect of temperature on the moisture-resistance relation 1is
not too damaging in practice if the ordinary range of working temperatures
18 maintained. Tests show that the resistance of wood falls off with
an 1increase in temperature, producing a temperature coefficient negative
to that of ordinary solid conductors. Tests show that for a decrease in
temperature of 11°C., the resistance is doubled; however, this change
in resistance chaenges the celculated moisture content only about one
Percent, The effect is rather small for ordinary operating conditions
Or mgy be easily compensated for when necessery.

The salt content of wood and other materials has a definite effect
On the electrical resistance, being inversely proportional to the resist-
ance, There is little variance between the salt content of species of
Wood; however, the salt contents of various materials differ greatly.
The salt content of a specimen of wood was varied artificially by soek-

1ng in sodium chloride solution for the purpose of demonstrating the
effect of the salt content. The specimen decreased in resistance from

490 to 120 megohms after it had taken on about one percent of sodium



- .
b s
POUETITE,

g omst)e #

o seele

MRAIALER T
0N v

-t ol
K pedd Y?:'

4 )
R I YEE

S--e..‘. s

o2 S

s P
l\.-w“s: 911
Al

" 1
DO
<_~:: ¢
-8
(28 :



17

chloride, The salt content of wood is ordinarily less than one percent,
Furthermore, a lerge part of the natural ash in wood 1s insoluble. It
is probable that the variations in the calculated moisture content due
to variations in the netural ash content in wood are much less than one
percent; however, the variations are sppreciable in other meterials,
particularly in soils where this nethod of moisture determination has
met with very limited success because of the large varlety of salt con-
tents in solls,

Somewhat closely related to the effect of salt content on measure-
ments is that of polarization, or whet is generally attributed to polar-
ization. PFew researchers have attempted a really rigorous explanation
of the phenomenon other than to say it is present when d-c voltage is
used to measure a resistance where electrolysis may operate. The effect
of polarization is to build up the measured d-c resistance to as high
a8 twice the a-c resistance. The effect is attributed to two different
actions: electrolysis and electroendosmose. Electrolysis has the effect
of building up an opposing emf or effective resistance in addition to
the true resistance. Electroendosmose tends to create an uneven dis-
tribution of free water within the sample due to electroendosmotic motion
of the water. Both of these effects are somewhat dependent on time to
Come into effect and are probably not very significant as long as mois-
ture contents below that of the fiber saturation point are studied.

Surface moisture has & definite effect that cannot be denied. In
®Xtreme cases in the wood tests, where & dry specimen of 2000 megohms
V&8 streaked with a wet cloth from electrode to electrode, the resistance

Reasurement indicated a short circuit., The resistance was reduced to
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half the dry resistance when a man's breecth wis blown on the surface,
These tests indicate that the resistance method is highly inapplicable
to wood, the surfaces of which have been wet recently. However, this
is & special condition and should not apply to the general case of wood
specimens in storsage.

The effect of unequal moisture distribution in the sample definitely
13imits the use of the resistance method as discussed thus far. Further
research on the subject by Stamm (14) revealed that the plate-type
electrodes were not sulted to applications where non~-uniformity in mois-
ture content of the specimen 1s encountered. His research revealed that
Pin~-type electrodes could be so arranged as to measure the average
moisture content of a sample of wood containing non-uniformly distribut-
ed moisture. Electrode pins penetrating to a depth of one-fourth the
thickness of the sample were found to indicate average moisture contents
- where normel drying gradients existed.

The effects of surface molsture and surface finish on woods were
much less with the pin-type electrodes than with the plate types.
Additional tests with the pin-type electrodes confirmed that the species
&nad density of the wood had little effect on the readings of moisture
content, The width and length of the board tested has no effect on
Teadings with pin-type electrodes, as it did with the surface contact
electrodes.

A number of investigators have published results of tests conducted
°n commercial resistance-type moisture meters for grain, Such work
consgisted meinly of calibrating the meters with oven determinations and

determining statistically the accuracy of the meters. One of the more
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coumprehensive studies was made by Cook, Hopkins, znd Gecdes (7). In
reviewing the test results of four commercial resistance-type meters
for grein, 1t is evident that there is a lireur relationship between
the logarithm of the resistence of wheat znd the moisture content in
the range of 11 to 17% moisture content. Above 177’9 moisture content,
the relation between moisture content and the logarithm of resistance
is parsbolic and is described by a relationship of the following form:
Moisture content = A..-B(log R)+C (log R)2

where A, B, and C are constants,

Hylnka, Mortens, and Anderson (18) made a study of ten electrical
met ers which operated either on the electrical resistance or the di-
electric principle., The Tag-Heppenstall meter, which measures the
electricel resistance of grain with an ohmmeter circuit, gave the most
accurate results., This meter is still the only electrical meter approved
for use in the inspection of grain under the Official Grain Standards
of <the United States,

Aranovsky and Sutcliffe (19) tested a commercial resistance-type
meter on baled straw. A "satisfactory" comparison wes reported between
the average of 24 meter readings per bale and the oven-determined
moisture content of the bele., The results were somewhat erratic at
higher moisture contents; however, the tests were conducted on bales of
Sstraw which had been stored outdoors and were wet in spots. An incresse

in the reeding of the moisture meter with an increase in bale density

V&8 reported,
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Dielectric Methodg. The dielectric constant of water is 81, while the
dielectric constant of such good insulators as dry wood renges from 2.5
to 7.7, sccording to date tolken from the Smithsonian Physical Tebles (2¢).
Materials which contein greater amounts of moisture have higher dielec-
tric constants., Since capacitence increzses with the dielectric con-
stant, the capacitance between two plates of condenser heving a hygro-
scoplic material as & dielectric will increaese with an increase in the
moisture content of the material. Thus by messuring cepacitence, an
indirect measurement of moisture content is obtained, This has been
the operating principle of =z number of moisture meters.

Lempe (21) in 1929 used the dielectric method to determine the
moisture content of ceresls, fruits and vegetables. The results obtain-
ed veried less than 0.5% from those obtained by regular drying methods,

Balls (22) determined the moisture content of baled cotton by
measuring the capacitance between the nine iron hoops on the bzles.
Balls 21s0 epplied the dielectric method to the measurement of soil
moisture. In this work, he found thot the copecitance bridge method
he h2d used previously on cotton would not work well beceuse of the
Power loss in the soil when it was used as a dlelectric. 3By using a
Tesonance method he avoided this difficulty.

A number of dielectric-type molsture meters have been described by
Various authors since the early work of Lempe &nd Balls., The meters
descrited vary chiefly in the details of the capacitence measuring cir-
Uit and in the product to which the meter is applied, Variations in
the meter readings -due to rather small variations in sample density

have been of much concern to those developing dielectric-type meters.
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A patent by Stein (23), the originator of the well-kmown Steinlite
moisture tester for grain, has as its principsl feature 2 design for an
arrangement to let the sample fall into the test chamber in such a
manner thet e constant density is obtained. The sample is held by a
txrep door at a fixed height above the test chamber. The semple 1is
dropped en passe into the chamber instead of being poured in at a vary-
ing rate, Hartmenn (24) is the author of & British patent for a design
with essentielly the same purpose as the Stein patent.

Concerning the comparative accuracy of dielectric-type meters,
Zeleny (2) states the following:

fee—- it has never been demonstrated that the cepacitance-

type meters are capsble of greater over-all accuracy in
testing the normal run of commercial grain than are con-

. ductance meters, Capacitance meters should be particular-

ly useful, however, in testing freshly dried or tempered

grain, and grain of very high or low moisture content".

Zeleny further states that capacitance meters have been difficult
to keep in adjustment and that the results of cepacitance meters are
less consistent, particularly when the results of several meters are
Compared.

Hert (25) and Sherwood (26) have applied the dielectric method to
the determination of moisture in hay. Hart used a capacitance bridge
clrcuit operating at 1000 cycles per second to measure capacitance of
hay samples, A rigorous accuracy test was not made with this instrument;
h“""GVer. the accuracy was estimated at 5% moisture. Considerable drift
in the indicetion of the meter wes observed under certain conditions.

Sherwood used a capacitance substitution method to measure the

C8pacitence of hey samples with a resonant circuit., The standard error

of €8timate of this meter was 3,0 moisture percentage points when testing
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one pound semples of &lfalfr, He avolcec ercessive power loss in the
sample by insuleting the pletes of the test cepacitor with sheets of
plastic. Tuning the circuit for esch determiretlon is necessary with

this meter,

Gag Prespure Method. This method involves mixing the material to be
tested with a chemlcal which will react with the weter in the material
to produce a gas., The volume of the ges or 1ts pressure et constant
vo lume may be measured to determine the quantity of gas evolved and
to 1indicate indirectly the amount of moisture in the material.

The first reference to this method found in the literature was
made by Roberts and Frazer (27) in 1910, They used calcium carbide to
determine the moisture content of crude petroleum, The volume of the
acetylene produced was messured by a method of liquid displacement,
The equation for the resulting reaction is as follows:

CaCp + 2H,0 —> Ca(OH), + CoH, (acetylene)
About 580cc. CoHy (at 760mm, Eg end O C,) were obteined for every gram
of water in the sample.

A U.S, patent on a commercial device employing this method was
isesued to Stanworth (28) in 1932, This device is manufactured in
England and is now being sold in this country principally for use by
casting foundaries for testing the moisture content of sand. The appa-
TYatus consists principslly of a steel receptocle fitted with a Bourdon—
tube pressure ceuge and safety valve, a small scale for accurately
Weighing the test sample, and a quantity of resgent. This apparatus is
Tecommended fc;r use by farmers on hay and grein. An operating time of

three minutes is claimed for grain tests vhen the sample is ground.






Fukunaga (29) used a steel recept: cle and & steam gauge (0-30 psi
range) to employ this method to soil moisture determination., The re-
sults obtained were found to be reproducible with great accuracy.

Masson (30) used this method on severasl orgenic substances and
claims that there are no side reactions which would produce error. He
used benzene to dissolve such fatty substances as butter and cocoz.

He determined the yield of acetylene to be 10,5cc, of gas at 0 C, znd
760mm, of pressure for each 18mg. of wuter. The theoretical yield is
11,2cc. Masson used a mercury manometer to measure the gas pressure,

Perkins and Kipping (31) state that acetylene can be sponteneously
explosive above pressures of two atmospher;s and should not be stored
even at atmospheric pressures in metallic contalners, since explosive
metallic derivatives may be formed, It can be safely handled in solu-
tion with acetone,

Calcium hydride was proposed as a reagent in this method by
Rosenbaum and Welton (32) in 1930. The reaction is described by the
following equation:

CaHy + 2B,0 —Ca (OH), + 2B

An advantege over the use of caelcium carbide is cleimed, since twice the
Volume of hydrogen is produced as compared to the volume of acetylene
Produced in the carbide reaction, Rosenbaum end Walton (32) ;urther
state that hydrogen is not as soluble in other materials s aéetylene;
however, 1t cannot be used if calcium h&dride reacts with some material
other then water to produce hydrogen or some other gas, Notevarp (33)
also used calcium hydride to determine the moisture content of various

801ids and high-boiling liquids.






oL

Larson (3L) repnrted the use of Grigsnsrd recgent (methyl megnesium
jodide) to produce methsne es a moisture indicztor. He used this method
to determine moisture in mineral oil, Dietrich (35) reported the use
of the reaction of megnesium nitride with water to produce ezmronia for

the determination of water in alcohol.

Specific Gravity Method. A method for determining the moisture content
of send for concrete work was suggested by Weters (36). This method ‘de-
pends upon knowing the dry specific weight of the sand tested, which is
determined previously, A two-liter cylindrical container and scale are
used to take the data necessary to determine the moisture content. The
.wet sand sample 18 weighed and immersed in water inside the container.
The container is filled to overflowing with water and weighed. The
value of the totel weight of sand and water is referred to a table which
gives the moisture content for the corresponding dry specific gravity
of the sand.

Bauer (37) discussed this method further and related unpublished
work by the late Professor Dunagen of Iowa State College toward the de-
velopment of equipment for weighing samples in air and suspended in water,

Lee (38) used a specific gravity method to determine the maturity
of frozen vegetables, namely corn and pess. The method involved weigh-
ing in 2ir ¢n¢ then in ¢ solution of xylene :né cerbone tetrochloride of
specific grevity 1.000, A week brine solution was also used. The spe-
cific gravity of the sample is determined by the following relation:

Specific Gravity  Weight in eir x Specific grevity of liquid
h Wieicht in oir - Weight in liquid

Batson (39) used a specific gravity method in the determinztion of



moisture in sweet potato starch., The density of the dry matter was de-
termined. Moisture content was besed upon the difference in weight be-
tween five hundred ml, of water and five hundred ml, of an aqueous solu-
tion of one hundred g. of starch and water. Conversion tables were pre-
pared. By weighing to 0.0lg. accuracy, a moisture determination could
be made to an accuracy of 0,7% moisture., The method is reported to be
applicable to materials insoluble in water, wettable by water, and mark-
edly denser then water when in the dry state. Materials tested should
also preferrably be of a non-swelling or an non-hydrating nature, homo-

geneous or of constant density, and non-colleidal.

Brerometric Methods. When grain or any other hygroscopic substance is
placed in a closed container, the interstitisl eir becomes stabiliced
at & relative humidity dependent upon the moisture content of the grain,
This is due to the equalization of the partial pressure of the weter
vepor in the air with that of the grain or other materisl,

Thus ¢ measurement of the relative humidity of the interstitizl zir
in equilibrium with a mcterial mey be used as a indicetion of moisture
content of the meterial, The relation between the equilibrium relative
humidity and moisture content is different for each product and has also
been found to be somewhat dependent upon the history of the particular
sample,

Although the hygrometric method mey not be considered e highly
eccurate method of moisture content determination under field conditionms,
the messurements of relative humidity are actually better indices of
storage quality than are moisture measurements, This is due to the

fact thet the growth of molds and other microorgenisms which ceusc
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grain spoilage is dependent largely upon the relative humidity, Milner

and Geddes (40) have shown that rapid mold growth occurs at ordinary
temperatures in grain when the rclative humidity of the interstitial

alr is greater than 75%. Below 75% relative humidity, =mold grewih is
greatly retarded.

The variations in the method of application are about &s numerous
as the methods of indicating relative humidity. There have been articles
published and patents issued on the application of almost all known |
methods of humidity measurement to the indic: tion of moisture in many
different nateriels.

Dexter (41) has developed a'simple method for use on grains which
is based on wet-duld and d:-y-;bulb temperature reedings of the air and
graln inside a closed container. The wet bulb is wetted -with a saturated
solution of a metallic salt which maintains about the same equilibrium
relative humidity =8 the grain tested, thereby reducing the wet-bulb cde-
Pression and time to reach a stabilized temnerature reading. Agitation
i1s also used to decrease the time to come to equilibrium and to produce
alr movement around the wet bulb to aid vapor transfer. The experimental
&pparatus consists of two thermometers mounted in a rubber stopper, salts,
and & container such as : milk bottle wrapped for insulation. Agitation.
is provided by sheking.

Gause et al. (ué) developed a device which withdrew air from the
ceénter of bales of cotton a.ndl passed 1t over wet and dry-bulb thermoneters
for humidity measurement. In terms of moisture content, the stendard
CeViation of the device was 1.45% moisture. The time required to run a

Semple was two to three minutes. Bells (43) employed similar methods on
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baled cotton, but he indiceted a standard error of 2.5% moisture. He
zttributed this high error to hysteresis effects caused by variatlons
in the history of the samples with respect to past wettings from rain.

Ives (44) developed a simple device which indicztes the cew-point
temperature of the alr inside a2 closed container containing the sample.
The dew-point temperature is determined by observing the temperature
ot which & polished metal surface collects dew inside the container.

The metal sur<sce 1s the outside of 2 small tube which contains and is
cooled by an evaporating liguid of low vepor pressure such as acetone.
The rate of evaporation is increased by blowlng air through the acetone.
The dew-point temperature is sssumed to be the temperature of the acetone
28 deternined by a thermometer. Another thermometer determines the dry-
bulb temperature, The relative humidity is determined in the usual
manner from the dry bulb and dew-point temperatures.

Dexter (45) developed = very simple hygrometric method of deter-
mining whether hay or grain crops will keep in storoge. A salt which
when saturated with water has an equilibrium humidity of about 75% 1is
mixed with the sample 1n.a closed container. If the semple is too wet
to keep ( hes e2n equilibrium humidity zbove 75%) the salt crystals will
lump togetner because they are saturated. If the sample is dry enouch
to store, the salt will not luwp.

The property of certain salts to chznge color when exposed to v:ir-
lous relative huwsidities hos been used es en indicetion of noisture con-
tent, Rother and Grau (46) were issued o British petent in 1926 for the
@Pplication of this method to wood, -textiles, =nd other substances,

Todd ana Gauger (L47) describe the anplicetion of verious cobalt s:lts to
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this method. Severe color shifts with temperature were noted.

Dexter (48) used a mixture of ferric ammonium sulplcte znd potassium
ferrocycnide in a cerrier of sodium chloride as ¢ crlorimetric humidity
indicator. In the dry state this mixture is blue, but in the presence
of water, ferric thiocyanate which is red is formed. The use of this
type of indicator eliminates the serious temperature effects encountered
with the cobalt salts., The indicator is appliceble in the range of &-
12% for wheat and the accurccy of observation is approximately 1% mod.s-
ture.

Miloslevskii's and Pelant's (49) attempts to epply the hygrometric
method of moisture measurement to tobacco were unsuccessful, They
attridbuted the fallure of the method to the fact that tobacco is neither

chemically or biologically definite,

Thermal Copnductivitv. Most organic materials when dry are relatively

Poor conductors of heat, but as the moisture'content of such materials
is increased, their thermal conductivity likewise increases. Powley
and Algren (50) found that the thermal conductivity of wood varies es-
Sentially in 2 linear fashion with moisture content., They also found
that thermel conductivity varies linearly with density.

Shew and Baver (51) designed & soil moisture meter based on a in-
direct messurement of thermal conductivity of the soil. A Wheatstone
bridlge circuit was used to compere the electrical conductivity of two
Tesigtors having o high coefficient of thermal resistivity. One resis-
tor ywas Placed in the sample of unknown moisture content and the other
Yas pleced in a dry sample of the same soil, Sufficient current was

Passed through the resistors to cause significant temperature rise.
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The temperature of the resistors =t ¢ given time ofter the curreat start-
ed to flow is & function of the ability of the resistors to cdissipate
heat, which is determined lergely by the thermal conductivity of the
naterials surrounding them., The resistor in the dry soil will have a
higher temperzture than the resistor in the wet soil because the thermal
conductivity of dry soil is less, The temperatures of the two resistors
are compared by comparing thelr electrical conductivity with the bridge
circuit,

Thé meter developed by Shaw and Baver gave & fairly relieble in-
dicetion of moisture content; however, from 30 minutes to 2 hours were
required for it to yleld a stabilized reasding. By tekling a reading at
a pre-determined time after the current flow through the resistors wes
started, an indication of molsture content was obtained from previous
calidbration for that period of time. 3By this procedure, a rezding could
be obtained in 10 to 15 minutes,

One of the greatest probable sources of error in this method is
caused by the fact that when the temperature of the material is increased
next to the resistor in the wet sample, the partial pressure of the water
Yapor st this point will be increased and woter vapor will be trensferred
tway from the resistor to the colder parts of the sample. This means that
the moisture content of the sample changes at the point of measurement,
Thig effect can be reduced by limiting the temperature of the resistors
and the time of heating.

. The principal advantage of the thermel conductivity method is that

1t 14 not affected by the salt content of the materiel tested.
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Mechsnical Method. Mecheniczl meons of determining moisture content
have not received a great amount of research in a formal way; however,
these means are probably the oldest method mon has used to estimgte
moisture, particularly with rezard to ferm forage and grain crops. The
bite test on grain and the twist or thumbnall test on hay are methods
which depend upon the mechanical properties of the product tested.

Nichols (52) patented a mechanicel device for determining the
moisture content of raisins and such materiels., His epparatus consisted
of & cylindér in which the sample was compressed by a known weight.

The percentage of compression was determined by &z suitable mechanical
linkage which was calibrated to indicate the moisture content of the
product,

‘-'Browh et al. were granted a British patent for a device which in-
dicated the moisture content of webs of paper or cloth., This device
f;ransmitted sound weves on one side of the web and received them on the
other. The exact varisble measured was not indicated in the literature

aveailable,

Wﬂmb In recent years there have been two methods proposed
which detect the presence of hydrogen nuclei in material as an index of
moisture content, the neutren scattering method and the nuclear resonance
absorption method.

Belcher gt al. (54) measured the moisture content of soil by a
Deutron scattering method., Fast neutrons emitted from a radium-beryllium
°r & polonium-beryllium source are allowed to pass into the soil to be
tested, In passing through the material, the neutrons collide with the

2tomic nuclel of the material. In these collisions, they lose some of
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their energy :nd are scctierec im 211 cdirectiouns. When a neutron col-

lides witl: ¢ heavy neuclei such ¢s thet of silicon, much less kinetic
energy is tronsfersed from the neviren then if it kits 2 1i-ht miclel
such ¢s that of hydrogen. (Anczlogy: A tilliard bell hitting znother
t11lierd bcl) heac-on loses all of its kinetic energy. If it hits e
heavier object such as o bowling tall, it loses little ‘of its kinetic
enerey). '

Thus if more hydrogen nuclei are »resent in the material, a greater
nunter of slow neutrons will be sczttered back to the vicinity of the
source. By loceting a radiction counter sensitive to slow neutrons
neer the source, a cowt of slow neutrons may be obtained which is a
function of moisture content. The counting rote of slow neutrons wss
found by Belcher to be essentially in direct proportion to the moisture

content, The accuracy of the method when used on soils Jn gitu wes

estimeted at 1% noisture.
Non-homogeneities such as rocks in the soil, salt content.. or the
humus content of orgenic soils did not greetly effect moisture readings
by this method, The rzdiation .hazerds involved in using this method
are recognized by tre suthors. A source of zbout & millicuries activity

18 wused in this work.

Since the cost of thre arperetus is quite high and the equipment
ratrer complex, this method does not show great promise as a field
Rhethog for use by farmers. A high-cuclity radiztion counter, including
& Geiger-Muller tube, counting circul:, and sceling circuit, os well es

¢ Tather expensive raliccctive source ere reguired.

Shew anc Elsken (£5) showed ¢ lineer relstion between the moisture



content of several vegetable materials, vlz. zpnle, potzto, end meple
wood, and measurements of the nucleer nognetic resonznce absorption of
tke hydrogen nuclei. The sanple weas placed in a unidirectionsl field

of 3500 geuss and also in a second field of constant radio frequency.
With 2 fevorable relationship between the strength of the unidirectionsl
field end the frequency of the recio-frecuency field, the hydrogen nuclei
cbsort energy from the radio-frecuency field at & meximum rete; i.e.,
resonance occurs, The greater the number of hydrogen nuclei present,
the greater 1s the zbsorption of energy from the field, as indicated bty
en increased current flow throughk the rcdio-frequency coil procducing thre
field, Shsw used a third 60-cycle field to sweep the etfective value of
the unidirectionsl field through the resonance value e¢nd to fecilitate
the incdication of the magnitude of the peak of the redio-frecuency cur-
rent on an oscilloscope.

A sample 0,.3cm. by 5cm, long wzs used in the tests by Show an
Flsken. The sccurscy of the method as e means of moisture determiration
vas found to be 1% moisture. Correction for shrinxage of the scmple
was necessery when a series of tests were conducted on & single sample

vhich was allowed to dry between reacings,
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THE PHYSICAL NATURE OF FORAGE AND GRAIN CROPS

WHICH AFFECTS MOISTURE DETERMINATION

Forages

The greatest problem in the determination of the moisture content
of hay curing in the field is that of the non-uniformity of its mois-
ture content., Obtalning representative samples for molsture testing is
very difficult, The moisture content of all the hay of a given variety
in a field is essentially the same at the time of cutting. However,
the rate of drying after cutting is dependent upon a number of factors
and differs at various points in the hay mass, Some factors which
affect the drying rate of cut hay plants are:

1. The parts of individual plant involved,

2. The relative opening of the stomates or pores in

the leaves,

3. The atmospheric conditione to which the cut plants

are exposed,

4, The species of hay.

5. The rankness of growth.

6. Topography of the field,

The rate of drying of cut plants takes place mostly through trans-
Piration, a natural process which continues after cutting., The rate of
tl'&nlpirati.on of moisture from the leaves is much greater than from the
Stems, In fact, it has been shown that the leaves aid in the drying of

the stems by transpiring not only the moisture which is contained in



the leaves when the plant was cut, but also part of the moisture of the
stems (1). As the leaves become drier, moisture moves into the leaves
from the stems by cohesive and capillary action, Transpiration from
the leaves is greater because of the greater surface area expo;ed and
the greater moisture permeability of the leaf surfaces.

The rate of transpiration from the leaves 1s to a great extent de-
pendent upon the degree of contraction of tﬁe stomates, the very numer-
ous small openings in the leaf surface through which most transpiration
occurs, The stomates of uncut plants have been found to open and close
periodically throughout the day. The opening of the stomates does not
remain fixed after cutting. They close at a rate dependent upon the
atmospheric conditions to which the cut plant is exposed. Jones and
Palmer (1) found that the stomates of cut hay curing in the windrow
stayed open longer than the stomates of hay in the swath, They also
found that hay raked into a windrow two hours after cutting was drier
at the end of the day than hay left in the mower swath,

Yor any given opening of the stomates, the rate of transpiration
from curing hay is also dependent upon the partial pressure of the
water vapor in the atmosphere. Periods of highly humid weather result
in reduced rates of transpiration, since the atmospheric water vapor
Pressure is more nearly at equilibrium with the pressure of water vapor
inside the plant,

From the standpoint of hay quality, windrowing soon after cutting
18 desirable. When hay is windrowed, the conditions to which individual

Plants are subjected are highly variable., These conditions range from

extensive exposure to sunlight and wind at the top of the windrow to



rather close confinement at the bottom of the windrow. For this reason,
hay at the top of the windrow dries much faster than hay at the bottom.
The sbecies of hay also affects the drying rate to some extent.

In hay mixtures, this factor contributes consideradly to the non-uni-
formity of moisture content. For example, in alfalfa-bromes rsss ai:-
tures, ihe alfalfa usually dries at a slower rate than the bromei;r:e:,
due to the slow drying réte of the alfalfa stems, However, in gresses
having very heavy stems, such as a rank growths of Johnson grass, the
drying rate ia_ﬁuch lower than in alfalfa (1). Rankness of growth is
in turn affected by soil conditions which may vary widely in a given
field and result in non-uniformity in the moisture contept of the hay

wvhen curing.

Grains

Considerable non-uniformity of moisture content exists in grain,
particularly in that which has been recently harvested, However, it
is much more uniform in moisture content than hay and is therefore
easier to test for moisture,

Soil conditions may affect the rate of maturing of grains, Since
80il conditions frequently vary throughout a given field, the maturity
and the moisture content of the grain may likewise vary,

Non—ﬁnlformity of moisture content within the individual k;rnela
of grain also exists ecnd affects the resding of some tynes of moisture
meters, The moisture content is normally unevenly distributed within

the grain kernel, the germ having the highest moisture contgnt. Mois-

ture may also be abnormally distributed in grain which has been recently
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subjected to drying by rapid artificial means, In this case, the outer
surfaces may be abnormally dry, while the inner parts are still rela-
tively wet. Non-uniformity of moisture content 1s usually more pro-
nounced in the larger grains such as corn than in the smaller grains
such as wheat, since the smaller grains equalize in moisture content

more rapidly.

Properties of Forages and Grains
Which Vary with Moisture Content

Moisture content affects nearly all of the physical properties of
forages and grains or any other hygroscopic material., Among the phys-
ical properties which are affected by moisture content are:

l. Electrical resistance or conductivity

2. Dielectric properties

3. Equilibrium relative humidity of the air in a closed

vessel containing the material. |

L4, Mechanical strength

5. Thermal conductivity

6. Specific gravity

Each of the above factors have been used as bases for rapid indirect
methods for determining the moisture content of some materials, The
Principal source of error in all of these methods lles in the fact that
there are other factors besides moisture content which also affect the

Physical properties listed. For example, temperature as well as mois-

ture content affects most of the physical properties of materials,
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The rather non-exclusive effects which variations in moisture con-
tent have upon the properties of materials and the great non-uni formity
of moisture content in forages and grains makes the problem of develop-

ing simple, rapid methods of molsture determination a challenging one.

Literature Cited

(1) Jones, T. N, and Palmer, L. 0., "Field Curing of Hay as Influenced
by Plant Physiological Reactions", Part I, Agr, Eng., v 13, pp.
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PRINCIPAL DESIGN REQUIREMENTS OF FARM MOISTURE METERS

Accuracy

High accuracy is one of the most obviously desirable attributes of

a successful farm moisture meter or any measuring device. The accuracy

required in farm applications seems quite variable with the crop tested,
the range of moisture content, and the purpose for which the test 1is

made,

It should be generally assumed that a moisture meter developed for

farm use would not be used in buying and selling grain on a moisture

content basis., Therefore, the accuracy required of a moisture meter in

a given situation depends mainly upon the tolerances of the specified
safe storage moisture contents for the products involved. No such
tolerances have been found set forth in the literature available; there-
fore, no very sound dbasis can be given for estimates of the required

accuracy of moisture meters, A maximum error of one moisture percentage

roint seems allowable for testing grain and field cured hay to determine
its storage quality.

Hay which is to be partially mow-cured need not be moisture tested
80 accurately, since observations of the hay temperature are probadly
the most practical way of determining when the drying fan may be shut
off, JFor testing hay to determine when to place it in the mow for mow
curing, an error of moisture determination of three moisture percentage
Points ghould be allowable., For testing hay for silage or for deter-

“1“111@ when to start raking high moisture hay, an error of five moisture
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percentage points should be allowable,

The sbove estimates of the allowable error in determining the
moisture content of farm products are intended to include the sampling
error. An exact indication of the moisture content of one sample does
not necessarily tell the farmer the molsture content of the whole field

of hay or the whole lot of grain,

Rapidity

Since the moisture content of agficultural products is so non-uni-
form, a farﬁ moisture meter should be rapid enough to take a large
number of samples within the length of time which a farmer would want to
spend onbmoisture determination, This is particularly true of hay where
non-uniformity of the moisture content is the greatest., It is doudtful
that many farmers would be willing to spend longer than fifteen minutes
in determining the moisture content of a field of hay; therefore, no
more than one to two minutes should be required to determine the mois-

ture content of one sample.

Simplicity of Operation

The ideal farm moisture meter might be described as a device which
reads directly the average moisture content of any amount and any type
of farm product when a probe is placed in the product, It is very
doubtful that this ideal device will be realized for some time; however,
there are number of features which may be incorporated in a farm mois-
ture meter to keep its operation as simple as possibdle.

The use of loose conversion charts in the field is undesirable.

wh‘never'possible, moisture measuring equipment should be calibrated
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directly in moisture content. In order to allow for different cali-
brations for different products, a removable scalz f:.: made of & trens-
parent material could be used for each product for which the meter is
calibrated. Tuning or frequent standardization of electric meters is
objectionable. The necessity for these operatione should be avoided in
the design of electric meters,

Weighing samples, although not impoesible, is not a very desirable
operation to be performed in the field., Arithmetic computation should
not be necessary to dotermine the m&lsture content from the indication

of the equipment.

Cest

The most efficicnf of moisture meters will contribute 1ittle te the
solution of the prodlem if the farmer does not buy 1t because it costs
too much. |

It 18 very difficult to say what the typical farmer can afford to
pay for a moisture meter and it is even more difficult to say what he
actually will pay for one. One might consider what he can afford to
ray for a moisture meter in the 1light of the cash value of the crops he
would test with it each year, In such a conaiderétion, the cost of the
meter might be considered as insurance against spoilage of grain, In
this light, a cost of a few hundfed dollars might not seem uﬁreasonable
for a large farm operation.

From & more realistic viewpoint, one observes whet & fermer will
ray for a moisture meter> It is doubtful that a moisture meter costing
the farmer more than fifty dollars would find wide acceptance in the

Dear future, However, one small manufacturer is selling his output of



electric farm moisture meters which have a retall cost of $135.00.
Since the number of these meters in use 18 less than 500, the success

of this manufacturer does not hecesaarily indicate the present farm
market for moisture meters, However, the success of this manufacturer
does give an indication of the future market for such equipment, For
this reason, it does not seem desirabdle to limit the work of this study
to methods which would sell for less than fifty dollars.

In evaluating a method of moisture determination from the stand-
point of cost, one should consider that most items of small equipment

such as moisture meters have a retall price of about four times the

cost of labor and materials in manufacturing them,

Versatility

A farm moisture meter should be applicable to most fai'm uses with
& minimum of necessary changes in the apparatus, HNot only should it
be applicable to the principal forage and hay crops, but it should also
be capable of testing each c'rop in the ranges of moisture content which
are of interest in the various harvesting and curing procedures, A
Successful moisture meter should be.capable of determining the storage
Quality of grain which haes been recently dried as well as grain which
has been recently harvested. A moisture meter should also be capadle of
giving a satisfactory test on forage crops of widely different moisture
°°nt°nts, from forage for silage at 60 to 75% moisture to hay for un-

ventilated storage at less than 25§ molsture content.
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INVESTIGATION OF EXHAUST OVEN METHODS

A new type of exhaust oven was developed which is capable of rapidly
drying forage and grain samples without-detrimental burning and without
special attention from the operator. The exhaust oven method was tested
in the field and in the laboratory to determine the following operating
characteristics:

1, Time to dry samples of various crops

2, Drying temperatures at various tractor speeds and

exhaust temperatures

3. Dry matter loss of the sample

L, Collection of products of combustion by the sample

5. Drying effectiveness

6. Effect of scale accuracy

Principle of Operation of the Exhaust Oven

The first use of an engine exhaust for drying moisture determination
samples was reported by Dexter (1). His oven, for which a patent was
granted (2), consists of an open-ended cylinder which contains the
Sample as the exhaust gases are passed directly through it.

The procedure outlined by Dexter includes selecting a representative
'“plﬁ. welghing it in the cylinder on a platform-type spring scale,
"taching the oven to the exhaust pipe, and heating the sample until a
Constant weight is attained. The initial and final net sample weights

ar
® Umed to colculete the moisture content.
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The sample temperature is measured by a thermometer and controlled
at about 140°C by adjusting the engine speed., To prevent burning during
the heating process, the sample is turned end-for-end once per minute,
§ix minutes were required to dry a sample of mixed grass of 15,5 mois-
ture content and ten minutes were required to dry a sample at 35% mois-
ture content. Ten minutes were required to dry a sample of oats of 27.3%
moisture content,

Dexter published a diagram for the construction of the exhaust oven
by farmers, The oven was later manufactured and marketed commercially,

A similar design for an exhaust oven for home construction was
reported by Hore and Ayers (3). They also developed plans for the home
construction of a balance for use with this method,

Tests of the Dexter exhaust oven showed that a successful moisture
determination can be made with this oven; however, a consideradle amount
of attention from the operator is required to prevent burning of the
sample, especially when testing forages. Reversing the position of
forage samples in the oven must be done frequently and attention must
be given to the engine throttle setting in order to control the oven
temperature as indicated by a thermometer, These general observations
of the Dexter oven were confirmed by conferences with users of the device.

Simplification of the procedure used with the exhaust oven method
Seemeq possible 1f a means could be found to reduce the temperature of
the gagq passing through sample and, at least to some extent, to make
the temperature less dependent upon the throttle setting., The diagranm
of ’1su.re 1 shows a new type of exhaust oven developed under this pro-

Ject, An injector pump assembly (commonly called a "jet" pump) is
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located between the engine exhaust and the sample container, which is
similar to that used by the Dexter oven. The engine exhaust gas is
directed into the nozzle of the injector pump where its velocity is
increased by a reduction in the cross-sectional area of the peassage..
The high-velocity Jjet of exhaust gases thusly directed into the throat
of the pump induces a flow of ambient air which is mixed with the ex-
haust gas and passed through the sample contalner. As a result, the
mixture flowing through the sample is lower in temperature and flows at
a higher rate than if the exhaust gas alone were passed through the
saasple, Both of these characteristics are desirabdle for obteining rapid
drying of the sample without dburning.

Kravath (4) described applications of venturi ejectors where air
under pressure is used as the primary fluid passing through the jet and
the secondary fluid, the fluid to be transported, is also air or pre-
dominantly so. He presented experimental and theoretical analyses of a
low pressure air ejector of the type which might be used to withdraw
large volumes of air containing corrosive or'errosivc materials from
factory space., This type of ejector is driven by outdoor air from a
centrifugal fan, Since the ejector described by Kravath operates princi-
pally on gir at low pressures, the analyses presented is partially appli-
cable to the design of an injector-type exhaust oven. Further analyses
and design data are presented by Keenan (5) and Kastner (6) for\air

eJectors with driving pressures from 20 psi. upward,
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Apparatus

Figure 2 shows the injector-type exhaust oven installed on a farm
tractor. The muffler of the tractor has been removed to make the sample
container more accessidble., Connection of the oven to the exhaust pipe
was accomplished in the test model by means of a tapered fitting. This
allows a degree of versatility in the application of the oven to various
tractors with different exhaust pipe diameters. The oven can be attache
ed to the tractor by placing the tapered fitting over the exhaust pipe
and pushing downward firmly with a twistiﬁg motion, This arrangement is
similar to that used on a commercial model of the Dexter exhaust oven,

Figure 3 is a ghotograph of the basic equipment necessary to deter-
mine the moisture content of hay and grain with the ejector-type exhaust
oven. Shown with the ejbctor assembly are a long sample container for
testing ha}, a short container for testing grain, and a Hanson dietetic
scale.

Wooden handles have been provided on the sample contalners to allow
handling them without the use of gloves. The sample container for hay
18 enclosed at either end with 8-mesh screen to confine the sample and
the sample container for grain 1s similarly enclosed with 16-mesh screen.
Both sample contalners are made from sheet aluminum in order to keep
their weight at a minimum and thereby maintain better weighing accuracy.

The Hanson dietetic scale was used in the field tests of this
apparatus, An O'haus labo?atory balance was used in some fleld tests
and in all laboratory tests to check the accuracy of the less costly
Hanson scale. The rated sensitivity of the Hanson dietetic scale is

1.0 gram., The rated sensitivity of the O'haus scale is 0.1 gram.
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Fig, ». The injector-type exhaust oven installed on a ferm tractor.

k‘ié. j. Left to right: The injector-type oven, the long sample contsiner
for hay, the short ssmple container for gruin, and the Henson
dietetic scale.
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Figure 4 shows the apparatus used in testing the performance of the

exhaust oven in the laboratory. Iron-constantan thermocouples were

used to measure temperatures at various points in the oven and sample

container, These thermocouples were connected to the potentimeter by

ae:ans of a manual selector switch., A tachometer was used to measure the

speed of the engines.

Test Procedure
The injector-type exhaust oven was tested by two general procedures:
by field tests where the operation of the method was observed under farm

conditions and by labvoratory tests where more complete instrumentation

could be employed.

Fleld Test Procedure: Tests of the exhaust oven applied to forage test-
ing were conducted using the following procedure:
1. Representativo samples were’ sel_ected' by meking up each sample

from several small "pinches" of foragé,gathered from several locations

which seemed representative of the field.
2. The empty container and 11d were placed on the scale and the
Scale was balanced or the rotating dial was set to zero when the Hanson

8cale was used, The sccles rcmcined so sdjusted un$il the conclusion

Oof the test.
3. The samples were folded and cut with a knife into two or three

lengtns to fit the length of the sample container.
4, 150 to 200 grams of the .sample were placed in the container

8nad weighed, The net weight of the sample was indicated directly by

pl&cing the container and sample on the scales,
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Fig. 1,

Apparatus for testing the performcuce of the exhaust oven in
the laboratory.
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In the field tests of the exhaust oven, nuaerous recordings of
heating time and oven temperature were also made. The oven was given
further field trials by Mr. Bruce Hopkins who used it throughout the

summer season of 1953 as a guide for his field operatiogs in forage

processing research,

Laboratory Test Procedure: Direct determination of the accurecy of

this method is difficult, particularly in the case of forages. One
cannot readily employ the usual methods of taking duplicate samples
for testing by standardized oven methods, since two samples of forage
taken simultaneously and adjacently in the field will vary considerably
in moisture content as shown in other work of this project. For this
reason, the.evaluation of the accuracy of this method was based upon
separzte determinations of the effects of various factors which could
conceivably dring about errors in the molsture determinations. These
factors are enumerated as follows:

1. Incomplete drying of the-sample

2. Loss of dry matter

3. Deposit of combustion products on the sample

4, Weighing inaccuracy

The extent to which the tractor exhaust oven is capable of drying
the Sample was determined by running standard laboratory oven tests on
Samp] eg previously heated by the exhaust oven. Any further loss in
VYelght in the sample during the laboratory oven test was assumed to be
T®81dual moisture content that the exhaust oven did not remove. Hay
S&mnples were heated at 220°F for 48 hours in a laboratory air oven.

G
Tain samples were heated at 220°F for 96 hours in an air oven., One
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series of hay samples was also heated in & vacuum oven for 24 hours at

212°F,

Dry matter loss could taken place through mechanical loss of leaves
or kernels and by decompolition due to high temperatures. Mechanical
losses can be directly observed and prevented by the proper selection of

screen in the sample chamber., Forages are generally considered to be
more subject to dry matter loss due to decomposition at high temperatures
than are grains, To evaluate the exte.nt of this loss, protein and sugar
analyses were made on a series of forage samples which had been dried in
the exhaust oven., Similar analyses were made on undried samples and

the results vere compared. Xurther qualitative evaluation of dry matter
loss was made during field and laboratory tests by observations of color
changes and other signs of burning the sample,

The weight of the deposit of combustion products on the sample in
the exhaust oven was determined by means of o simple tests.. One-hun-
dred grams of No. 00 steel wool was placed in the long sample container,
heated in the oven for three minutes and weighed. This period of heat-
ing was intended to drive off any moisture entrained in the steel wool.
The steel wool and sample container were then pleced in the oven and
velghed again at 5, 10, and 15 minutés later. An increzse in weight
Observed was assumed to be due to the products of combustion. To simi-
late an extreme condition such as a very smo)q" exhaust, the carburetor
Choke was engaged until the engine mis-fired badly and was visibly smok-
ing &t the exhaust. The steel wool was egain placed in the oven and
Teweighed after 10 and 20 minutes.

During a large number of the above laboratory tests, duplicate
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welght determinations were made, first with the Hanson dletetic scale
an¢ secondly with the Ohaus triple-beam laboratory balance. At approxi-
mately every tenth weight determination, the Hanson scale was standard-
jzed at a point within 50 grams of the weight to be measured. This was
done by means of stendard scale weights and was done in addition to the
initial zero adjustment of the scale. The corresponding weight deter-
minations made by the Hanson and Ohaus scales Qere then statistically
2nalyzed to determine the standard error of estimate of the Hanson

scale in comparison to the Ohaus scale.

Test Results

Field Tepts Application of the new exhaust oven in the field demon~
strated that moisture determinations could de made on forage in the
field with minimal attention required of the operater during the drying
process, It is possible for the operator to go about other chores such
as machinery lubrication while the sample is drying.

Irrors in determining the moisture content of a field of hay by
this method are most likely to occur from non-representative sampling.
There is a tendency for operators to select their sample from but one
or two locations and not to test enough samples. Inaccuracies in
weighing in the field can be caused by wind and poor adjustment and
failure to level the scale.

The aforementioned application of the oven by Mr, Hopkins for
guiding forage processing research required that the method be accurate

and repld enough to follow the drying progress of cut forage in the
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field. Moisture date from the oven metliou was used as & gulde for
raking end bzling operations, After baling, core samples of the hay
were taken ani tested in a laboratory oven, Agreement between the field
and laboratory determinations was generally satisfactory. Use of the

exhaust oven in future research on this project is anticipated.

Lovoratory Tests Results of some of the laboratory tests of the exhaust
oven are shown in Figures 5 to 8. In these curves, temperatures and
sample weights are plotted against time from the start of drying., The
roints at which the temperatures were taken are shown in the inserted
diagrem of Figure 5. The subscript designations of temperatures are
consistent through Figure 8. These tests were conducted using a Case
Model VAC tractor which has o rated engine speed of_1u25_r,p.m. and a
displacement of 231 cutic inches,

The data of Figure 5 was taken with the engine running at 750 r.p.m.,
a normal idling speed. The drying was considered complete at the end
of 9 minutes, The maximum semple temperature was 255 F, A temperature
difference (T1 - To) of approximately 350°F was observed between the
exhsust gas temperature T) and the temperature T, of the exhaust gas
end air entering the sample, This temperature difference is a measure
of the effectiveness of the injector in reducing the sample temperature
and increasing the air flow through the sample,

Figure 6 shows data taken with a sample similar to that of Figure
5. The tractor was run at 1250 r.p.m. or at sbout two-thirds of full
throttle. The drying time was reduced to five minutes., The sample
temperature did not exceed 310°F and the temperature difference (T, -

T)) was approximately 400°F,
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Pigure 5 EXHAUST OVEN PERFORMANCE
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The curves of Figure 7 and 8 were taken with an engine speed of
1000 r.p.m. Figure 7 shows that nine minutes were rgquired to dry a
sample of alfalfe at 70.5% moisture content. Figure 8 shows that seven
minutes were required to dry a sample of alfalfa~brome mixture at 28.7%
moisture content, Other tests indicated that the performance of the
oven was essentially the same with alfalfa as with alfalfa~brome mix-
tures,

Figure 9 and 10 represent operating date from grain tests made
with the exhaust §ven. The drying times for the larger grains such es
corn and beans are much longer than the drying times for the smaller
gralns such as oats and wheat. The air flow through the oven is great
enough at the higher engine speeds to cause partial suspension of the
sample in the air stream with good sgitation resulting.

Static pressures measured with a manometer ranged from 1.0 to 1.5
inches of water in the tractor exhaust pipe, dependiﬁg upon the speed
of the engine., Static pressures up to 0.5 inches of water were measured
et the inlet to the sample conteiner. These static pressures depend up-
on the engine speed and the size of the sample being tested.

The injector-type exhaust oven was tested also on a Farmall Super
C and John Deere Model 70 tractor. The performance on the Farmall was
essentielly the same as on the Case tractor used in previous tests;
however, operation of the oven was quite different on the John Deere
tractor. The exhaust temperatures (T}) measured on the John Deere were
never higher than 380°F at no-load conditions even at full throttle.

Further investigation revealed that the John Decre engines do not

fire regularly on both cylinders when operating at high speed with no
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load on the engine. This cen be demonstrated by removing one spark plug
cable end noting the chenge, or lack of it, in the speed and sound of
the engine. The low exhaust temperatures are epparently due to one
cylinder exhausting an unburned mixture. The latest John Deere tractors
are equipped with twin carburetors which, if properly adjusted, allow
both cylinders to firq evenly under no-load conditions. The unusually
low exhaust temperatures of the John Deere tractor resulted in léw
sample temperatures. Approximately twice the usual time wes reguired
to dry samples with the injector-type exhaust oven on the John Deere

tractor.

Residual Moisture Determinatione Samples dried in the above exhaust

oven tests were further tested by placing them in a laboratory air oven
at 220°F for & period of 48 .hours for hay end 96 hours for grain.
Further loss in weight was assumed to be equivalent to the moisture
which the exhaust oven failed to remove, although some dry matter was
probably lost in the laboratory oven, The residual moisture was express-
ed as a percentage of the original (wet) sample weight and calculated

as follows:

% Residual Moisture— Exhzust ov 0

Original 'sa;ple welight
Since percentage residual moisture and the wet basis moisture con-
tent are calculated on the same basis, the residual moisture content
may be considered as a correction factor for the moisture content and
added directly to 1it.
Residual moisture data for several tests of the exhaust oven on

hay and grains are shown in Table XII of the Avpendix. Table II summarizes
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this date and presents the arithmetic meen and the standard deviations
of the moisture residuals. The méisture residusl values for hay end
oats are for the most part negative; since a gzin in weight was experi-
enced during the laboretory oven tests., This occurance is not directly
explainable from the deta. A possible exmlanciion 1s that moisture wos
re-absorbed during the time elapsed between removal from the exhaust oven
and placement in the laboratory oven and the 220°F temperature of the
laboratory oven may not have removed this water. Two hay samples were
heated at 212°F for 24 hours in a vacuum oven after being heated in the
exhaust oven and laboratory eir oven. Less than 0.1% further weight loss
occurred.

TABLE I

SUMMAEY OF MOISTURE RESIDUAL DATA FCR EAY AND GRAIN

Crop Tested Averaée Residual Standard Deviation
Moisture Content of the Average Residusal
Moisture Content

Alfalfa & alfslfa-brome

Hay -1.36 1.04
Oats -0.10 0.09
Corn 1.30 0.30
Corn* 2.34 0.71
Wheat 1.12 A 0.92
Navy beans 0,96 0,05

*This series of samples waa'adjudged dry by the constent weight
indication of the Hanson spring scale, All other samples in
the table were adjudged dry by the Ohaus balance when two
readings constent within 0.5 gram were observed. :
Lerger positive moisture residusls were observed from all the
grain samples except oats., This is apparently due to differences in the
moisture permeability of the kernel material. An attempt was mede to

reduce the moisture residuals in grain samples by grinding or crushing
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the sample and heating it in a sample container made from fine screen.
The method was unsuccessful because screens which were fine enough to
stop the grain from blowing out were so fine they seriously reduced the

alr flow.

Dy Matter Loss

Qualitative observations of dry matter losses were made by examining
the samples tested for excessive darkening in color or other signs of
burning. The color photograph of Figure 11 shows a comparison in the
color of several samples of zlfalfa given various treatments., Sample
A 18 a sample‘of freshly cut, undried alfalfa. Sample B was from the
same lot of hay as Sample A, but was dried to a constant weight in the
injector-type exhaust oven, Sample C was fileld dried to approximately
40% moisture content, then dried to a constant weight in the exhaust
oven, Sample D was taken from the same lot as Sample C, but was left
in >the exhaust oven 15 minutes longer than necessary to obtain a con~
stant weight, Sample E 1s alfalfa heated in & laboratory air oven for
48 hours at 220°T,

Sample P is alfalfe heated 1B an exhaust oven with no injector for
inspiring smbient air,. The tractor ran at the same speed (1000 r.p.m.)
as for Samples B, C, & D, Sample F was not turned periodically as is
recommended in the use of 13/1113 type of oven., At the end of three min-
utes, the sample was not dry at the upper end but was burning so badly
at the lower end that the test was stopped. The value of the injector
is demonstrated by the obvious difference between the condition of

Sample ¥ and Samples B, C, and D; however, it should be emphasized that






Fig, 11, Samples of alfalfa hay: Sample A, freshly cut and undried; Sample
B, freshly cut and dried to a constant weight in the injector-type exhsust
oven; Sample C, field dried to 40% moisture content, dried to constant
weight in the injector-type exhaust oven; Sample D, same treatment as
Sample C with an additional 15 minutes in the exhaust oven; Sample E,
heated in & leboratory oven for 48 hours at 220 F. Sample F, heated for

3 minutes in an exhaust oven with no injector (Sample was not turned).

A B c

Fig. 12. A, undried grain; B, grain dried for 96 hours at 212 F in a
laboratory air oven; C, grain dried in an injector-type exhaust oven,
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Semple F could have been successfully dried if a lower engine speed had
been used and if the sample had been turned end-for-end periodically.

The color photograph of Figure 12 ellows color comparisons of un-
dried corn and wheat (Column A), corn and wheat dried in a laboratory
air oven (Column B), and corn and wheat dried in an injector-type ex-
haust oven (Column C). The samples dried in the exhaust oven were some-
what darker than those dried in the laboratory oven; however, the photo-
graph exaggerates the actual color difference.

A series of protein and sugar analyses of samples of alfalfa hay
were made for the purpose of comparing the effects of the exhaust and
laboratory ovens on these usually unstable dry matter constituents. The
results of these tests as determined by the Department of Agricul tural

Chemistry are .shown in Table IIT,

TABLE III
RESULTS OF PROTEIN AND SUGAR ANALYSES OF ALFALFA SAMPLES

Sample Where % Protein, % Total

Rumber dryed dry basis sugar, dry basis
1 Not dried* 20,16 8,32
2 xhaust oven 20,98 7,04
3 " " 21,24 6.2k
L " " 20,77 6.36
Average " " 21.00 £.35
] “Laboratory air oven 20,65 6.34
6 " " " 21.33 6.15
7 " L] ] 21.16
Average " " 21,05 J14

*All samples were dried in a vacuum oven just previous to the
protein and sugar determinations, Sample No. 1 was not heated
previous to the vacuum oven drying.



The protein content of the sam les aried in the exisust oven was

essentielly the same as that of the samples dried in the laboratory
over.. The average sugar content of the samples dried in the exhaust
oven wes a little higher then thet of the samples dried in the labora~
tory oven; however, statistical annlysis showed that this difference
was probably due to chance. All of the samples in this series of tests
vere re-dried in a vacuum oven in order that the protein and sugar

values could be expressed on a common oven-dry basis.

D c 8 !

One-hundred grams of steel wool failed to collect enmough combustion
products to cause a measuréble increase in weight during 15 minutes of
heating in the exhaust oven, The same steel wool was returned to the
oven and the carburetor choke engaged to cause the engine to smoke badly.
After 20 minutes under these conditions, the steel wool was blackened
with soot at the end nearest the engine, but its weight had increased
only 0.2 gram, The sensitivity of the scale used in the above tests was

0.1 gran.

Scale Studiegs One-hundred and fourteen weight determinations of grain
samples ranging in weight from 38 to 200 grams were made with the

Hanson Dietetic Scale and the Ohaus Triple-Beam Balance, Statistical
analysis of this data showed a standard erro? of estimate of 1.7 gram
for the Hanson scale, i.e., 68% of the weight determinations by the
Hanson scale could be expected to agree within 1,7 g. with determinations
of the same weights by the Ohaus balance, The Hanson scale tested was
not a new scale; 1t had been used for exhaust oven tests in the hay

field for five years and had not necessarily received special care in



hendling. The above weight determinations were made in the laboratory
and therefore are not subject to significant errors due to wind.

A scale for field use should be mounted inside an enclosed container
which would protect both the scale and the sample container from the
wind while weighing, Such a container could be made of sheet metal and
80 designed as to provide a convenient carrying case for the scale =s
well as the oven eznd sample container., The scale should be mounted on
a rubber pad or other resilient material to reduce shock damage while
carrying. A means for locking the scale platform in place while trans-
porting should be provided. |

If a spring scale such as the Hanson Dietetic Scale is used, a

simple standard weight should be employed for making periodic adjust-
-ments of the scale, The dial of the scale should be adjusted first to
a zero reading ‘with the empty scale container on the platform. Then
the test weight should be placed on the scale and the lever arm adjusted
for the correct scale reading. A test welght of 150 grams seems satis-
factory, since a great number of weight determinations are made near
this value in the applicztion of the exhaust oven, A clip should be
provided for securing the test weight to the carrying case when not in
use. !

Several factors should be considered in the selection of a scale
for use with the exhaust oven. Accurzcy under the preveiling conditions
is of prime importance. The effect of scale error upon the accuracy of
the moisture determination can be readily shown by the following deri-
vation of an expression for the error, E, of moisture determination due

to a secale error, S,
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The true wet-basis moisture content, M, of the sample is expressed
by the following:

M- L;—g x 100 (1)

vhere W represents the true original sampie weight and D represents the
true dry weight of the sample,

The actual determination of W may be in error on amount Sy, and the
determination of D may be in error on amount Sz Both Sy and Sy may
have both positive and negative values, Using the actual determinations
of W and D, the indicated moisture content is:

_ W+s) - (D+5y) 2 100
W + Sw (2)

a

The error in the moisture determinations, E, is:

E=M-Mo= M- (W-0D) -~ (8 - Sg)
W+ Sy (3)

If 53 and Sy are assumed to be equal in megnitude but opposite in sign,
Is] = |8 = [sq| (4)
and the error, E, can have two maximum values, E; and E5:

El:M-(W-D+2S

VTS )xlOO

(5)

= M- w-n-zs)
E, ( === 22z 100

(6)

The units for E in Formula (3) would be moisture percentage points (wet
basis) if M and Mo were cglculated on exactly the same basis, This is
not quite the case in Formula (3), since the basis for M is W and the
basis for Mo is W+ Sy. If Sy is small compared to W, the error in using

moisture percentage points as units for E is not great,

To show the effect of the original sample weight and the true
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moisture content on the error in moisture determination for a given
scale error, equations (5) and (6) should be expressed in terms of M,

W, and S, The true dry weight, D, may be expressed by transposing

equations (1):

= W (1 - M/100), then from equations (5) (7)
Bj=M -~ [W -~ W (1 - M/100) - 2§
v+ § x 100

=M~ W 2005 _ WM MS - WM - 2008
'TE W+ S

- 5(200 - M)

W+S (8)

A similar substitution of equation (7) into (6). ylelds the follow-

ing relation:

E, _ S (200 - M)
¥-s (9

Equations (8) is an expression for the maximum possible moisture
determination error when the error in determining the original sample
velght 18 positive and equal in magnitude to the error in determining
the dry weight, the latter error being negative. Similarly, equation
(92) 18 an expression for the maximum moisture determination error when
the error in determining the original sample weight is negative and

équal to the error in determining the dry semple weight, the latter

'O x being positive.

)

Inspection of equations (8) and (9) lead to a number of conclusions.

E2 1 ® always greater than B}, for a given moisture content and scale

e'ro x; 4,e.,, the maximum moisture determination error is always greater

Vhexn the error in determining the original sample weight is negative.
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For a given originsl sample weight and scale error, the maximum error

is linearly dependent upon the true moisture content of the sample and

is highest at the lower moisture contents. For a given scale error

and moisture content, the moisture determination error varies inversely
with the original sample weight, i.e., for a glven scale error, a lerger

sample weight produces less error in the moisture determination.

Teble IV presents calculated values of maximum errors in moisture

determination for a scale error of +1.0 gram with original sample weights

of 100 and 200 grams, Actual errors in determining W and D in a given

moisture determination are not neccessarily equal in magnitude and
opposite in sign; therefore, the values presented in Table IV are

higher than usually could be expected in practice.

Mo isture Content Calculator Means should be provided for determining

the percentage moisture content from the wet and dry sample weights

without arithmetic computation. This can be accomplished either by

using a specified sample weight with a specially calibrated scale or by

using a nomograph or alignment chart,
The former method requires thet the operator adjust the original

(vet) weight of the sample to a specified value indicated on the scale

dial, The scale is 8o calibrated as to indicate the moisture content

directly when the sample is re-weighed after drying. The principal

dis&dva.ntage in this procedure is the necessity for adjusting the sample

velgeht to a specified value. This is not difficult with grain, but is

©Ul t e tedious for forages. Special calibration of the scale would add

80m @what to the cost of the welghing device.



76

€66° st - Lt *68 506 00°002
Tt 1 680°1~ 688°88 680°16 00°001 06
€09° L6S* - L6E°6L 265°08 00°002
A CAR 881 1~ 884°84 ggt 18 | 00°00T 08
£59° 9 - LHE 69 490l | 00°002
€TE°tT 482°1- “ 489 °89 482° 14 00°00T 0l
H0L° L69° - i 962°65 269°09 | 00°002
qTh°T w 98€° 1~ i 985 °8S 9ge°19 ! 00°00T 09
T i 9Hl* - i 9ne 6n onLeos | 00°002
ST5°T ~ cgn 1~ . Genten Gen'1S ¢ 00°00T 05
708 _ 96L° - w 961°6€ 96.° ot 00°002
919°1 485 1~ | t19€ 8¢ #85°Th 00°00T ot
#s8° 9t - 9HT*62 9t8 0t 00°002
PAVAR i £€89°1- £€ge°ge £89°1€ 00°00T o€
H06° m 968° - 960°6 986°02 00°002
813°1 “ 2gl T~ 28181 2gl 12 00°00T 02
GG6° i SH6* - 540°6 Sh6°01 00°002
616°T 188° 1~ 180°8 188°11 00°00T 01
r83d g *s3d o ‘M % | TN gTH | swerp ‘quIten | ‘TM g H
oImi8ToN 9INI8 TOH ﬁuo»ﬂou E Lt C L Ardedy) OHE jJuequoy
N - n=%g W - R=1g 9IM38TON eINy8TOK TeutdTI0 8In38 T O
I0XIy 9TqQTI8s80d IOIXy ©1qTSsod Po3BOTDPUT PajeoTpUT 1030V o030V

SNOIZVNIWIEIZQ THAISIOW L0 XOVHNOOV FHI NO °*F 00°T J0 HOWMA ATVOS V J0 SIOTIIX WANIXVW

AT TTAVI



77

The application of a nomograph for the graphicel computation of
moisture content in the field can best be made in a form not requiring

the manipulation of charts or the recording of weight values. A mechanical

nomogreph for computing moisture content is shown in Figure 13. The

nomograph scales are placed on sheet metel, When the operator has

determined the wet weight of the sample, he sets this welght on the
left-hand scale of the nomograph by aligning the lower edge of the
steel slider with the indicated weight on the wet weight scale., By
setting the thumbscrew provided, this adjustment 18 held in place while

the sample 18 drying. When the dry weight has been determined, the

steel rule is positioned with its top edge over the dry weight on the
right-hand scale, The moisture content is read on the center scale.

The nomograph as shown in Figure 13 is set for a wet weight of 160 grams

and a dry welght of 80 grams. It correctly indicates a moisture content

of 50% wet basis,
This nomograph could be furnished to the farmer in paper form but

it would likely soon become worn or lost in field use. It can be more

Permanently duplicated on the door of the sheet metal carrying case for

the oven apparatus. The nomograph should be placed on the inside of

the door in order to prevent mechanical damage to it in transportation.

The nomograph shown in Figure 13 is designed to be most applicable

to the moisture testing of foreges, If it were applied to grain mois-

ture testing, particularly if the welghing were done to +0.1 gram accu-
TaCy s the readability of the nomogreph would not be great enough to pro-
duce accurate results, The readability can be increzsed by enlarging

the Nomograph; however, its size must be limited to the size of the



Fig. 13.

A mechanical nomograph for computing percentage wet basis
moisture content.
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carrying cese., Two nomographs could be made for two different ranges
of moisture content and both placed on the same sheet in two different
colors; however, there is more possibility of confusing the operator

thon if two separate nomographs were supplied.
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Conclusions

The injector tyne erhaust oven hzs been found to have the follow-

in fectures which meke it desirable for testing greins and forzges on

farms:

7

Simple and readily understandable operating procedures.
Relatively low apparatus cost.

Rapidity enough to follow the drying progress of products

in most farm processes.

Accuracy not affected by secondary factors such as ambient
temperature, humidity, sample species and variety, or ﬁneven
moisture distribution in the sample.

The operator need not tend the sample while it is drying and
the length of drying time beyond constant weight is not critical.
Applicebility over the full range of moisture contents measured
in farming eperations,

No significant dry matter losses were observed in the tests

of this oven.

The following are limiting features of this method of moisture

determination:

1.
several

not the

2

~e

The method is not rapid enough to encourage the testing of
samples; therefore, the accuracy is dependent upon whether or
samples tested represent the parent population,

Accuracy in testing a given sample is chiefly dependent upon

the accurucy of the two weighing operations required. Accurate weight

determinations must be made by unskilled operators under the adverse



conditions prevalent in the field.

3. Significant cuantities of resicuzl moisture content remein in
grain samples after testing in the exhaust oven, Correction must be
made for this residual moisture content.

The injector attaclment is a valuable asset for reducing the drying
temperatures and increasing the air flow in exhaust ovens used on most
farm trectors, This attachment may not be necessary or desirable on
those tractor engines operating at low exhaust temperatures under no-
loed conditions, such as the John Deere and most diesel tractors.

The design of the injector-type exhaust oven constructed in the
course of this project was formulated to demonstrate operating principles.
Thie design 18 not necessarily the most desirable from the standpoint of
alr injection efficiency, cost of fabricatibn. or convenience to the
operator., Future ovens should be so designed as to lower the level of
the sample container and, if possible, to remove the need for detaching
the muffler from the engine,

Spring-type platform scales are sufficiently accurate to be uaed
for testing forages if occasional checks are made with a test weight.

It 18 very doubtful that the use of this type of scale would yield
eccurate enough results in testing grains. In order to obtain an accu-
raecy of one moisture percentage point or better, a balance type of scale
is probably necessary.

Residual moisture in the grain samples seems to be reasonably con-
stant for any type of grain., Values for the aversge residuals listed
for the various grains in Table II could be rounded off and used as a

correction factor. These values could be added to the moisture percent-



zges cclculated from the original end finzl sample weights. For exanple,
if a velue of 2% moisture content were calculzted from the nomograih
for a sample of corn, the true moisture content would be 2L +1 =25%,

It should be noted that tie residual moisture correction is greater
when using a scale of one gram sensitivity than when using e scale of
0.1 grem sensitivity. This is due to the difference in the ability of
the two scales to indicate the true constant weights or the end point
of the heeting progress.

Where a scale of 0.1 grem sensitivity was used in the grain tests
covered by this report, the drying was stopped when two consecutive
readings were obtained whiéh w;re equal within 0.5 grem, If the drying
process hzsd been continued until two consecutfve readings were equsl
within 0.1 gram, the residusl moisture contents would have been much
lower, even negligidle; however, the heating times would- have been much
longer. The constant or dry weight of drying semples of grain exéqpt
oats is difficult to determine because of the reluctance of the grains
to give up the last quantities of moisture. Therefore, it seem desirable
to set a criterion for constant weight as two consecutive reedings equsl
within 0,5 grams or some such signifiéant value, since this condition is
rore quickly resched and more definitely recognizable then if constant
welghts within 0.1 grom were required. The use of correction factors
seems edviseble even though an operafor might at any one time dry a
sample completely. In this event, his error, amounting to the correction
factor, would cause & moisture reading too high which is a "scfe fallure",
i.e., he would not store his grain too wet.

Tests have shown that the venturi injector attachment is not
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necessary or desirable for use on the John Deere tractor on which the
exhaust oven was tested.-since this tractor hes unusually low exhaust
temperatures, Deisel engines 2lso have low exhaust temperatures., A
conmercial design of this exhaust oven might well include a simple
shut-off demper for reducing or stopping the flow of secondary air when
the oven is used on tractors with low exhaust temperatures, The oper-
ator could readlly ascertain thet his tractor opersted at low exhaust
temperatures if unusually long periods of time were required to dry the

semples,
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INVESTIGATIONS OF THE ILECTRICAL RESISTANCE METHOD FCR HAY AND GRAIN

The electrical resistance method was selected for extensive investi-
cation because it offers great possibilities of fulfilling most of the
major design requirements for a farm moisture tester. The resistance
method is very rapid, so that the testing of a great number of samples
nay be accomplished in a recsonsble length of time. The method is ver-
satile enough to be made applicable to all farm crops with only minor
changes in the apparatus necessary. The operation of a resistance-type
meter can be mede simple in that 1t gives a direct indicatlion of moisture
content on a meter face, require no tuning of =2 resonant circuit, and
need be adjusted for standardization only ‘occasionally. The cost of re-
sistance-type meters should be zcceptable to the farmer, particularly if
there is sufficient demand for such equipment to encourage mass produc-
tion methods of manufacture.

The prime objective of the investigzations of the resistance methods
vas to evaluate the various factors affecting the accuracy of moisture

detexminations of farm crops based on electrical resistance messurements.

Investigation of the Resistance Method for Hoy

Resistance Measurements of Hay
Laboratory tests were conducted to evaluate the effects of the
following factors en the resistance measurement of hay:
1. Electrode pressure

2. Electrede design
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3., Sample size

L, MNeasurement freguency

M; Both a-c and d-c resistance measurements were made. Most of
the d-c resistance measurements were made with a Tag-Heppenstall Model
8003-T4 resistance meter, the meter section of the Teg-Heppenstall mois-
ture meter for grain. This instrument is a series ohmmeter, but it is
not calibrated directly in resistance units. Therefore, it was necessary
toAcalibrate it in the laboratory with standard resistors., This meter
has eight renges covering a span from 1000 ohms to 100 megohms.,

D-c resistance measurements were also made with the Delmhorst Model
F hay moisture meter and the Model 11E probe shown in Figure 14, This
instrument was calibrated directly in hay moisture content as measured
with the probe provided. The probe has one cylindrical electrode surface
0.5 by 0.3 inch in diameter and another pointed cylindricel electrode
surface which is 0.6 by 0.3 inch in diemeter. The two cylindrical elec~
trode surfaces are mounted on a common exis and spaced 0.5 inch apart.
The Delmhorst meter uses a d-c amplifier circuit to measure electrical .

resistance.

\
.

A~c resistance meé.surements were made with a 60-cycle impedance
bridge manufactured by Clough-Brengle, Inc. (Model No. 2304). This
instrument was calibrated in ohms but was rechecked with standard non-
inductive resistors.

The small hydraulic press shown in Figure 15 was used to apply pres-
Sure to the hay sample contained in a 4-inch by 4-inch plestic box. A
weighed sample was placed in the box between two steel plates for measure-

ments involving plate-type electroces. For measurements with probe-type



86

Fig. 14, The Delmhorst Model F hay moisture meter and the Model 11E
probe.

Fig. 15, The hydraulic press u';d to apply pressure to hay samples
contained in a 4" x 4" plastic box for resistance
measurements.



electrodes, the faces of the steel plates were covered by a 1l/4-inch
sheet ofac:ylic plastic and the probe was either inserted in the sample
as 1t was installed or inserted into the semple through one of the slots
in the sides of the plastic box.

The results shown in Figure 16 include resistance measurements taken
between electrodes of both fixed and variable spacing. Samples B,D,F,G,
and H were tested between two 4—-inch by U4-inch plates which form the top
end bottom of the lucite test chamber. The spacing between these elec-
trodes decreases as the pressure apnlied to them increases and the sample
compresses, Sample A was tested with the Delmhorst probe., Sample C
was tested with a flat probe with fixed spacing. This probe consisted
of two one-inch by one-inch flat pieces of steel mounted in the same plane
a distance of one-half inch apart. Sample E was tested with pin-type
electrodes of fixed spacing which are shown in Figure 17. The pins are
made of 1/8 inch brass rod. The three longer electrodes (1 1/8-inch
long) were connected to one terminal of the resistance measuring circuit
and the three short electrodes (3/4-inch long) were connected to the other
terminal., This electrode set is similar to that used in an experimental

device to be discussed in a later chapter.

Elnﬁﬂdnzgz Weighed samples of hay were placed in the test cell and pres-
8ure was applicd with the calibrated hydraulic press. Readings of applied
Pressure, sample thickness, anﬁ electrical resistance were taken as the
applied pressure was increased by increments. The pressure was maintained
constant for one mimite at each pressure level and the change in resis-
tance with time observed with the Teg-Heppenstall meter (the other meters

Were not of sufficlent sensitivity to indicate the resistance changes



88

Fig. 16, Resistance-pressure charccteristics of severzl
semples of alfalfe hry.
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Fig. 17,

Pin-tyve electrodes used in Test E for
resistance meesurements in hey.

89



that occurred). After the pressure was increased to a merimum value,

it wa.s relezsed by increments and observations were made.

Resswal tg: A summary of the observations of resistance and pressure are
shown 1in Figure lc. D-c resistance is plotted in a logarithmic scale
because moisture content varies logarithmically with resistance. There-
fore, the resulting curves give an indicetion of the decrease in the

mo A s ture content rezding of a resistance-type meter with an increase in
the Pprxessure applied to the electrodes.

All of the curves of Figure 16 indicate that there is sufficient
veriation of resistance with electrode pressure to require the use of a
knowxn constant electrode pressure for resistance mecsurements of hay.
The xesults also indicate greater variation of resistance with pressure
at the lower spplied pressures; howeve‘r. this variation is not so rapid
at the lower pressures with the electrodes of fixed spacing. This can
be seen by comparing Samples A and B, Samples C and D, and Semples E
and F_

The results from the electrodes of vericble spacing(Semples B,D,F)
indicate that constant electrode pressures in excess of 160 1lbs, or 10
lbs./sq- in. would be necessary in a moisture meter using this type of
°1°°t1‘0de. ‘The use of lower pressures would require that the pressure
be app1 3 ed more accurately, since smzll variations in the epplied pres-
SUr'e wew1d couse great variations in the measured resistance.

The resistance recdings taken with the electrodes of vari:zble spac-
1ng &Te also0 dependent upon the weight of the sample used, as shown by
the CQxrves for Semples B and G in Figure 16, Sample B weighed 44 grams,

whi
le sample G weighed 28 grams, As would be expected, the smaller



sample has a lower resistance.

The effect of electrode surface finish is shown in the results from
Samp les D and H., Sample D was tested with the smooth electrode plates
used in other tests with variable spacing electrodes. Sample H was test-
ed. with electrode plates which were similar except that the surfacec were
rouat ed with v-shaped grooves 1/16 inch deep and spaced 1/16 inch on
center. No significant difference in the results of the two samples
ver e observed.

Figure 18 is a more detailed plot of the resistance-pressure char-
act erxristic of Sample B. Both resistance and pressure are plotted on
linear scales, The upper section of the curve represents the drop in
res 1 s tance as pressure was increased. The lower section shows the change
in resistance as the pressure was released. As the pressure was releaused,
the xresistance remained surprisingly constant at the minimum value reached
until the pressure was Areduced to & velue much less than half the max-
imum smpplied. This characteristic was observed in all semples, There-
fore, 4t may be concludea that after a particular pressure has been
reached, cerefil msintenance of the pressure while the resistance reading
1s being teken may not be important. This is not necessarily true at
much 1 ower electrode pressures.

A Qownward drift in the resistance readings at constant pressure
¥&8 observed in all semples tested. Therefore, two readings were taken:
one Quxing a period less than fifteeen seconds after the pressure wes
1ncreo.eed and enother one minute after the pressure change. Actually,
Severg ) minutes may be required for the resistance reading to reach an

ap: !
pa‘r"htly constant value, but one minute was chosen as the greatest
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practical length of time necessary to take a reading on a resistance-
type hay moisture meter. As can be seen from the plot of data teken one
piraute after the pressure change, the drift in the resistance reading at
cons tant pressure is not great and is not likely to be of great conse-
quence in the operation of a resistance-type moisture-meter. This
phexrnomenon is apparently ceused by the gradual mechsnical yielding of
the hay stems when pressure is applied. In so yielding under compression,
the s8tems are flattened against each and the electrodes, increasing the
contact area.

No significant difference between readings of d~-c and a~-c resistance
et 6O-—cycles per second could be observed in any of the namplés tested.
The xesults for d-c and a~c resistance shown in Figure 18 are typical
of all the samples tested.

Further tests of the flet electrode probe was made to determine to
wvhat depth the current from the resistance measuring circuit penetrates
the sample., This can be used as an index of the amount of the sample actu-
elly testedl when two co-planar plate-type electrodes are applied to a
sample of hay. |

The arrangement of the apparatus for this test is shown in the di-
agram of Figure 19. The co-planar electrode plates are attached to the
under 81de of a plastic plate to which pressure is applied by the hydrau-
lic Presg, The hay sample 1s retained by the same 4—inch by 4-inch
Plastic box shown in Figure 15. Current from the measuring circuit flows
from one electrode to the other.

The objective is to determine the depth to which appreciable parts

of
the current flow. To indicate the presence of current flow at the
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bot tom of the chamber, readings are teken alternately with a plastic end
2 steel plste 2t the bottom of the chamber. . If aporeciable current pen-
etreates to the bottom of the chamber, the resistance reading should be
diec reased when the steel plate 1s substituted for the plastic.

_A constant pressure of 1000 1lbs, was used during this test and read-
inezs were teken with the Teg-Heppenstall moisture meter. The electrode
rlmmt es vwere 1 inch x 2 inches each and were spaced 2 inches apart.

) Table V summarizes the data obtained in this test. The resistence
valwues shown are an average of three rezdings. The pressure was released
and the bottom plate was interchanged between the plastic and steel after
eeclhh xeadingz, Two serles of readings were taken, one with the stems of
the &1falfa oriented perpendicular to the direction of current flow and
ano ther with the stems oriented parallel to the direction of current flow.

The Aepth of sample was decreased by removing part of the hay. The hsay

used was first cutting alfalfa at about 25% moisture content.

PRESSUVEMSTIC
-1 \L

—

% ' [ ——ELECTRODE

HAY
PLASTIC
|—" OR STEEL

<

“

/

19. Arrangement of epparatus for determining the depth of pene-
tration of current in measuring the resistance of hay with
co-planar electrodes.

Fig,
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TABLE V

EX'FECTS OF CURRENT PEVETRATION ON THE MEASUREMENT OF THE ELECTRICAL
RESISTANCE OF HAY WITH CO-PLANAK ELECTRODES

— R A W,

Average of Three Resistance Readings, Kilohms

Sample Current Flow Current Flow
diep th, Perpendicular T» Stems Parallel To Stems
inches B

Steel Bottom | Plastic Bottom Steel Bottom | Plastic Bottom

OoO.4 800 716 265 218
o.2 ' 733 733 253 271
o.1 193 1083 223 303

Comparison of the resistance values shown in Table V indicate thrat
the mesasured resistance of the sample is not greatly affected by the
Presence of the bottom plate until the semple thickness is reduced to
about 0.1 inch or only a few strands, Therefore, it can be concluded
that most of the current is conducted between the plates by only a few
strand s, A moisture meter using this type of electrode would for the
Mmost Da rt measure the moisture content of only that hay .which is in
actual contact with the electrodes.

Fruarther examination of the data in Teble V indicate that the elec-
tricay resistance of hay 1s greater to current flowing perendicular to

th
€ ST ens then 1t 18 to current flowing parallel to the stems.



Field Performence Tests of Two Commercial
hesistance-Type Moisture Meters for Hay
Tests were conducted on two commercial resistance-type meters for
hay  4in order to demonstrate the effectiveness of this type of meter in
det exmining the moisture content of hay in the field. By thus observing
theirxr perforinance. ideas for their improvement were gained which were
helpFful in the design of experimental equipment. The following discussion
of +the work on these meters includes only the most important results of
the work., For a complete presentation of the test procedure and results

the xesder is referred to two unpublished research reports (1) (2).

Aparxratus: Two meters were tested: the Delmhorst Model RC-1 moisture
net ©ex, manufactured by the Delmhorst Instrument Compansr of Boonton, New
Jersey and the Hart Model CU-2 moisture meter, manufsctured by Hart

Mols twure Meters, Inc., of New York City., To the knowledce of fhe author
thesme are the only commercial electric moisture meters available for

use on forages. |

The Delmhorst Moisture Meter (Model BC-1) used in this study is

shown in Figure 20. This meter uses a type of d-c amplifier circuit to
Measure direct current electrical conductivity of the sample, The sample
18 connected to the meter circult by mesns of the Model 10-E electrode
Probe. This probe consists of two rows of five steel pins located 1/2
inch epart, The length of the pins in contact with the sample is 9/16
inch, Pressure is applied to the probe assembly by the operator by means
°f a telescoping handle which contains and compresses a celibrated spring.
’By applving only enough pressure to compress the spring to an indicated

ol
Point, the applied pressure is constant and variations in the meter



Fig. 20,

Delmhorst Model RC-1 moisture meter and Model 28E probe
for hay and grain,

ris. 21, FHart Model CU-2 moisture meter for use on hay.
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reading due to veriations in pressure are excluded.

The meter reads directly in moisture content; however, a different
calibration is required for the verious crops tested. Before using the
net exr for moisture testing, it is necessary for the operator to adjust
the circuit to a standard indicetion at the lower and upper end of the
met er scale. These settings should be checked occasionally while using
tlhe meter. The calibrated range of the meter extends from 7 to 655
noilsture content on a dry basis., The use of a conversion chart for each

cxop tested is necessary to obtain the wet basia moisture content from
the meter reading. The calibration 1is apl;roximately linear except at
the extreme upper end of the scale (above 30% moisture content).

The Eart Moisture Meter used in this study is shown in Figure 21.
This meter also uses & d-c amplifier circuit to measure d-c conductivity.
Yhile being tested, a forage seample is pressed between two pairs of ver-
tical plastic posts. A forage sample about one inch in diameter is
seLected and pressed into tne space .oetw‘een two pairs ot lposts. Two
Parallel bars serving as electrodes are epplied between the posts in a
direction perpendicular to the stems of the sample. FPressure is applied
to the electroces by means of a wooden handle until the reading of the

1nst rument does not change greatly.

Proceduze op Eay Tests. All of the readings taken with the Delmhorst
Meter were made on~hay in the windrow. At each location in the windrow,
five readings were teken along a 1ine'perpendiculaz" to the longitudinal
8xi8 of tne windrow. Two readings were taken on the periphery of the
windrow anrd three were taken near the center ot the windrow., The probe

vas so oriented thet the measuring current flow wes perpendicular to the



dixrection of the stems, After five meter readings were taken at each
location, a section of the windrow was removed as a semvle for oven test-
ing. To facilitate removing a section of the windrow, a holding device
was used which consisted of two 5/8 in. by 25 in. by 4 ft. boards. These
boaxrds were hinged together at one end in order to form a clamp in which
the windrow could be held while a section was cut out with hedge shears.
The resulting sample obtained by thls procedure wes a vertical section
of the windrow approximately 21 inches thick, A

Immediately after removal from the windrow the sample was placed in
& paper bag and weighed immediately .in the field, Weighing was done on
e laboratory dbalance located in an enclosed traller tfpich provided pro-
tectilon from the wind during the weighing procedure.”

Samples of hay were taken from the center of tﬂo windrow for test-
ing with the HEart meter., Five meter reading were teken with\each&ample
a8 the sample was rotated in the holder., Immediately after teuti\né with
the meter, the whole saméle of hay used in the test was placed in a

Paper bag for oven testing by the same procedure used in testing the
Delmho rst meter.

Eﬁm.t.s_: Figure 22 presents experimental data from the tests of the Hart
meter on alfalfa-brome hay., The oven-determinéd moisture contents for
each sample are plotted agalnst the arithmetic mesns of the five Hart
meler readings taken from that sample, A straight line wee fitted to
the r esulting scatter diagram by the Method of Least Squares, The equa-
tlon of thig 1ine 1is:

v 20,657x + 1.85

vhere <" represents the avercge of the five Hart meter readings and x
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represents the moisture content of the sample\ by oven determinatiomn.
The standard error of estimate was determined for the atove data and
found to be 2.07 Hart meter scale units,

Figure 23 presents the sezme experimentel data shown in Figure 22
except that all of the meter readings were plotted inéividually instead
of the average of five readings per sample. This data was analyzed in
the seme manner as that in Figure 22. A straicht line with the following
eqguation was fitted to the data by the Method of Leest Squares:

;s = 0,628 + 3.0
The standard error of estimate for this data is 3.1l meter scale units,
Figure 24 presents data taken with the Delmhorst meter on alfalfa~
brome hay. The average of five readings per sample aré plotted aéainst
the oven-determined moisture content for that sa.mplé. The data is not
linesr throughout its full range and is probebly parab,olic.at the upper
range. In order to fecilitate comparison with other data having a linear
cher=cteristic in the range below 40% moisture cont{ent, the data of
Figure 24 was divided and analyzed in two sections, that zbove 40% and
that Ybelow 40%. |
From the data for sanples below L‘Ofc noisture content, the folloying
Tegression line was deternined:
y=1.17x - 8.6
The Standard error of estimate for this data was 4,1 meter scale units,
For sa.mples above bro,‘!« moisture content, the equstion of the regression
line wo e
.= 0,601x + 13.6

Th
€ Standard error of estimate for this data was 5.0 meter scale units,
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Fig. 24, Tests of the Delmhorst meter on second-cutting
alfulfa-brome hey (Test F).
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An 1Iincrease in the standard error of estimate at the higher moisture
range is typical of resistance-type moisture measuring methods, This can
by &attributed to the decrease in the change of resistance with moisture
content at higher moisture contents and to a greater possibility of un-
even drying of the hay in the windrow in the early stages of the drying
pXro cCess,

A summary of the results obtained in trials of the Hart and Delmhorst
met exs on hay are shown in Table VI, This date indicates a generally
lowex standerd error of estimate for the Hart meter than the Delmhorst
met ex~; however, the methods of sampling with the two meters were very
diff exent, The sample which was oven-tested in the tests of the Hart
metexr was small and much of 11; had actually been contected by the meter,

In the Delmhorst tests, the oven samples were much larger and very little
of each one had actually been contacted by the meter,

In tests of both meters, an average of five meter readings was a
More accurate determination of the moisture content of the oven sample
than Vvas an individual meter reading. More than five meter readings per
*ampl @ would probably give still more accurate results,

In order to evaluate the extent of the variabllity of the moisture
cOntent at various points in a windrow, the moisture content of hay samples
vhich were taken in tests of the Delmhorst meter were compared with the
moi‘ture content of corresponding samples teken at the same time in tests
°f the Hart meter. The resulting pairs of samples originated from points
1888 than one foot spart in the windrow. The samples from the Delmhorst

t
°8t8 weyre designated Group A end the samples from the Hart tests were
designa teq Group B,
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Oven-deternined moisture deta from palrs of hay semples taken simultane-
owusly were compared by plotting the moisture content of each sample in
GxrouD A against the moisture content of each corresponding s:mple of
Gxoup B. The sa:ples in Group A ranged from 75.1 to 344.1 grams in
weight, while Group B ranged from 24.2 to 70.9 grems in weight. The
Gxroup B samples were those taken in the above tests of the Hart meter.
Data from semples of alfalfa are plotted in Figure 25. The equation of
the 1ine fitted to this data is:

b=1.10e + 1,2
The = tandard error of estimate between the moisture content of samples
in Gxoup B with respect to corresponding samples in Group A, is 3.38
moisture percentage points, Similar date from 25 pairs of alfalfa-brome
samples has 2 standard error of estimate of 4.47 moisture percentege points.
The data teken in the tests of the Hart and Delmhorst meters was

taken ower a period of two or more deays for each group of data such as
that shown on each of the curves just presented. Data taking was resumed
each Mo xrning as soon as most of the dew had disappeared or at a time when
& farmer might reasonably expect to start beling hay. It was expected
that the readings taken first in the morning might be unusually high in
coMpari mon to oven determinations due to the presence of surface moisture.
However. exeamination of the data with regard to the time of day taken did

n
ot Teveal any significent number of high meter readings which were not

i
% 8Ccoxrd with the oven results.
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Studies of the resistance metlrod espplied to grains includec ceter-

mination of the resistance-pressure characteristics of two types of

electrode design, and an evaluation of the reproducibility of two types

of constant-spacing electrodes., Comparison of the moisture readings of

& commercicl meter intended for use on farms wos also made with reference

to airxr oven determination of moisture.

Laboretory Investigations on Experimentel Designs

&parptus. A test cell, shown in Figure 26, was constructed for con-
The cell consisted of a steel cylin-

duct ing resissance tests on grain,
der 1ined with acrylic plastic tubing (Lucite) for insulation. A steel
Plunger 1% inches in diaﬁeter was fitted to the inside of the plastic
1"’J"’:'-:néz. The bottom of $he plunger served as one electrode while the
steel Plate at the bottom of tbp cylindef servei as the other.

The cell as shown in Figure 26 was used first for tests with vari-
able €l ectrode spacing. The cell was later modified for tests with con-
Stant electrode spacing. For these tests, two brass electrodes were
é\"tte'cl'led to the bottom of the plunger as shown in Figure 27.

Re sistance was measured with the seme calibrated Tag-Heppenstall
rea:ls't‘-agnce meter used in the work on hay. Pressure was applied to the

teg !
t Ce1ll by means of a small hydraulic press equipped with a Bourdon-

tap
e &&8auge eight inches in diemeter.

Tests were also conducted using the Delmhorst Model 28E electrode
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Fig. 27. Constant-spacing electrodes

Fig. 26. Test cell for resis-
for grein test cell.

tance tests on grain.

for hay and grain (Figwwe20)and a modification of this device (Figure 28).

Mod 1 £1 cation of the Model 28E probe‘consisted of replecement of the
electrode pins with two aluminum plates as shown in Figure 28, The plates

&re paxrallel to each other and spaced 1 1/8 inches apart, Each plate is

1 inch vide end protrudes into the sample 5/8 inches,
Penetration into the semple by the electrodes is controlled by the

Same o3 agtic guard plate used with the stendard probe. The sample is

®Ontained in a standard No. 8 grain sample can while being tested, as
Shown in Figure 20. Pressure is applied to the sample by hand. The

c
°Trect pressure is indicated by the compression of a spring in the handle

Vi
hicn @llows the handle to telescope to a red mark., The resulting pres-

8
TS \wes measured and found to be 25 pounds,
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Fig. 28, Modification of the Delmhorst Model 28E probe for resis-
tance tests on hay anc grain,

%. In tests with the experimental test cell, a weighed quantity
°f corn was placed in the cell end pressure epplied with the hydreulic
Press. seven gram samples were used for the tests with variable electrode
Spacing and 25 gram samples for the tests with constant electrode spacing.

B
lect T1ical resistance readings were taken immediately after the desired

pressure level was reached and one minute afterward. Constant pressure

v
as Carefully maintained during this time.
After tests with the standard probe, the samples were tested with
th
® mogified probe in a similar manner. The moisture contents of all

8
MNP A eg was finally determined by heating for 96 hours-at 212°F, in an

aly
Owen,
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_E_gé_\J,m. Figure 29 shovws the relation between electriczl resistance and

The clectroce soccing

pressure applied to the erperimental test cell.
varied cs rres.ire wes crlied end the seven-gran szmple was compressec.
Similar date is presented in Figure 30 from tests of the experimental
test cell with the constant electrode spacing.

Both sets of curves are reasonably regular and tend to level of: at

the higher pressures, indicating e decreasing rate of change of resis-

tance as pressure increases. There is slightly less change in resistance

vith pressure with the constant-spacing electrodes.
The same daia as that plotted in Figures 29 and 30 is presented in

Figure 31, wherein electrical resistance is plotted against moisture

content with certain pressures as parameters. Moisture-resistance char-

acteristics withvariable electrode spacing and 980 pounds pressure spplied
18 qui te linear when resistance is plotted on a logarithmic scale, This
indlcates that moisture content varies directly as the logerithm of resis-
tance &t o constant applied pressure. The moisture-resistance charac-
tery 8tics at lower constant pressures deviate more from linearity at the
lower Pressures. The curves plotted from date taken with constent elec-
trode spacing are somewhet similer to those ﬁlotted for varisble electirode
"Pacing; however, the non-lineerity persists to much higher applied pres-
Sures This non-linearity could be due to differences in the sreas of
the two types of electrodes used. The constant-spacing electroces were
smaller and would likely be more affected by variations in the cctual
‘rea O contact with the individuzsl kernels of corn.

v

Table VII contains resistence date taken with the stendard Delmhorst

Prop
°be and with the modified probe shown in Figure 728, This datz is
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Fig, 29. Electrode Pressure vs, Electrical Resistsnce of Corn Measurec
in the Test Cell with Variable-spzcing ilectrodes.

100 [~
-

11.2% M.C.

10
(7]
£
£
(o)
o
[ ]
>3
(-]
;é 13.9% M.C.
@
(7]
e 1.0
152% M.C.
[ ]
16.0% M.
0. o M.C.
- -]
0.05 _ l I | l ]

0 200 400 600 800 1000
Electrode Pressure, Pounds |



113

Fig. 30. Electrode preSShre vs. electrical resistance of corn neasured

Resistance , Megohms .

in the test cell with the constant-spacing electroaes.
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¥ig. 31 Electrical resistance vs. moisture content at constent

electrode pressures.
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intended to compare tke renroCucivility of the two probes. Kkesistznce

re=dings for ¢ glven scmple seem to be more constent with the modified
prrobe which hcs the two pleotes as electrodes instead of the two row of

rins. Stancerd deviations from the meen ere consistcntly higher with

tlhe pin-type electrodes when the data are compered at simliler moisture

contents,



Test of a Commercicl Moisture Meter on Grain
Appaoratus. A Delmhorst Model RC-1 moisture meter with a Model 28E elec-

trod e assembly wes tested. The meter, probe and sample contalner eare

shown: 1in Figure 20.

Procedure for Wheat Tagts. Wheat samples used in Test A were drewn at a

countxy elevator from lots of wheat belng sold by farmers. These samples

varil ed grestly in variety, quality, and cleanliness (weed seed content).

The most common weed seeds observed in thcse samples were cockle and

quack grass seed., Records were kept of the relative amounts of foreign

naterial in the semples, However, no significant effect of the foreign

natter on the reading of the meter could be observed.

Samples were tested with the Delmhorst meter immediately after being

drawn. Five readings were taken from eazch sample. The samples were

velghed immediately after testing to determine their wet weight for the

°Ven moisture content determination, The semples were then held in closed

Containers until the molsture content could be determined conveniently in

& leboratory eir oven.

Test B was conducted with samples held in closed containers for 40
‘o 48 pours, Samples in this test included the samples tested in Test
A Plusg ggaitional samples which had been collected from farm harvests in
aron County, Michigan. Immedistely after testing with the Delmhorst
meter. the samples were reweighed for determinstion of their moisture con-

tent bty the oven method., Sample temperatures were also determined.

In Test C all of the semples of Test B were held in open contziners
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for si:x hours in en oven &t 130° F, The results of these tests &re in~
tended to show the effect of artificial hezted-air ¢rying upon the in-
dicetion of the meter. As in the previous tests, after the meter readings
were teken, the samples were rewelghed to determine their moisture con-
tent by the oven., method. Sample temperatures were azein taken. The
samples were tested after they had rgached the approximate room temperature
of 80°F,

Following Test C, the samples were dried in a laboratory air oven

for 96 hours at 212°F,

Procedure for Corn Testg. Samples for the first test on corn (Test D)
were drawn from approximetely 1/2 bushel of corn selected at random from
corn being harvested. The corn wes shelled and thoroughly mixed before
six samples were selected by dividing with a Boerner sampler. The samples
were allowed to dry in open containers in the laboratory where the temp-
erature wes 75°l'. and the relative humidity was approximately 25%.
Determinsation of moisture by the Delmhorst meter, weight reading, and
sample temperatures were determined occasionally as the semples dried
from en originel moisture content of 32% to 12% at the time of the
meter reading. |

Five separate meter readings were taken trom each sample. The semples
were mixed between ree.dinéa by shaking, Limmediately following each meter
determination, the samples were weighed in order to determine their mois-
ture contents at the time of testing by a later oven determination,

Test B was conducted to demonstrate the advisability of grinding
corn semples, particularly under abnormal sample conditions, ‘Lwo groups

of semples were tested, Uuroup I consisted of eight samples of corn with
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an initial moisture content of approximately 22%. This corn had been
rewet from an original moisture\content of 14% and allowed to equalize
in moisture content in a closed container for two weeks before the test.
Grouw II consistgd of five samvles of corn having a meisture coﬁtent of
approximately 32%, This corn had a perceptible coeting of mold on the
kernels, '

During Test E, the samples were dried at room air conditions which
vere approximately 80°F, and 20% relative humidisy. -Occasional readings
with the Delmhoret meter on the whole grain were taken at intervals
dur-4 ng the drying period., Five repetitive readings were taken on each
sample with the sample being agitated by shaking between each reading.
Inmm ediately following meter readings the samples were weighed and |
terp eratures were taken.

At intervals between the beginning and end of the drying verilad,
one® sample at 2 time was withdrawn from each group, tested with the
meter, ground in a coffee mill, and finally retested with the meter.
After grinding, the samples were weighed before placing in the oven for
molsture deternination. Grinding was done with a coffee mill which re-
ducedq the grain to a size of which approximately 75% would pass threugh

& 8t =indard 8 mesh screen,

Besu11 ts, The results of all tests on grain are summarized in Table
Vrx » which shows the equations of the regression line and the standard
SITrox of estimate for each test. ‘
The data obtained in Test A on wheat is shown in Figure 32. The
e rage of five meter readings per sample are pletted against oven de-

t
®TMmined moisture content. These results demonstrate the ability of the
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meter to test "field run* samples of wheet of different vzrieties and
gredes,

.The data of tests A, B, and C were also ¢nclyzed cs one sroup to ob-
tain an estimate of the accurecy of the meter over\widely varying con-
ditions of semples, This is admittedly a severe test of the meter. <the
regression line determined by this analysis is described by the following
equation:

Y=0,503X 4+ 1,21
The stenderd error of estimste is 0,717 moisture pe;céntage peints,

in comparing the equations of tae regression lines resutting from
the data of Tests A, B, and C, one might exéect the equations of these
lines to be more similar; however, the data in these individual tests
cover a rather limited range and many more points than are available
would be necessary to determine the equation of the regression line more
nearly accurateﬂ

Data taken in Test D on recently-harvested corn samples is shown in
Figure 3. The etandard error of estimate for this data is 1.96 mois-
ture percentage points., This indicates that the meter is not very accu-
rate in testing whole shelled corn. Part of the lack of reproducibilisy
in these results may be due to the varistion in the area of contact which
is possible between the electrode pins and the corn. This was pointed
out in the previous laboratory work on the Model 28E probe.

Tﬁe results of Test E indicate the value of grinding samples of
whole corn before testinz. The results for the Group I end Group II
samples of Test E were very different, as indicated by the regression

line equations for these two groups of date (See Table VIII). However,
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Fig. 33. Test of Delmhorst meter en recently harvested
cern samples (Tess D),
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the data obtained ffom the ground samples from both groups fell on a
conmon regression line, as shown in Figure 34,

The differences in the resistance-moisture characteristics of the
whole grain used in Groups I and II of Test E‘gre probably due to dif-
ferences in the condition of the kernel surfaces., Apparently, the effects
of these surface conditions are greatly reduced by grinding and thereby
allowing the inner parts of the kernels to come in contact with the

electrodes.
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(1) 1Isaacs, G, V., Investigations of the Hars Model CU-2 Moisture
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Tig. 3. Tests of the Delmhorst meter on greund corn
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DEVELOPMEIT OrF AN ~VEZAGING MOISTUKRE METER

The nonguniformity of the moisture content of hey in the windrow is
qualitively eppcrent from the visuel and teciarl inspection, Tne anslysis
of deta, teken while fielé testing two commercicl moisture aeters for hsy,
incdiccates cuantitatively the veriestion in the oven-determincd moisture
contents vetween paired sam;.les of hay teken simultaneously from the
windrow at voints less than one foot apart. The varlance of the moisture
contents of the paired szamples of alfalfé’as represented by the stancard
error of one with resnect to the other wzs 3.38k. This vilue corpures with
the standard error of estimate of the readings of £he commercizl moisture
meters tcsted when compared to oven-determined moisture contents. This

indicates that the greéter part of the variation in simultaneous readings

with the commercial recistconce-type moisture meters tested is due ‘o

point-to-point variations in the moisture content of the hcy tested.

The finzl conclusions drawn from the tests of the commercicl meters
vere thet on indivicdusl rezding with these meters wes of little velue in
determinin: the cverage molsture content of a windrow of hey. It wes
found that &n ave 'cge of five sinultaneous rezdinss was e much nore re-
liable indication of the aversge moisture content or a Q;ction o< windrow,

If fermers are willing to tcke o grezt number of individusl reacings
(at leest 25) anc cetermine an cverage reeding, they can very likely ob-
tain a2 relicble indication of the moisture cohtents of thelr fields of hegy.
It is very likely that nost farmers would not follow this tedious practice
for long. Recognizing this situation, c means of automatically averagcing

2 great number of moisture content readings was develnped.
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Design of the Averaging Device

One might conclude that the average moisture content of a com=-
paratively large mass of hay could be obtained simply by using elec-
trodes extensive enough to pass the measuring current through all of a
large hay mass, theredy gaining an average with a single reading,

Such
an arrangement is not feasidle bdecause the value of electrical resistance

measured 1s less than that of the lowest resistance path through the sam-

ple, since all current paths through the hay are connected in parallel.

Therefore, the moisture indication is higher than that of the wettest

hay forming an electrical path between the electrodes. The possidle ef-

fect on the reading of one wet stem is odbviously great,

Another possible arrangement to0 obtain an average moisture content

is to connect several mmall electrode pairs in gseries, This arrangement

does not have the major disadvantages of the one described in the pre=-
ceoeding paragraph since the measured resistance in the latter case is the

sum of the individual resistances. One very low resistance in contact

with one get of electrodes would not effect the overall reading greatly.

However, with such an arrangement, uniform contact of the hay with every

one of the electrode sets is necessary. If no contact or even a poor

contact u‘made with one of the electrodes, the total measured resistance

would be very high and the moisture indication much too low, The series

arrangenent of mul$ivlie electrodes would have a further disadvantage in
that it would require the measurement of very high resistances, which
would be more difficult under field conditions decause of the greater ef-

fect of current leakage across electrical insulation,
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From the previous discuscsion, it is epparent that a means of de-
termining the average electrical conductivisy (reciprocal of resis-
tance) of a large number of small samples should be advantageous, since
moisture content varies directly with conductivity or inversely with re-
sistance. Since current also varies directly with conductivity, a de-
vice which would determine an average of the values of current flowing
through a number of separate samples across which the same voltage is
impressed should indicate an average value of moisture contenﬁ. A
schematic diagram of such a device is shown in Pigure 55.

A continuously rotating electrical tap switch, 57, can be made to

connect any one of the n electrode sets (X1, Eo, B3 - - - - En) to the

resistance measuring circuit. By this arrangement, one can conveniently

take separate readings of moisture content, M, based on resistance R, and
average them to determine the arithmetic average moisture content of all

the samples, Mg, by the following relation:

Mg= Mp *+Mp + M3 - - - Mp (1)
a

1f M is assumed proportional to 1/R, then
M= x1/n
vhere Ky 1s a constant of propéortionality., Then

. K
L .;L-(-i-i-ap%z*%;) (3)

or Mg "_‘_1__ (Ylpno-rz’-rY}----Yn)
n

(2)

(3a)
vhere Y is the reciprocal of resistance or coaductance,

If a direct-reading resistance-type moisture meter such as a sim-
ple ohmmeter is used in the circuit of Figure 33, She current in the

neter novement, which is either equal or directly proportional to the
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sanple current, is actually the variable measured., The meter current,
I, is related to the measured résistance. by the following relation: ‘

K2 (W)

I

vhere K> is a constant of proportionality including such circuits con-
Combin-

I-.;?_ or R=

stants as the applied voltage and the galvanometer shunt ratio,

ing equations (3) and (b),
¥ = K 1 I____I).IIC

srp (mereen 2) =5 (5)
vhere x3 = 0 o It is apparent from equation (5) that am average of

the meter currents observed while testing the individual samples (%, Ep,

B --- R,) 1s a value of current proportional o the average moisture

content of all she samples,
If the switch armm of the rotary switch is rotated at a comstant

speed, the meter movement of the resistance meter will eonduct current

equal or proportionate to each sample current during —— th of the time

required per rewvolution., The pointer of the meter will atStempt to fol-
low the changes in the curreat as the switch armm comtacts differeat seam-

ples, but because of its inertia and electrodyrnamic damping, it cannos

If the switch arfm is rotated rapidly emough and the damping of

do so,
the meter movement is great enough, the meter will approach a steady

Such meters indicate a time average

reading of the average current, I‘.
Since the current through each

of the current passing through the coil.
sample flows an equal leagth of time, the meter imdicated the arithmetic

mean of the sample currents and therefore indirectly measures the arith-

metic mean conductance of all the samples tested,
In the foregoing digcussion, the assumption was made that moisture
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content is proportional to the reciprocal of the resistance (See Equation
2)., This means that a plot of logarithm R vs. logarithm M 1s linear.,
This may not be mecessarily true over all renges of moisture, however,
the error ia determining the arithmetic average moisture conteat is mot
great when the relation between logarithm R and matural M is linear if

there is reasonable variation in the moisture content of the individual

_samples. An anlaysis of this error is presented in the Appendix II.
M arrangement similar to that showa im Pigure 35 ceuld be employed

for sutomatically determmining the average moisture content of small quam-
tities of material, such as a single bale of hay or cotton or a bia of

tobacco sliredded ia ths mamufacturing process. All of these preducts
are usually non-uniform in moisture comntent., Ome tobacce mamufacturer

1s at the present time, using a device similar to that shown in Figure 33.
on shredded tobacce, except that readings are taken from each of several
electrode pairs and the average determined manually., The addition of a
hand cramk or elect$ric motor todrive the switch arm could make the averag-

ing automatic and a single reading would yleld an aversge moisture conm-

tent,
The origlnal objective of this work was to develop an averaging de-

vice for use in estimating the average molsture content of fields of hay

¥ith the arrangement of Figure 35, the operator would

in the windrow,
The device

not be able to test a great amount of the hay in a field.

shown in the photograph of Figure 36 was developed as a means of coenven-
dently testing a great amount of hay in the wimdrow and determining a

reading of its average moisture content,
Twenty—one sets of pin-type electrodes were placed radially around



Figure 36

The experimental averaging device for windrowed
hay in use in the field with the
Teg-Heppenstall resistance meter
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the periphery of & wvheel twenty inches in diameter which 1s to be rollead
along the top of the windrow, Each set‘/of electrodes consistc of three
wgrounded vins and three grounded pins, the latter being longer to
nininize the effect of the electrodes tovching the soil in case of a
thin spot in the vindrow, The three ungrounded electrodes of each elec-
trode set are comected to a bar of a collector device,which in the ex-
perimental model,consisted of a commutator of an electric motor. The
commutator dars ;erved the same purpose as the poles of the rotary tap
switch of Figure35 and a single cammutator dbrush served as the switch
am, A detailed description of the averaging device for windrowed hay
follows with references to Figures 36, 37 and 38,
The main body of the aversging device consists of the wheel (14)
fixed at its center to a shaft (12) rotating in bearing assemblies (li)
and (22) which are welded to the main freme members (21). The main freame
members extend upward and to the rear of the wheel to form a convenient
handle for the operator to push the wheel to produce the direction of
rotation indicated.
The electrical resistance of the hsgy is measured between groups of
three of the ungrounded pin-type electrodes (2P) and the row of grounded
electrodes (1N). The ungrounded electrodes (2P) are insulated from the
grounded electrodes and the wheel frame by a plastic rim (15). Each set
of ungrounded electrodes (2P) 1s connected to its respective collector
ar (4). The collector bars (4) are insulated from each other by plastic
sgments (5) and are insulated from the frame by a plastic imsulator (16). .
1@ collector assemdly is attached to the plastic insulator (16) by screws
.9). The plastic insulator is attached to the wheel (14) by bolts (17).
As the wheel 1s rolled along the windrow of hay, the set of ungrounded
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electrodes (2P) which is at the 10\$er-most‘poaition is connected to the
resistance meter by means of the following circuit: conductor (3), to
collector bar (4), to brush (6), to brush holder liner (7), to conductor
(9), to the meter, One terminal of the resistance meter is connected to
the frame of the device by the grounded conductor {23). The drush holder
liner (7) is insulated from the brush holder (10) by an insulating sleeve
('20). A spring (8) holds the brush against the collector, A removable
guard plate (13), attached with bolts (18) to the bearing assemdly (11),
is provided to prétact the electrical wiring inside the wheel from mechan-
ical damage.

Any direct-reading resistance-measuring eircuit calibrated in moie-
ture content may be used with the averaging device; however, the action
of the galvanometer movement_'. used must be heavily damped in order to0 main-
tain a reasonably steady avérage reading as resistances of different values
are connected to it dy the averaging device,

The woll-knb\m series ohmmeter circuit with its essential features
is shown in Figure 39, The resistance to be measured, Ry, is connected in
series with the galvanometer; an adjustable series current-limiting re-
sistor, Ra; and the voltage source, V. A ersistor. R.. is placed in
parallel with the galvanometer to produce electrodynamic damping. R,
Places an electrical load on the galvanometer coil which a‘bsdr‘bs energy
from it and prevents excélsiva oscillation of the needle,

The current through th; measured resistance, Ry, in the ohmmeter

circuit of Figure 33 is expressed by she fellowing relation,

I "!?77'5. 6

vhere Ry is the sum of all the resistamces measured from the teminals
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of nt with the termminals of V shorted; i.e., the sum of Ry and the
parallel combination of Ry and the galvanometer coil resistance.

In order for the relation of Equation (4) to hold true for an ohm-
meter circuit, Ry must be negligibly small in comparison to Rge This
condition is not difficult to odtain in ohmmeters for high resistances
such as are used for moisture measurement. However, in most of the com=
mon laboratory or portable ohmmeters, R, is not much smaller than R,
since the valus of Bq 1s selected such that if the test leads are short-
ed (Ry = 0), the galvanometer deflects to full scale, This not only
safeguards the galvanometer in case of accidental shorting of the test:
leads, but also provides a convenient means of standardizing the circuit
by adjusting the value of Rge The adjustment is frequently necessary in
ohmmeter circuits in order-to allow for variation in the battery voltsge.

Another type of resistance measuring circuit apnlicable to the averag-
ing device is the relaxation oscillator circuit which has been described
fully by Suits and Dunlop (1), In the circuit of Figure 40,the resistance
to be measured, R, is placed in series with a capacitor, C, and a battery
voltage, E. Across the capacitor is placed a neon glow leamp which has
an ignition or starting voltage, V, of about 80 volts. The battery vol-
tage, B, is usually more than 50% greater than the ignition voltsge, V.
Yhen the circuit is comploted by the measured resistance, R, the voltege
across the capaciter, e, increases with time.'t. according to the rela~
tionship,

e =3 (1- o -t/EC (7

where # equals the natural logarithmic dase.
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The operation of the relaxation oscillator circuit is explained
graphically with the aid of Figure L1, The 'oscillation of the voltage
across the capacitor and th; lamp is represented by the cycle passing
through the points By, Di. Bo, Do, 33. D}. etc.. When the voltage across
the capacitor and the neon lamp reaches the value of the ignition voltage
of the lamp, V, (Point By), the lamp "fires" and emits light. At the
same time the internal resistance of the lamp drops to a very low value
and quickly drains the electrical charge from the capacitor until the
capacitor voltage dreps to the extinguishing voltage of the lamp, V-a
(Point D1). At this voltage. the lamp ceases to glow and again becomes
a very high resistance g0 it is again possible for the capacitor to re-
charge according to Equation (7) from Point Dy to Bp. When the capacitor
has charged to Point By the lamp fires again and the capacitor voltage
drops to Do, The above process repeats periodically and an oscillation
occurs. Each time fhe lamp fires, a flash of light is produced, The
rate of flashing gives a visual indication of the value of the measured
resistance, R,

The time elapse between flashes or the period ef the oscillation is
expressed by the following relation:

T = K3RC ' (8)
Where Ky 1s a constant of proportionality dependent chiefly upon the
battery voltage, the ignition voltage of the lamp, and the extinguishing

voltage of the lamp, The frequency of the flashing of the lamp is:

g = 1 o K (9)
T R

where xz is the reciprocal of xlc. Thus, Equation (9) indicates a re-

sponge of the relaxation oscillator circuit which is similar $o the
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resvonse of the ohmmeter circuit doscribedvby Equation (4). A plot
of logarithm R vs. logarithm £ 1s linear.

In the application of the relaxation oscillator circuit to the aver-
aging device, the operator would run the aversging device continuously
for a measured length of time, e.g., one minute., The number of flashes
of the neon lamp observed during this time is an indication of the aver-
ege moisture content of the material tested,

The operation of the circuit when connected to an averaging device
can be readily explained by means of an example, A relaxation oscillater
circuit having the following typical circuit constants is connected to
an averaging device:

Supply voltage, E. = 135v

Starting voltage of the lamp, V = 85v

Extinguishing voltege of the lamp, V-a = 67v

Circuit capacitance = 0,5 microfarad

The circuis is connected to an averaging device such as that of
Pigure 35 which contacts in sequence three resistances at the rate of 0,05
second per resistance., The values of the resistances are nl = 1,0 megohms,
Rp = 2.0 megohms, and Ry = 3.0 megohms, ,

While the ci@it is in contact with any one of the resistors, the
capacitor charges according to the relation of Equation (7). The relation-
ships between capacitor voltage and time for each of the three resistances
are illustrated in Figure 42. Assuming that the capacitor has already been
charged to 67v, the extinguishing voltage of the lamp, and that B) has
Just been contected, the capacitor will charge for 0.05 second along the

charging curve of R). A% the end of this time, R, is contacted for 0,05
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secondg and the capacitor is charged for the seme length of time accord-
ing to the curve of Rp. After R3 has similarly been contacted, Ry is
again contacted and the capacitor charges to the firing voltage of 85
volts. At this time, the lamp fires and the capacitor discharges to 67
volts, the extinguishing voltage of the lamp., Since Rp is the next re-
sistance to be centacted, the second charging cycle will start with Ro

and proceed in a manner similu; to the first cycle., The time required

to charge the capacitor to the starting voltage of the lamp during the
cycle indicated on Figure 42 is 0.1 x 4=.0,4 sec... The flashing frequency
corresponding to this period 1is 1/0.4 = 2,5 flashes per second,

In the charging cycle just deecrided and outlined em Figure 42, it 1is
apparent thet the rate of charging of the capacitor was not as great dur-
ing the second period of time By. was contacted as it was during the
first period of contac$, This is due to a lower charging rate at higher
voltages. Thug, it is apparent that whether a certein resistance is con-
nected to the circuit early or late in the charging cycle has some bear-
ing on its effect on the charging of the capacitor and the period of the
circuit oscillation. However, it is very doubtful that this apovarent
source ef errcr would be important where either a very large number of
resistances of assorted values are contacted or where a small number of
resistances are contacted in sequence over a period of time of one minute
or mere,

Of greater importance in the application the relaxation escillator
circuit is the effect of fluctuation in the supply voltage upon the ac-

curscy of resistance measurement, According' to information by Suits and
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Dunlop (1), the circuit is not affected by changes in supply voltage un-
til the supply voltage drops below about 1.5 times the starting voltage
of the lamp. The current drain on batteries supplying this type of cir-
cuit is small; however, aging alone will reduce the terminal voltage of
batteries, Thérefore. some means should be provided in a meter of this
type to indicate when the dattery voltage is too low, This could readily
be done by providing an acciu-ate resistor which could be placed in the
circuit for purposes of checking the accuracy by the substitution method.
It is recognized that in such applications as in testing windrowed
hay in the field, the rather dim flashes of light from the neon lamp
would not be clearly visible in dright sunlight. An aumdidle indication
of the flashing of the neon lsmp can be obtained by connecting =n ear-
nhone into the circuit in series with the neon lamp., A distant "thump*
is heard each time the lamp flashes, The earphones for this purpose
mast be of relatively low impedance, e.g., 2000 olms, Most of the in=-
expensive electromagnetic types of éarphones are suitable, Laboratory
experience with the relaxation oscillator circuit has shown that it is
easier for the operator to count accurately at high rates from an amdidle
signal than from a visual signal. It is also easier to watch the timing
device while coumting from the sudible signals than to attempt to watch

both the timing device and the flashing lamp simultaneously,
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Tests of the Averssing Device

Both field and laboratory tests were performed on the averaeging de-

vice for windrowed hay. The most desirable procedure would have been to

conduct the laboratory tests before the field tests; however, the con-

ception of the idea for the averaging device came very late in the 1953

heying season, In order to avoid delaying the field tests until another

year, the laboratory tests were delayed so that the field tests could de
run while field hay was available,

Fleld Tests
Two field tests of hay were tested with the averaging device for
windrowed hay, one of alfalfa-brome mixed hay and snother of practically
pure alfalfa, The crop in both fields was from the second cutting and
was ﬁw light in yield due to very dry weather,

Apparatus. In the field tests, the wheel-type aversging device pictured

in Figure 36 was used and resistance readings were taken with a Tag-Hep-
penstall Model No., 8003-T4 resistance meter, the seme meter which is
used vith the Tag-Hevpenstall resistance-type moisture meter for grain.

The movement of this meter is highly damped, Additional damping can be

provided if needed by pressing a button on the xﬂeter face, The circuit

of the Tag-Heppenstall meter is basically that of a series ohmmeter with

8 lov internal meter resistance, R,. (See Equation 6). Therefore, the

response of the meter to changes in resistance is hyperbolic; i.e., log-

arithm of the meter deflection vs.  logarithm of the measured resistance

is linear, Bight ranges of resistance measurement are available on the

neter, The overall range of the meter as determined from a previous
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laboratory calidbration is 1500 ohms to 100 megohms.

Procedure., Approximately 75 feet of windrow was used for each test run
of the apparatus, Three marker stakes were lgyed out at points approx-
imately 1/Y4, 1/2, and 3/4 of the length of windrow to be tested. While
running the wheel over the windrow, the operator read off aloud the meter
reading as the wheel passed the marker stakes. These readings were re-
corded by an assistant., Immediately after each test run, the operator
8lso recorded an estimate of the average meter reading during all of the
test run,

As soon as possidble after each test run with the wheel, cross-sections
were cut out of the windrow at the location of the marker stakes to serve
as sanples for moisture determinations by air oven methods (212°r for 48
hours). While cutting the cross-sections, the windrow was clamped be-
tween two 5/8 x 2-1/2 x 4' boards which were hinged together at one end.

. A vertical cross-section of the windrow about 2-1/2 inches thick was cut
with a hedge shears. The samples so obtained were placed in paper bags
and weighed immediately in the field on a laboratory dbalance. Weighing
wag done in sn enclosed trailer to avoid scale errors due to wind, level-
ing, and other factors.

Regults, Oven-determined moisture contents of the samples cut from the
vindrow have been plotted in Figure 43 against the logarlthm of resis-
tance readings recorded as the wheel passed the point where the samples
were taken, The data from the alfalfa and alfalfa-brome are plotted to-
gother and identified. It is apparent from the data of Figure 43 that she
relation between moisture content and logarithm of resistance is not

linear throughout the range of moisture contents tested. The direction
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Field data from the averaging resistance-type

moisture meter for hay,

Fig, 43.
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of the curvature of the relation at the higher moisture contents suggests
that it might be linear if plotted as logerithm moisture content vs.lo-
garithm resistance, A plot of this sort was made in analyzing the data
and a somewhat greater degree of curvature in the oppoéitc direction was
found in the relation., Therefore, it was decided to divide the data in
two groups, that above 40% and tket below 40S, sssuming linearit}; within
these two ranges,

The equation of the regression line for the data below 40% moisture
content was determined by the Method of Least Square; and found to be as
follows: '

log R = 0.08016 M + 4,955 (10)

The standard error of estimate of the logarithm of resistance was 0.237.
In terms of moisture content, the standard error was 2,79 moisture per-
centage points (0.237/0.08016 = 2.79).

The equation of the regression line for the data sbove 40% moisture
content 1s as follows:

log R = 0.03458 M + 2,936 (11)

The standard error of estimate for this data is 6.57 moisture percentage
points,

The error of the moisture measurement with the wheel-type meter
seens to be much greater in the higher moisture range. This 1s to be ex-
pected from all resistance-type meters, since the variation of the loga-
rithm of the resistance with moisture content is less at higher moisture
contents., It is also possible that in the early stages of drying in the
windrow, the moisture content may be more non-uniform than in the later

stages of drying, thereby increasing the sampling error involved in
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Pigure 4., shows the average of the oven-determined moisture contents
of the groups of samples taken following each run of the wheel plotted
ageinst the estimated average reading of the meter recorded by the opera-
tor after the corresponding run. The average of the moisture contents
of the samples tasken after each run probably better represents the mois-
ture content of the vindrov.ar:ﬁl the hay tested by the meter than do the
single sample moisture contents of Figure 43 represent the hay frem which,
the individual meter readings were t aken,

The equation of the regreseion line for the data below 40% moigture
is:

log R = 0,0929 M + 5.38 (12)

The standard error of estimate for this data is 2,11 in terms of oven-
determined moisture percentage points. The equation of the regression
line for the data above 40% moisture content is:

log R = 0.04356 ¥ + 3.1 (13)

The standard error of estimate for this data was 3.22 moisture percentsage
pointe,

Indicated in the right-hand scale of Figure 4l are the ranges of the
eight scales on the Tag-Heppenstall meter, Since all of the scales over-
1ap delow 20 scale divisions, only the ranges from 20 to 60 scale divi-
sions are shown for each scale. The span of the meter is sixty scale
divisions,

Comparisons of the data plotted in Figure 43 and Figure 44.shew that
the error of estimate of the meter is much less when the meter readings

are plotted sgainst the average of three gimultaneously-determined ssmples.
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Mg, 4, Pield date from averaging resistance-type moisture meter
for hay., Logarithm resistance vs. the average moisture
content of three oven samples.
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This suggests that much of the spparent error of the meter is due to
sanpling error in obtaining the oven samples. The standard deviation of
the average of the moisture contents of each group of ssmples was deter-
mined. The average of these standerd deviations was found to be L4.75
moisture percentage points for all the alfalfa-brome samples, 2.77.for
the alfalfa samples below 40% moisture content, and 3.15 for the alfalfa
ssmples above 40% moisture content. These values are not intended to
show quantitatively the extent of the sampling error in these tests; how-
ever, the need is indicated for teking a much greater number of samples
per run of the wheel in future tests of this device,
Laboratory Tests

Laboratory tests of the averaging device were conducted to demon-
strate its effectiveness in determining the average conductivity of known
resistances and to sudbstantiate the theoretical analysis of its operation,

Apparatus and Procedure, The sveraging device for windrowed hay was

mounted in a fixed position as shown in Figure 43, The wheel was belt-
driven by an electric motor operating through a hydraulic speed regulator,
By adjusting the speed of the drive, a complete range of pr@ctical ground
speeds could be similated. Resistors of assorted values were attached

to the electrode sets to similate the testing of hay ssmples of various
moisture contents with the averaging device. During all of the tésts,
the same Tag-Hevpenstall resistance meter used in the field tests was
connected in the ususl manner to the averaging device., On some of the
tests, resistance readings were also taken with the ohmmeter section of

a Simpson Model. 260 portable ohmmeter and with a relaxation oscillator

circuit manufactured by the Shafer Instrument Company of Loudonville,



Fig. 45. Arrangement of equipment for the laboratory tests of the
averaging device,

Fig, 46+ Components of the relaxation oscillator circuit of the Shafer
moisture meter, The earphone and the test leads with clips
were added to the meter by this project.
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Ohio. The circuit of the Shafer meter is similar to thst shown in Figure
LG, The voltage supply is 135v (battery source); the value of the capaci-
tor is 0.5 microfarad; and the neon-tube is a Generel Electric Type NE-
36 with a starting voltage of 84 volts. An inside view of the relaxation
oscillator resistance meter is shown in Figure 546. This meter 1; mar-
keted commercially for use by farmers for the moisture testing of grains,
Results, Table IX .ows the arrangement of resistances connected to the
21 electrode sets on the wheel during Test A, The resistance values
shown were determined with the Tag-Heppenstall resistance meter after
the resistances were connected to the electrodes. Conductance values
have been calculated and are shown in Table IX. Also shown in Table IX -
are mutual conductance values which are the values of conductance con-
nected to the meter during the time of transition between one collector
bar and another when the brush is in contact with two electrode sets
simultaneously. The mutual conductance is calculated as the sum of the
conductances of adjacent resistors. Entries of§mutual conductance in
Table IX are for a parallel combination of the resistor connected to the
indicated electrode number and that of the ﬁext electrode; e.g., the
mutual conductance opposite No. 4 is equal to the sur of the conduct-
ances of No. U4 and No. 5.

The width of the brush contact area was about 25% of the center to
center distance between the collector bers, Therefore, in determining
average conductances which the meter saould indicate, the conductances of
the connected resistors should be given a weighted value of three and
the mutual conductences should be given a weighted value of unity. The

average conductance, Y,, is a follows:
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TABLE IX

LOCATION AND VALUES OF TEST RESISTANCES (TEST A)

TMectrods | Connected Tonnected Mutual
I | men103 | mhos x10° T
1 7.8 133.3 1414
2 128 8.1 38.4
3 32,5 30.3 32,0
4 620 1.7 13.3
5 92 11.6 12,3
6 1750 0.7 540
7 260 4,3 L4
8 10,000 0.1 166.8
9 5.8 166.7 173.6
10 150 6.9 36.3
11 36 29,4 31.0
12 40 1.6 11.8
13 108 10.2 10.8
14 2400 0.6 5.1
15 250 b5 46
16 10,000 0.1 LY
17 950 1.3 12.9
18 90 11.6 12,2
19 2000 0.6 6.2
20 192 5.6 5T
21 10,000 0.1 133.4
TR T =51 Zgg.E =< Y,
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e (T ezn - g

= T'i'l_ﬂ' (3 x 429,3 + 859.6) = 25.56 x 10~ mhos

Ra = 25?5%?1‘6"3—:::‘&;5 = 39.12 Kilohms or an indication of 26 om
the "B" range of the Tag-Heppenstall meter,

A summary of the data from Test A is givén in Teble X,. Two obser-
vations were made with the Pag-Heppenstall meter, one with the normal
demping in the meter movement (designated "undamped®) and one observation
with extra damping introduced by depressing the "damp® button on the face
of the meter., This button introducee additional resistance in parallel
with the microsmmeter., The meter readinges are given in meter scale units
with the meter range designation indicated as a prefix to the scale read-
ings; e.g., an indication of 26 scale units on the YB" range is indicated
as B26. The scale units are proportional to the current through the
sample,

| The predicted meter reading as calculated using Bquation (14) is
also shown in Table X for comparison with the observed values. The ob-
served values indicated are a range of readings, representing the lower-
most and uppermost travel of the needle during the test, As should be
expected, the range of the observed readings is less with the additional
damping than with only normal damping. The range of the readings also
decreases with an increase in the speed of the wheel or the number of
resistances contacted per unit of time,

Comparison of the calculated and observed values of Table X is
most favorable at the highest speed and with the greatest damping. A

somewhat erroneous conclusion might be drawn that the average of the
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TABLE X

7§ THZE AVIRAGING DZVIC:

Perinheral
Wheel

Tag-Heppenstall Meter
Readings in Scale Units

Simpson Ohmmeter
Readings, Kilohms

Speed Observed Calcu-| Observed | Calculated
m.pP.he Undammed | Damped | lated Average | Ave rage

1 B3-38 | B13-33( B26 | L5-1500 87 151

1.5 B12-36 B19-31 6o-120q 113

2 B13-33 B21-28 60-450 106

2.5 B17-31 | B23-27 70-700 | 127

3 B18-23 | B24-27 120-420 i87
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uppermost and lowermost resdings of the meter at a given speed should
agree closely with the predicted reading and that the average of these
two observed scale readings should not vary with the speed of the wheel.
This 1s not true, since the average of the upvermost and lowermost read-
ings of the meter at a given speed is not a time average, as is the calcu-
lated value. The observations do not revesl the proportionate length of
time the meter needle dwelled on the highest or lowest reading. Com-
parison of the observed and calculated values is most favorable at high
speeds because the needle is stezdier at higher speeds and does not
indicate readings of short time duration which are widely variant from
the average.

The observed readings taken with the Simpson ohmmeter were taken
immediately after the readings with the Tag-Henpenstall meter. Since
the Simpson me@er is not highly damped, the ranges of the observed read-
ings are much greater. The averages of the observed readings with the
Simpson meter shown in Table X are not arithmetic means of the resis-
tances but are the reciprocals of the average of the conductances indi-
cated. For example, the average of the observed readings Qx 3 m.p.h.

are indicated as follows:

Average conductance =._é. (I%U + ﬁéﬁ’ = 0,00535 x 10"3 mho s,
Observed average resistance = '757§§£ﬂf—' = 187 kilohns.

The calculated ﬁverage resistence value wes determined by a proce-
dure similar to that.used for the Tag—Heppenstgll readings and exvlained
previously excent thét the internal resistance of the meter was tsken
into consideration. This weas not necessary with the Tag-Heppenstall

meter because 1ts internal resilstance is negligibly low in comparison



to the measure resistances. This is not the case with the Simpson meter
since its internal resistance is 118 kilohms. In calculating the average
indicated registance, the internal resistance is added to the observed |
value of the individual resistors before the values of conneéted con-
ductance and mutual conductance are detemined by the same procedure used
with the Tag-Heppenstall meter, The average rosisténde as calculated by
Equation (14) must be adjusted to the indicated average resistance by
subtracting the internal resistance of the meter,

The special procedure indicated above for analyzing the operation
of the Simpson meter on the averaging device is necegsary because thé
meter movement indicates the average conductance in' the whole meter cir-
cuit and not just that of the resistance; connected to its terminals,
Also for this reason the indicated values of average resistance of Table
£ are not the same for the Simpson meter as they are for the Tag-Hep-
penstall meter, even though they were overating on the same resistors.
The Simpson meter dées nof indicate a value of resistance corresponding
to the average conductivity of the resistances tested. However, it is
possible by the above procedures to predict within experimental error
the reading of either of the me@ars on a given set of resistances.

Further 1aboratoryAtesting of the averaging device was conducted
in Test B using the resistance values indicated in Table XI,. In pre-
vious tests of the averaging device, a copper-impregnated carbbn_brush
was used. In Test B, a brush was made fronm a piece of 5/16 in. x 3/4 im,
aluminum flat bar stock. In order to reduce the shorting effect as the
brush passes from one collector bar to another, a bdlunt edge was ground

on the brush so that the width of the area contacted on the collector
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. LOCATION AND VALUES OF TEST '‘RESISTANCES IN TEST B -
ODD- NUMBEHKED RESISTANCES WERE DISCONJZCTED FOR TEST C -

wive. | Rtdors; | oy | Gondotme
1 510 1.960 35,858
2 29.5 33.898 37.898
3 250 4,000 5.613
4 620 1.613 31.025
5 34 29.112 34.967
6 180 5¢555 6.963
7 T10 1.408 30.820
8 3 29.412 34,620
9 192 5,208 6.T12
10 665 1.504 31.807
11 33 30.303 34,651
12 230 4,348 5. T76
13 T00 1.428 31.731
1l 33 30.303 34,470
15 2% 4,167 5.5T5
16 T0 1.%08 30. 820
17 3u 29,412 33.288
18 258 3.876 50837
19 510 1.961 31.373
20 34 29,412 35.294
21 170 g:ssz =1 g:shz =
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TABLE XII

SUMMARY OF DATA FOR TES".I.‘ B AND C OF THE EXPERIMENTAL AVERAGING DEVICE

Peripheral Teg-Heppenstall Meter Readings in Scale Units
Test Speed, ~Observed culated
m, p.he “Undamped ___ Deaped Average

B 1 Bll-22 B16-21 ol

" 1.5 Cl5-60 Cug-57

" 2 o37-11 C39-40 -

" 2.5 C36-38 37

" 3 636.5 -C37.5 037

c 1 Cl4-32 . 018,5-26 ‘|c22,5

" 1.5 C18-29 020,5-24

" 2 019-26 c21-23 -

" 2.5 '019-23 020,5-21.5

. 3 019.5-20.5 020,5-21.5

" 3.5 020,5-22 ) 021.5
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was aporoximately 10% of the center-to-center spacing of the bars. The
aluninum was hard enough not to wear badly when ground to so sharp a
voint, but was not so hard enoush to cut the copper collector lLars,

Calculation of the predicted meter readings was done by the sane
nethod used in Test A. except that 10% brush coverage was assuned instead
of 25%. The test data and the calculated results are shown in Table VI

Agreement between the calculated and experimentally determined re-
sults is somewhat more favorsble at the 2 m.p,h. than at 3 m.p.h.!vhich
could be due to " Jumping® of the drush as it passeﬁ over the groove be-
tween the collector bars. The sharp aluminum brush would'be more spt to
do this than the flat-faced carbon drush. If this phenomenon did occur,
1t would mean that contact with the collector bars was not coniinuous
and would explain the lower indicated conductivitiee which resulted.

In Test 0, the resist;rs were disconnected from the odd-numbered
electrode sets, so only ten resistors remained connected to the averaging
device., 8Since there were no two adjacent commutator bars to which re-
sistors were connected, there was no mutual conductance'entering into
the circuit when the brush passed between dbars. Therefore, the predicted

average reaiing was calculated as follows:

Yo = 1l/Ra = ___i (Y2 ¢« W} +Yg - -~ Yx) (15)
= 2y (14.329) = 6.730 micro-mhos.
Ry, = 103 = 148.6 kilohms
6.730 x 106

This is a reading of C22,5 on the Tag-Hepvenstall meter and it agréee
favorably with the experimental results shown in Table XI.

In Tests D and B, a relaxation oscillator circuit for resistance
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measurement was utilized as well as the Tag-Heppenstall meter. The
calibration of the relaxation oscillator circuit is descrided by the

following relation:

R = 1129. (16)

where R is the measured resistance in megohms and f is the number of the
flashes observed per minute,

Resistors were connected for Tests D and E as indicated in Table XIII.
The calculation of the predicted meter readings was carried out as in
Test C. The observed ﬁeter readings at various speeds of the averaging
device are tabulated in' Table XIV.

The data observed from the Shafer meter shows that there 1§ little
or no dependence on speed of the reading of this meter when used with the
averaging device, This is a reasonable result, since there is no inertia
involved in the indications of this meter as there is with a D!Arsonval
galvanometer movement. ZXach resistance contacted provides a current
path for charging the capacitor, The amount of charge passing to the
capacitor is irrespective of the value of the resistors just previously
contacted, With the D'Arsonval galvanometer, if a single resistance of
a value much different from the value of those resistances Just preceed-
ing 1t is contacted, the effect on the gealvanometer reading will be much

greater at low speeds than at high speeds.
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TABLE XIII

LOCATION AND VALUES OF THE TEST RESISTANCES
IN TEST D AND E OF THE AVERAGING DEVICE

Electrode | Connected es:nnecteI Connect :;I Connected
Set Resistance,| Conductance, Resistance Conductance,
No. Megohms Micro-mhos Megohms Micro-mhos

2 1.7 0.612 1.7 0.612

y 10.1 0.099 10.1 0.099

6 14,5 0.069 1.8 0.677

8 | 1.55 0.6% 1.55 0.645

10 9.2 0.109 9.20 0.109

12 13,8 0.073 1.4 0.694

L 1.64 0.610 1.64 0,610

16 10,1 0,099 10.1 0.099

18 12,5 0.080 1.50 0.667

20 | 1.6 0.610 1,64 0.610

' £Y =306 ’ sY=1n22
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Conclusions

The field test data of Figure L4 indicate that a standard error of
estimate of 2,11 moisture percentage voints applies to the averaging
meter when testing windrowed hay between 20 and L40f moisture content,

The standard error of. estimate of the average of five readings per sam-
Ple with the Delmhorst moisture meter was 4,10 moisture percentage points
when testing hay from the seme field at the seme time, The standard error
of estimate of five readings for samfle with the Hart moisture meter was
2.8 moisture percentage points when testing hay from the same field at

the geame time, '

In comparing th; above results, one should exemine the sampling pro-
ceduresg in the tests of each meter in regar@ to what degree the oven sam-
ples teken were representative of the hsy actually tested. The Hart
meter tested only a small bunch of hsy about one inch in dismeter and
this hey was used as the oven sample, This procedure is prodbably more
favorable to the meter than cithef of the procedures used on the other
meters, but it does not 1nd1c‘ate‘ the ability of the meter to determine
the average moisture content’o;r the field or the windrow,

Tests of the Delmhorst meter involved taking a cross-section of the
windrow where five readinga‘had been taken with the probe, This procedure
is certainly less favorable in indicating the accuracy of the meter than
that used with the Hart n;qter, since only a very small percentsge of the
oven samples had actually been contacted by the probe.

The procedure for obtaining oven samples used in testing the averég-

ing meter was probably the least favorable of all to the meter. Considering



the high standard devirtion of the averege molsture content or eimul-
taneously drawn samples, the number of samples taken was inadequate to
suprly reliable information as to the aversge moisture content of the

hay tested in one run by the averaging meter. Future tests of the averag-
ing meter should be conducted taking at least ten samples from the win-
drow per pass of the wheel,

Laboratory tests of the averaging meter substantiate the initial
theory that it indicates the aversge conductivity of the resistances
connected to it., However, this 1s strictly true only if the internal
resistance of the measuring circuit is negiigible in comparison to the
measured resistance., ' Therefore, ohmmeters of the most common portable
type cannot be used, since they have very high internal resi:tances..

The relaxation oscillator circult has been found quite applicabdle
to the averaging device, This circuit is inexpensive in comparison to
other resi;tance measurh.lg circuits. | Its methods of operation would
Probably be as acceptable to farmers as a direct-reading ohmmeter, TUse
of the relaxation oscillator circuit requires the counting of flashes or
audible signals during a reasonably accurately determined period of time;
however, operation of the ohmmeter circuit requires taking a meter read-
ing from a pointer which fluctuates considerably during a run of the
averaging device, This varistion in reading is of the order of the varia-
tion encountered in the Tag-Hevvenstall resistance-type moisture meter
for grain, _This meter is widely accepted for testing grain for market
purposes, but a degree of Jjudgyment "is usually required to decide upon
- the exact indication of the meter. When the relaxation oscillator cir-

cuit is used on the averaging device for windrowed hay, the reading taken
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is dependent upon the moisture content of all the hay contacted during
perhaps & minute of time, A reading taken with the ohmmeter circuit is
either s judgement of the average reading of the meter during the test
period or a single reading taken on only a few feet of windrow,

The mechanical desisn of the averaging device for windrowed heay was
generally acceptable, except for one feature., The insulating segment be-
tween the collector bars should be wider than the brush width so that
shorting together of adjacent collector bars is avoided,

The immediate practical value of the averaging meter for windrowed
hey as a tool for farmers 1§ somewhat open to question, principally be-
cause of its high cost of construction, A less elaborate simplification
of this device might include a crank-operated rotary switch connected to
several electrode sets attached to a fixed member, the arrangement which
is shown schematically in Figure 35 An averaging device in this form
could readily find application on baled hay and in testing other materials
of non-uniform moisture content, The application of the aversging device
to the process industries such as peper making (from straw), cotton mill-
ing, and tobacco manufacturing should bde investigated. In.these indus-
tries where cost is not such an important consideration, the instrument

would probably find more immediate application;

Literature Cited

(1) Suits, C. G,.and Dunlop, N. E.,, Determination of the Moisture
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PRELIMINARY INVESTIGATIONS OF OTHER METHODS OF MOISTURE MEASURMENT

Investigations discussed in this chopter are those which were con-
ducted in the early stages of the project to gain generzl information on
the applicebility of several methods of molsture measurement to the prob-
lem, The information and experience obtained were used as a gulde in

selecting the methods on which to concentrate attention,

Gas Pressure Method

Apparatus. Figure 47 shows the'steel receptable and geuge for testing
the moisture content ofvgrain in relation to the amount of gas released
when mixed with a chemical such as calcium carbide or calcium hydride.

The receptacle was constructed from standard 13 inch pipe fittings,
A gasket union with a neoprene gasket was used. A emall rubber disc of
the type used as a safety valve on pressure cookers wes installed in the
end of the receptacle to reduce the danger of explosions, A small plece
of steel wool was instelled in the gauge port to prevent dust from enter-
ing the gauge. The total displacement of the receptacle was approximately
nine cubic inches.

The Bourdon~tube gauge shown hzs a pressure range of 0 to 60 psi,
Another gauge of similer size which has & range of O to 15 peil. end a

ninimun scale subdivision of 0,25 psi., was 2lso used in these tests.

Ezgggigxg.‘ A weighed sample of grain was placed in one helf of the re-
ceptacle and a welghed quantity of chemical in the other., (Weighing the

chemiczl is not altogether necessary if sn ercess is used). The two
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Fig., 47, Test cell for trials of the gas pressure method on grains

helves of the receptacle were then closed tightly as quickly as possible
with the aid of = pipe vise and a wrench., Care was teken to prevent the
sample and the chemical from mixing before the receptacle was tightly
closed.

In the early tests, sheking was continued throughout the test to
mix the grain and the chemical, but it was found that continuous asgitation
did not aid the rez—,c-tian after the first minute., Lester samples were
shaken only occesionally after the first minute.

Frequent checks of the tightness of the seal on the receptacle were
made by immersing the test cell excepting the gauge in water and watching
for gas bubbles. This could be done only at the conclusion of a test be-
cause the water would affect the temperature of the receptacle and con-

sequently change the pressure of the gas. Data from the tests in vhich,
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lezks were encountered were discarded.

The corn usec in these tests wss ground to the consistency ot com-
mercial corn mezl in a burr mill, The lois of corn &t each moisture con-
tent were divided after grinding by means of a Boerner sampler. One
portion was used in tne tests and the other wes moisture tested in an

alr oveun.

Results. BRepresentative data from these tests are plotted in Figure 48
Data are plotted for three different mois:iure levels for 3.0 gram samples
of corn and 3.0 grams of calcium carbide. A curve is also plotted from
data taken from a 3.0 gram sample of corn at 5.2% moisture content tested
with 3,0 grams of calcium hydride. These data were also plotted on &
logaritimic time scale and the relation between pressure and the logarithm
- of time was found to be linear within the range of the data.

Although the rate of pressure rise decreased, no true equilibrium
point could be definitely indicated. During the extended time test run
at 14,0% moisture content, the pressure increased one found per square
inch between 12 and 18 hours after the test was started. This pressure
data wes taken on « four-inch gauge with % pound div;sions and a range
of 0 to 15 psi,

As ves indicated in the literature, the pressure of the hydrogen
produced by the calcium Lydride wes much greater than tihe pressure of
zcetylene produced by celcium carbide under similar conditiouns. The re-
lative dsnger of handling hydrogen and acetylene iin the quentities in-
volved 1s about the same zccording to consultations with chemists, No

explosions were experienced with either chemical in these tests,
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Rate of pressure rise in a recentacle containing ground
corn and calciun carbide or cealcium hydride.
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Conclusions. The gas pressure method &s zpplied in these tests is not
very suitable as = method of moisture determination for grain because of
the follewinz disadvantages:

1, Excessive time required to reach an eguilibrium point.

?. Possible hazard from fire and explosion.

3. Very accurate weighing of a smzll sazmple is required.

L, Mezintenance of a gas-tight seal on the receptacle would
probably be difficult for a farmer under field conditions,

5. The equipment cost of the method 1s rather high because
an accurate scale and pressure gauge ere required.

0il Distillation Method

Apppratus. The first of these tests was intended to determine the weight
loss of corn oil (Mazola) during extended periods of heating. For this
purpose an ordinary porcelain enameled cooking pan was heated over a gas
flame manuelly regulated to maintain the desired temperature. Five hun-
dred grams of oll were used in this test, Temperature was measured with
e mercury thermometer.

The oil distillation tests on hay and grain were conducted using a
four-quart pressure cooker over the gas flame. The cooker was loosely
covered during the tests at atmospheric pressure., During the tests under
vacuum, the cooker was closed and attached to & vacuum pump as shown in
Figure 49, Pressure was measured with a Bourdonptype'gauge and regulated
manually by an air blecd valve, Temperatures were measured by a mercury
thermometer. A weighted screen was required to keep the hay submerged

in the oil.
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Fig. 49, .Apparatus for dehydration tests in oil at below-atmospheric
pressures.
Procedure. The stability test on corn oil was conducted by heating the
oil at 212°F. for thirty minutes, 300°F. for thirty minutes, and 350°F,
for thirty minutes., The oil was weighed occasionally during these tests.
In the oil distillation tests on hay and grain, the container, oil,
and thermometer were weighed at the beginning of each test. The oil was
then heated to 325°F. and a weighed sample was introduced. The apparatus
and the sample were weighed at intervals until the weight became constant.
The loss in weight of the apparatus and the sample was assumed to be the
moisture loss of the semple. A vacuum of twenty inches of mercury was
meintained during the vacuum tests. This degree of vacuum was selected

because it is normally available at the exhaust manifold of a tractor.
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Results., The weight loss of the five-hurdred gram sample of oil during
the entire stability test wes 0O.L grems or 0.008%. This apparent loss
is well within the range of expected experimental error in weighing the
0il znd container.

Observation of the rate of weight loss of alfalfa and corn sanmples
when heated in oil ere shown in Figure 50. The corn samples reached the
equilibrium condition much more slowly than elfalfa hey., This cannot
necessarily be coneldered typical bf alfalfa in the field, since these
samples were of rather light-stemmed hzy and had been frozen in storage.
The freezing may have demaged the cell structure of the hay so as to
meke it more easily dfled.

The use of vacuum pressures in the heating increased the drying

rate as indicated by the curves of Figure 50,

Conclugions. Stability tests on Mazola oil indicate that a negligible
welght loss of the oil occurs during the usuzl periods of heating which
are required in the moisture testing of farm products by this method.
Therefore, this method for moisture testing, which requires the assump-
tion that the weight loss of sample, container, and oll is equivalent to
the absolute moisture content, is not subject to errors due to weight
loss.of the oil.

Drying grain and hay samples in oil is much faster then drying in
air as in the erhaust oven. The dryins process can be further hastened
by the use of vacuum pressures, No further work was conducted on the
method because of the following disadvantages in comparision to the
exhaust oven method:

1., This method requires tﬁe'weighing of a considereble quantity of
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01l 4in =dcéition to the sample end the semple container. Since the accu-
racy of most scales decreases with the mess weighgd, the net weight of
the sample is determined less accurately by the distillation method than
with the exhaust oven method.

2. Working with the distillation method is objectionable to the
operator, since the hendling of hot oil is necessary. However, the equip-
ment can be design to reduce this objection.

3. The distillation method requires essentially the same equipment

28 the exhaust oven plus a supply of oil,

Specific Gravity Tests

Apparstugs. A smell brass wire basket was constructed for weighing a
25 gram sample undcr water, Weighing was done with a balance with a

mininum scale division of 0.01 gram.

Procedqure. The 25 gram corn samples were first weighed in air, then im-
nersed in water znd reweighed. The samples were divided by means of a
Boerner sampler, Half of each samnle was used in the specific gravity

tests and the other half was tested for moisture in an air oven.

Regultg. Weight in water of a 25 gram sample of corn is plotted against
molsture content in Figure 51, The water temperature was ?0°F. A rela~
tionship between moisture content and weight in water (or specific gravity)
was indicated; however, it does not seem very reproducible. The change

in weight while the samples were suspended in water was observed and

found to be negligibdle.
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Conclusions. The observetions of this test indicate that the specific
grevity method does not show great promise as & method of molsture de-
termination for grain cdue to its leck of reproducibility. The method
2lso requires very zccurate weighing end would not be apnlicable to hey
or to some of the small grains such as oats which would absordb water

rapidly.

Mechanicel Shear Studies on Hay

The objective of this work was to evaluate the relation between
moisture content and the shearing force required to cut alfalfa stems
with a Tenderometer. This machine, shown in Figure 52, is a commercial
device used in the canning industry for the numerical evaluation of the
tenderness of meats, fruits, and vegetables in terms of the force re-

quired to shear them,

Apparatus. The test cell in the Tenderometer consists of two sets of
parallel plates of 1/8-inch in thickness and spaced 1/8-inch apart.
When the two sets of plates are brought together they mesh and cut the
contents of the test cell into 1/8-inch pleces. The force to sheazr the
sample is eutomatically spplied and registered on a dial in terms of

numbers proportional to the actual shearing force.

Procedure. The hay used in these tests were stripped of leaves and cut
to 4-inch lengths to fit the Tenderometer test cell. The moisture con-
tent of the test samples was assumed equal to the oven-determined mois-
ture contents of the hay mnss from which they were taken. The samples

were divided into three size clessificetions,
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Fig. 52.

The Tenderometer used in the mechanical shear

studies on
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kesults. The d:zta obtained from this test are indicated in Table XV,
Although certain trends are indiceted by the data, it is doubtful thet
this sort of me:csurement could be mede a elieble indication of the mols-
ture content of hay. Generally, the data indicate that the higher the
moisture content, the lower the force required to shear hay stems, How-
ever, other variables such as stem size seem to affect the data greatly.
Past experience of the Department of Horticulture with this machine
in testing snopdragon stems, hes indicated 2 very definite effect of the
origin of the sample with respect to height on the growing plent, regard-
less of stalk size. There were also indications of the effect of this

variable in this test on hay,

Conclusions. The shearing force required to cut hay stalks is affected
by other factors besides moisture content. A moisture meter operating
on this principle would have to be designed to take into consideration
sten size and location of the test point along the stem. Maturity of
the crop would also very likely affect the shearing force-moisture re-

lationship,



TABLE XV

DATA FROM TENDEROMETER TESTS ON ALFALFA STEMS

Moisture FNo. of -Relative Tenderometer

Content Stalks Stalk Scale

(Percent) Tested Size Reading
61.2 2 Small 57
61,2 2 Small 53
61,2 2 Medium 77
61.2 2 Large 175
43,7 2 Small 105
L3,7 2 Medium 105
L3,7 2 Medium 97
L3,7 2 large 142
43,7 2 Large 88
14,3 2 Small 150
14,3 2 Medium 158
14.3 L Small Over 250*
14,3 2 Medium Over 250%*

* Meximum reading of the machine was exceeded.
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Vet &nc Ury-bulbd Thernometer Method

The modified wet and dry-bulb thermometer techrnique developed by
Dexter for ceterminin~ the moisture ¢ontent or storace cuality of grains

wes investigeted. The onerctins principles of this methoc vere discussed

‘e

(2]

o

S

o
-

in the Review of Literature. Dexter has shown thrt this metho
satlsfactorily on lecboratory scmples of grain, i.e., samples of grein
which hive been held in a closed conteiners for extended periods of
time., Adcitions:l work was undertzken by the suthor with the purpose of
investigatin~ the efiects of recent drying and foreign matter content or
the sample upon the accur:cy of the method., A commercisl device operzt-
ing on the wet ancd cry-bulb principle was also investigoted to determine

its epplicability to testing grains on the farm.

Apporatus. The apparstus for employins the Dexter wet end dry-bulb
thermometer technique included an ordinary square-type glcss milk bottle
wrepped with an inner leyer of 3 inch of glass wool insulation end en
outer wrap of pzper. Two mercury thermometers with e mimimun scele di-
vision of 1°F. were used end recd with the 2id of = reaeding gless. The
wick on the wet-bulb thermometer wss made of cotton tubing svailable
commercizslly for this purpose. The thermometers were mounted in =2
rubter stopper. A szturzteé soc¢iwn chloride solution was used in the
wet bul:,

The Mcster Molsture Meter, manufectured by the C, H, Balcdwin Compezry
of Lensings, Michigan, is shown in Ficuré 53. The base of the device,
shown at left in the photosgreph, conteins an electric motor with & reted

speed of 1550 r.n.m. The scmple container (center) fits on top of the



Fig. 53.

The Master Moisture Meter, a commerclal moisture meter
operating on the wet and dry-bulb principle.
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bese snd stirrer blades in the hotton of the container are connected
d¢irectly to the motor., A dry-bdulb and ¢ wet-t:1lh thermome'er are attached

to the 1i1d of the semnle conteiner bty mecns of rubter grommets.

Results. Eerly triels of the Baldwin tester revesled thet the temperctures
of the two thermoueters (id no*t reach = definite ecuilibrium point, This

is ¢pperently due to the fzct that the electric motor continuously in-

LM

arts considerzble enerzy to the sample in the form of mechenicel work
end heat. The power input to the motor wes found to be 100 watts,

Tzble AVI shows temperature data from a typical test run with wheat at
13.1% noisture contert., Both the wet #nd dry-buldb temperatures increcse
steadlily, but the wet buldb depression, which is the index 6f the moisture
content or storage quality of the grain, does not stey constant, The ob-
served decreese in temperature difference with time cen be portially
explained by the fact that equilibrium relative humicdity of grein in-
creases with tempereture st a glven moiséure content, which causes &
lover wet bulb depression as the dry-buld temperafure incresases. How-
ever, the observed wet tulb depressicn 1s much greatef then that observed
in the origincl work bty Dexter for similar chenges in dry-bulb tempercture.
A greater contributing factor to the decrease in dry-bulb temperature .
seens to be the grein dust which is produced in considerable queontities
Ty the high speed stirring tlades., After epproxinmately two minutes of
operation, the wet buldb becones noticadbly coasted with this cust, which
no doubt reduces the rete of evaporation from the bulb end thereby re-
duces the wet buldb Cepression,

The milk tottle apparztus was used in tests on samples taiken from

lots of wheat being sold by farmers to the elevetor cormpany at Oremos,
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TABLE XVI

DATA rkKONM BALIWIN MOISTUZE T=STER

Tire, - Lry-Bult Vet-Buld Wet-Bulb
Minutes Tempercture, Tenperature, Depressicn.
QF. o.;\x. °F.
0 72.5 72.5 0.0
1 L2 73.0 1.2
2 75.2 74,2 1.0
3 76.¢ 75.6 1,0
5 79.2 78,4 0.8
7 £0.L 31,0 0.6
9 €2.2 82.6 0.4

Michigen., The semples were drawr from within the grain masses in the
wzgons end tested immediately. The wheat wes of different varieties
end contained different amounts of foreign m:tter.

Wet bulb depression plotted ageinst moisture content in Figure 54
(Group A) indicates a reproducible relationship between tre wet tulb
depresslion end the molsture content of the semples *y an oven deternin-
¢tion. The variations in the results which did occur can be attributed
largely to experimental error in re:ding the temperatures, No effect of
forelgn matter in the wheat wes observedi. The dato observed in this

test cgrees well with trat presented bj Dexter, particulary at molsture

contents a2bove 137,

The cata designited as Group B in Figure 54 vcs obtoined from
wheat sazmples which were sorezd in a thin leyer «nd exposeé to the ¢ir
in the laboratory for o period of one hour before testing. Tre tempera-
ture in the laborctory wes 85°F. end the relative hunicdity wes Lo%,

This date indicctes 2 greater wet-buldb depression at = given moisture
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content in comparison to the date from Group A. This 1s very likely due
to the dryine experienced by the sarmples of Group B. Drying of the in-
dividual kernels occurs first in the outer layers; therefore, &ir which

i1s in moisture equilibrium with the outer layers will be lower in humidity
then 1f it were in contact with the inner parts of the kernels., A wet
buldb depression is indicated which is too high and not an accurate meas-
urement of the moisture content or storage quality of the grain.

Grain samples which have abnormally dry kermel surfaces, such as
might be drawn from & crop drying system, could be allowed to equslize
in a closed container before testing, but this procedure requires several
hours. Grinding the ssmple seecms to be & solution to the problem; how=-
ever, when the samples were shaken’iﬁ the milk bottle it was found thet
dust from the ground grain collected on the wet-bulb thermometer and
reduced the evaporation from it.

A design intended to allow the testing of ground grain without ap-
preciable dust collection on the wet-bulb thermometer is shown in Figure
55. The objective in this design 1s'tokpass alr through the grain at
low enough veiocity that no eppreciable dust is entrained and yet to
pass the alr over the wet bulb at a sufficiently high velocity to en~
courage evaporation., In the design présented, alr is recipculated through
the greln by meens of an aspirator bulb, The air is injected into the
grain nass at the bottom of the conteiner through a perforated tube. The
elr pesses through the grain at a very low velocity beczuse of the large
erea of the cross-section of the can, The tube through which the zir
leaves the can surrounds the wet bulb so that the velocity of the &ir

peseing over the salt solution on the wet buld is high,
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DRV’”'—ZI WET BULB
THERMOME T THERMOMETER

] CHECK VALVE
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GROUND GRAIN

PERFORATED TUBE

Fig. 55. Experimental wet end dry-bulb t.iermometer apperatus for
testing ground grain.
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Tests with this device indicete that it rezches an equilibrium
temperature much faster on both whole #nd ground grain than the milk
bottle epperetus, perticulerly when high wet-buldb depressions are en~
countered. Equilibrium his been resched in two minutes with wet-buld
depressions of 8°F, Since the wet-bulb temperature changes more repldly,
the equilibrium point is more easily determined. This feature would be
importent to & non-skilled operetor.

There wes no noticeable amount of dust in the air in the can or
collection of dust on the wet buld when testing groﬁnd grain. This was
true even for very finely ground whezt,

As in the case of the milk boftle epparatus, no messurable rise in
dry-bulb temperature occurred during tests with the experimental epperatus.
Apparently the tronsfer of heat from the operator's hand on the aspirator
buldb to the air was not significant under the conditions of the test.

Table XVI shows deta from a test-with the experimental dry and wet-
buldb device of Figure 55. A semple of wheat at 11.1% moisture content
(determined by oven et the conclusion of the test) was tested the first
time immedlately after being removed from a tight can where it had been
stored for several months, The sample was then spread in a thin layer
and ellowed to dry at room conditions for a period of 20 minutes., The
data for thls test indicates a much higher wet-bulb depression than was
observed before the grain was dried., The sample was then finelj ground
end tested again, The wet-bulb depression decreased to 6.5°F.. which is
comparable to that observed before the sample was dried, Dexter also
observed that the wet-bulb depression of ground grain was slightly lower

with ground grain than with whole grain, particularly at lower moisture
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DATA FROM TEST OF THE EXPERIMENTAL WET AND DRY-BULB APPARATUS OF FIGURE 53
USING A SINGLE SAMPLE OF WHEAT AT 11.1% MOISTURE CONTENT

—————

Time, Dry-bulb Wet-buld Wet-buld
minutes Temperature, Temperature, Depression Remarks
°F °F °F
0 82 77.5 L,5 Whole wheat
0.5 82 74.5 7.5
1 82 4.5 7.5
2 82 7L, 5 23 ———
0 80 77.5 2.5 Whole wheat
0.5 80 72.5 7.5 dryed in room
1 80 70.5 9.5 air for 30 min.
2 80 69.5 10.5
i? 80 69,5 10,5
78 75.5 2.5 Ground fine
0.5 78 73 5
1 78 72 6
2 78 71.5 6.5
3 78 71.5 6.5
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contents.

Conclusions. The equilibrium wet-buldb depression when using the Baldwin
tester is difficult to observe. If an equilibrium condition does exist,
it is not maintained for long. Furthermore, the fact that both wet and
dry-bulb temperatures are changing continually mekes the equilibrium
depression difricult to observe,

The wet and dry-bulb method in general does not seem to be greatly
affected by the presence of reasonable quzntities of foreign matter in
the sample.

The method appears to be accurate for whole grain which has not been
recently subjected to drying air. Under such conditions grinding the
sample seems very desirable., The experiméntal epparatus successfully
tests ground grain without depositing dust on the wet bulb. Since the
alr velocity over the wet buldb is higher, this epparatus reaches temper-

ature equilibrium more rapidly than the more simple milk bottle epperatus.



192

SUMMARY AND CONCLUSIONS
Exhsust Oven Method

The exhzust oven method of moisture determination is the most ver-
satlle of ¢1l1 the methods studiedc. It is eppliceble to e&ll crops in any
condition and at practically any moisture content. Since the results of
this method are not greatly affected by factors other than moisture con-
tent, conversion charts are not necessary. The principle of the method
can be readily understood by non-technical personnel; therefore, errors
caused by mis-use or misunderstanding of the method should not ordinarily
occur,

The cost of the equipment for the exhaust oven method should not be
prohibitive. The complete apparatus as previously described should cer-
tainly sell at retail for less than $50,00, including\the injector-type
oven, the moisture celculator, & scale, and a carrying case.

The principal disadventage of the method lies in the fact that the
time required to test a single sample is so great that testing many re-
petitive samples is not feasible. Experimentel data indicate that the
moisture content of hey curing in the field is highly variable at eny
given time, Therefore, the valildity of one or two samples as an indica~
tion of the moisture content of the crop is very questionsble,

An injector-type tractor exhasut oven has been developed which is
capeble of drying semples of alfalfa hey in approximstely 7 minutes and

samples of grain in approximately 15 minutes. The injector principle
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employed limits the temperature of the exhaust ges end alr passing
through the sample so that serious burning does not ordinarily occur.
The operator need not tend the sample while it is heating in the oven.
Leavings the scmple in the oven as long os twice the time necessary to
rezch constant weight does not apprecisbly affect the moisture deter-
mination,

A simple calculator hes been designed for use in the field to de-
termine the moisture content from the wet 2nd dry weights without arith-

metic computation.

Electrical Resistance Method

Laboratory studies of the resistance method indicated the importance
of electrode pressure on the resistance measurement of hey and grain.
This demonstrates the need for standardizing the electrode pressure for
such measurements., Electrode configurations of constant spacing were
found most desirable, since weighing of the sample is not required and
the resistence reading is less dependent upon pressure., Of the types of
constant-spacing electrodes tested, the pin-type electrode configuration
seems most desireble, since it is applicable to both hey and grein and
it applies the measuring current to a greater definite sample volume than
the coplaner plate-type electiolcs.

Field investigations of the resistence method indicested thot single
moisture determinations mede with resistance-type meters do not relicbly
indicate moisture content of the lot, particularly when applied to hay.

A reasonably accurete measurement of quentities of hay or grein cen be

obtained if the average of a number of readings 1s teken,
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Since it was anticipated thot most farmers wolld not care to take
many readings and averege them arithmeticzlly, an automatic avereging

device wes designed to give a single reccing of the avercge moisture

Jt

content of & large number of samples. The averaging device actuclly
determines the aversge conductivity znd « close avproximction of the
erithmetic mean moisture content of & large number of samples,

The principal advantage of the resistance method is in its great
repldity aend versztility. The use of this methed with the averaging
device appears to be the best solution to the problem of sampling error
which 1s so prevalent in the moisture testing of hsy.

The cost of the equipment for the electrical resistance method is
the highest of the methods studies, particularly if the averaging device
is employed. This factor may delay the br;ad acceptance of this equip-
ment until such time as 1t can be economically produced or the demand for
moisture measuriﬁg equipment becomes well developed emong farmers,

The averaging resistance-type moisture meter for hay should find
imnediate zpplication as a research tool. The rapid determination of
the average moisture content of large lots of hay has always been a
serious problem to those engaged 1n research on hay harvesting and curing

methods.,

Wet and Dry Bulb Thermometer Method
The wet and dry-bulb thermometer method of determining the maistuée
content or storage quality of grain was found to give on accurate indice-~
tion of the moisture éontent of wheat which hzd not been subjected to

drying air. However, when samples were tested which had been exposed %o
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drying =ir for short periods of time, the method consistently indicated
moisture contents too low. This is due to abnormelly dry surfaces of
the kernels which couse humidity reacings that are too low.

When testing grain from a dryer, grinding the samnle is necessery
in order to cxpose to the alr surfaces of the groin.which are more rep-
resentative of the moisture content of the mass. A wet a2nd dry-bulb
thermometer apparctus was developed which is capable of testing ground
grain without the collection of grain dust on the wet bulb, Dust on thé
wet bulb prevents accurate determination of the wet-buld temperature.

The wet gnd_dry—bulb thernometer method requires less costly equip-
ment then eny of the methods tested. No weishing is required. The method
is not es versatile as the resistance and exhzust oven methods, since it
is epnlicable only to moisture contents in a narrow range above and below
the safe storage moisture content. It i1s appliceble %o testing grain in
most of the meisture range of interest te farmers, It would not be
appliceble to the testing of hay in the field for silage or mow curing,
Its epplicability to testing hay for any purpose is somewhat limited by

the fact that a large number of samples cannot be tested rapidly.
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APPENDIX I1

ATALYSIS OF THE AVERAGE INDICATED BY THE AVERAGING DEVICE

Tre cverazing device was found by anelysis anc experimention to
indicate the cverage conductivity of n samnles of resistence R;, Rp, RB’
--- R, and moisture content My, M, M3, —== Mp. The indication of the

meter in terms of resistance is expressed by the following:

L-l( iy Ll 1, __ 1 (1)
Re n (R]_*R2+R3+ Rn)

If the moisture content is assumed to be inversely proportional to
the logaritiim of resistance, any sample of moisture content Mi has a

resistance which may be expressed by the following exponentiesl relation:

i - aM: .
hy= p10 03 (2)
where a' and b are calibration constants of the meter.

Substituting Equation (2) into Equztion (1) and simplifying:

eMy o L[ &M aM, aMy oM, (3)
10 n|\10 +10  +10 +----10

Teking the logarithm of both sides of Equation (3) and simplifying:

l,( eM, aMa Mg 9“11)]
Me_log|{n \10 +10 +10 #*---10 (&)

—

a

Thus an expression is obtained for the average moisture content in-
dicated by the meter in the terms of the moisture contents of the indi-
vidual samples and a calibration constunt, a. The calibration constant,
a, 1s equal to the rate of change of the logarithm of resistance with
the moisture content.

The true arithmetic mean moisture content, My, of n samples is
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expresced by the followlng relation:

r'ie - M' + 1’124’ Mi" — - Mll (5)
n

Me and My are equcl only when the moisture contents of the individual
sanples ere equcl., It can be easily shown by substitution of moisture
values into Equations (4) and (5) that the greater the variztion of the
noisture values, the greater is the difference betwe;n Me and M.

Of concern in the epplicetion of the averzging device is the mag-
nitude of the difference between My and Mg for a glven standard deviation
of the moisture contents of a large number of samples, The standard
deviation of the moisture contents of hoy samples in the field was found
to be approximately three moisture percentage points, In order to demon-
strate the magnitude of the inherent error of the averaging device in
indicating the arithmetic mean of a number of samples, & hypothetical
group of 20 samples, were averared by Equations (4) and (5) end the
results compared., The moisture contents of the 20 samples were normally
distributed about an arithmetic meean of 30% moisture content with a
standard deviation of 3.2%. A typicel velue of 0.1 was assumed for the
celibration constant, a. The average, Mg, calculated by Equation (&)
was 30.7% moisture., Thus the inherent error of the device in determining
the arithmetic mean is 0,7% moisture., The averaging device will elwgys
indicate an average higher than the srithmetic mean , since the rete of
change of conductivity with moisture content decreases as moisture con-
tent increases.

By assuming a constant standard deviation for all hay, most of the

inherent error of the aversging device could be removed by calibration,
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However, there is little reason to believe that the arithmetic mean
a0lsture content is any better index of storrge qu-lity of hay then the

slightly higher velue which is indiceted by the aver:gins device.
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