INVESTIGATIONS
Model Equirment

Because it was desirable to test the effect of air injection in
several soil types, and over as wide a range of moisture content as pos-
sible, tests were made on the tillage model equipment designed by Bockhop
(1). While this equipment does not simulate field conditions, it does
allow for better comntrol of conditions than field tests and allows condi-
tions to be varied almost at will.

The tillage model equipment used was originally comstructed by
Bockhop and modified by McLeod and Rowe. It consisted of an arrangement
by which boxes of soil could be moved past a stationary tool at constant
speed. Figure 1 is a general view of the model test equipment and Figure
2 shows the tool carrying frame and soil box.

A trolley running on a narrow gage traék 45 feet long carried the
soil boxes. The trolley and soil box could be propelled in either direc-
tion by a 5 hp electric motor driving through a variable speed transmis-
sion and worm gear.

A tool-carrying frame straddled the track so that the trolley
carrying the soiL‘bqf‘couldltravel beneath the tool. The tool-carrying
frame was constructed so that the tool was held in place by a load frame
and load-sensing cells. The tool and load frame were mounted on a cross
member which in turn was mounted to the tool-carrying frame by bearings
and held in place by an over-center lock. The over-center lock was

tripped by projections on the soil box so that the tool and load frame



Figure 1. General view of model test equipment

Figure 2. Tool carrying frame and soil box showing prepared ridge






could swing up out of the path of the end of the box when the end of the

box passed under the frame. The load frame and tool could be moved along
the cross member thus allowing the tool to operate at any position across
the width of the box.

Six load cells were used to hold the tool in position. Five of the
load cells were steel rings and the sixth was an aluminum cantilever.

SR4 electric resistance strain gages were bonded to the load cells so that
strain due to loading could be used to indicate loads. A Brush Model
BL320 Universal Amplifier and a Brush Model BL222 Oscillograph were used
to measure and record the strain in the load cells.

In addition to the tool-carrying frame, a soil-packing frame shown
in Figure 3 also sgraddled the track and soil boxes near one end of the
track. The soil-packing framé was equipped with a séraper for leveliﬁg
the soil and a packer wheel carrier for compacting the soil. The scraper
was attached to the frame by slotted brackets which allowed the height
of the scraper to be adjusted. The height of the packer wheel carrier
was adjusted by means of elevating screws. The packer wheel frame was
equipped with six 10-inch diameter wheels with l-inch wide zero pressure
rubber tires.

The air used in this study was drawn from the building‘air supply.

A surge tank was plaéed in the air line between the supply and the test
equipment to help control variations in pressure due to air being used
at other locations in the buildings. Rotameters were used to measure
air flow rate and a pressure regulator was used to control the volume of

air supplied to the tool. A water manometer was used to measure the
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static pressure in the chambers below the perforated plates on the tools.
The equipment described above was mounted on a plywood parzl and con-
nected together with 1/4-inch diameter copper tubing. Valves in the
lines allowed either rotameter to be placed in the circuit. Two
rotameters were used because the desired range of air flow rates was
beyond the capacity of a single available rotameter. Figure 4 sﬁows the
assembled air measuring system and Figure 5 is a schematic sketch of the

system,

Calibration of Instruments

Calibration of rotameters

The rotameters were calibrated by attaching the rubber hose leading
from the pressure regulator of the air-measuring system to the outlet of
a positive displacement air pump.

The air pump consisted of a cylindrical tank open at the top and
partially filled with water. A standpipe extended up through the center
of the tank above the water surface. The lower end of the standpipe led
to the outside of the tank and formed the air outlet. A bell,
controlled from above by a rack and pinion, could be lowered into the
tank and thus force air out through the standpipe.

During calibration, air from the air-measuring system was allowed to
enter the bell at a predetermined rate while the bell was being raised
by the rack and pinion. At the end of a run, the air was shut off and
the height of the bell was adjusted until the air inside the bell

reached atmospheric pressure. The time taken for each run was noted



Figure 3. Soil packing frame

Figure 4. Air measuring system
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along with the height which the bell was raised. Since the diameter of
the bell was known, the volume of free air entering the bell per unit
time could be calculated. Four runs were made with each rotameter at

each of the air flow rates used.

Calibration of draft load cell

The draft load cell was calibrated against known weights by attach-
ing a cord to the tool holder. The cord was passed‘ovet a ball bearing
pulley so that the cord extended horizontally from the tool holder to
the pulley then vertically downward to the weights. In this way the
weight produced a horizontal force on the draft load cell. The deflec-
tion of the oscillograph pen for each force was noted and used to calcu-

late the relation between force and pen deflection.
Construction of Tools

Because the design of the tool for use with an air film could have
an effect on the performance of the tool, several tools were constructed

designated by the letters A, B, C, D, E, F.

Construction of Tool A

Tool A shown in Figures 6 and 7 was constructed from a 3-inch by
4-inch piece of 1/4-inch thick mild steel plate. Seven 1/8-inch wide by
1/8-inch deep grooves were milled in the back of the plate starting at
one 4-inch edge and extending to within 1/2 inch of the other 4-inch edge.
Two rows of 1/16-inch diameter holes were drilled through the plate at a

30-degree angle to intersect the milled slots. The first row of holes
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was 1/4 inch from the edge of the plate and the second row of holes was
1/2 inch from the edge of the plate.

The edge nearest the holes was ground off at a 20-degree angle to
form a cutting edge. A 5-3/4-inch length of 1/4-inch steel rod was
welded to the slotted side of the plate 1/2 inch from the edge opposite
the holes to provide a method of holding the tool during tests. A length
of 1/4-inch outside diameter (0.D.) copper tubing was drilled with 1/8-
inch diameter holes spaced to coincide with the slots in the plate. The
tube was then soldered to the back of the plate with the holes in the
tube opening into the slots in the plate. The exposed areas of the slots
were covered by soldering pieces of light sheet metal over them.

During operation, air introduced into the t;be would pass through
the holes in the tube into the slots and out the holes at the ends of

the slots.

Construction of Tool B

Tool B shown in Pigures 8 and 9 was constructed with a perforated
surface through which air could be forced. The perforated surface was
made from 26-gage steel sheet punched with 0.028-inch diameter holes on
0.077-inch centers. Successive rows of holes were staggered so that the
holes were arranged in an equilateral array. This tool was made from a
3-inch by 4-inch piece of 3/16-inch thick mild steel plate. Air passages
were made in the tool by milling seven 7/16-inch wide slots 0.010-inch
deep in the top surface. The slots were milled parallel to the 3-inch
edge and extended to within approximately 1/8 inch of each of the 4-inch

edges. A rib, 1/8-inch wide, was left between each pair of slots to



Figure 7. Tool A

Figure 8. Tool B
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support the thin sheet of perforated steel which covered the slots. The
remaining areas of the top surface, with the exception of a strip
approximately 1/16-inch wide around the perimeter of the plate, were
milled down 0.015 inch. This operation provided a recess to receive

the perforated sheet. Air was supplied to the tool through a length of
1/4-inch outside diameter copper tubing soldered to the back of the plate
1/2 inch from one 4-inch edge. Holes 3/16 inch in diameter were drilled
through the plate into the tube in the center of each slot. A 3/16-inch
outside diameter copper tube was soldered to the back of the plate near
the air supply tube to provide a manometer conmection to the tool. A
1/16-inch diameter hole was drilled through the plate into the tube in
the center of each slot so that the pressure in the slots could be
measured. A 6-inch length of 1/4-inch square steel was fastened to the
back of the plate, between the tubes, with 6-32 screws to provide a means
of holding the tool during tests. The 4-inch edge of the plate opposite
the tubes was ground off at a 20-degree angle to form the cutting edge

of the tool.

Construction of Tool C

The basic construction of Tool C shown in Figure 10 was similar to
that of Tool B in that the plate was milled in the same way as for Tool B
and the air tube and holder were the same. The chief difference between
Tools B and C was that Tool C was covered with 26-gage sheet metal drilled
with 0.028-inch diameter holes on a rectangular array with approximately

1/4-inch by 5/16-inch spacing.



Figure 10. Tool C

Figure 11. Tool D
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Construction of Tool D

The basic construction of Tool D shown in Figure 11 was similar to
that of Tools B and C, the chief difference being that Tool D was only
partially covered with perforated plate.

One-third of the plate nearest the cutting edge was covered with a
piece of the same stock as the sheet which was used to cover plate B.
The remaining two-thirds of the plate was covered with 26-gage steel

sheet having no holes.

Construction of Tool E

Tool E consisted of a 0.006-inch diameter steel wire with small
bolts clamped to each end. During operation the wire was stretched
across the open end of the tool-holding yoke. The wire, mounted in the
yoke, is shown in Figure 12. This tool was used to cut off a slice of
soil in an attempt to determine the force required for cutting alone.
During the tests the 0.006-inch diameter wire proved to be too small

and broke repeatedly so was replaced by a 0.010-inch diameter wire.

Construction of Tool F

Tool F shown in Figure 13 was a smooth-surfaced tool designed for
use without air.

It was constructed from a 4-inch by 3-inch piece of 3/16-inch thick
steel plate. A 5-3/4-inch length of 1/4-inch diameter steel rod was
welded to one side of the plate approximately 1 inch from one 4-inch
edge to form a holder.

The opposite 4-inch edge was ground to a sharp edge on a 20-degree
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Figure 12, Tool E

Figure 13. Tool F
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angle and the top surface was ground smooth.
Description of Soils

The soils used in this study were chosen to represent as wide a
variation in clay content as possible. A range of clay content was
chosen as a basis for soil choice because the clay content of a soil
appears to affect physical characteristics to a greater degree than other
recognized properties.

The three soils chosen were: 1Ida silt loam, a loess soil from the
Western Iowa Experimental Farm near Castana, Iowa; Colo silty'clay loam
from the local Iowa State University farms; and Luton silty clay from
the Luton Soil Type Experimental Farm, Sloan, Iowa. The Luton silty
clay is a Missouri River bottomland soil which has presented problems in
cultivation. |

Table 1 shows the results of mechanical analysis of these soils.

Table 1. Mechanical analysis of soils

Percent sand Percent silt Percent clay
Soil >0.5 mm 0.5-0.002 mm  <0.002 mm
Ida silt loam 14.5 64.4 21.1
Colo silty clay loam 27.9 36.5 35.6

Luton silty clay 12.0 30.8 57.2
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Soil Preparation

The soil was prepared by adding water to the desired moisture con-
tent and mixing the soil thoroughly. The soil was allowed to stand for
at least 12 hours so that the water could become evenly dispersed
throughout the soil.

Immediately prior to each set of runs, the soil was remixed and
then leveled by running the soil box under the scraper on the soil-
packing frame. The §ix packer wheels were then lowered to 1 inch below
the soil surface and positioned near one side of the soil box. The soil
box was then passed under the wheels. The packer wheels were moved to a
position near the opposite side of the box and the soil box was again
passed under the.wheels. The packing wheels were then lowered 1 inch
.more to 2 inches below the original soil surface. Passes were made in
each of the two previoué lateral wheel positions and in six other posi-
tions so that the entire surface was covered in eight positions of the
wheels.

Following the passes with the packer wheels, the slight ridges
left by the wheels were removed with the scraper. The entire surface
was then further packed with a modified Proctor hammer. The modified
Proctor hammer was constructed by fastening a 7-3/8-inch by 10-5/8-inch
piece of l-inch thick plywood to the base of a standard Proctor hammer.
The soil was packed by dropping the hammer five times in each location

until the entire surface was covered.
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Test Procedure

Preliminary test procedure

The chief objectives of the preliminary tests were to determine
what experimental procedure would best show the effect of an air film
and to obtain general information on the relative performance of the
various tools which had been constructed. The preliminary tests were
made in Ida soil because the lower clay content of this soil made it
easier to prepare.

Prior to each pair of runs, a ridge was prepared by placing a guide,
made from two 10-foot lengths of 2-inch angle bolted together, in posi-
tion on the soil surface and removing the soil to a depth of approximate-
ly 1-1/4 inches for 2 inches on each side of the guide. The use of a
guide eliminated effects on the side of the tool and helped to control
the size of the soil slice being removed. The prepared ridge is shown
in Figure 2. Eight runs were made in each preparation of a soil box,
each run requiring one-quarter the width of the box and one-half the
length.

Several runs were made with each tool at the same moisture content.
In addition, the tools which required air were operated at several
different rates of air in an attempt to determine the effect of different
air flow rates.

An attempt was made to compare the performance of the tools on the
basis of these results; however, it was found that there was a great deal
of variation between runs treated alike. Under these conditions, it

would take a very large number of runs to make the data reliable.
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It was found that it was very difficult to keep the moisture content
‘of the soil constant for the time necessary to make several runs with
each tool. In addition, it was necessary to prepare the soil box more
than once for each group of runs, This procedure introduced additional
variation because of the difficulty in obtaining the same conditions on
successive preparations of the soil box.

In view of the foregoing observations, it was decided that better
comparison could be obtained by changing the procedure so that as many
comparisons as possible could be made in the same pteparation of the soil
box.

The preliminéry tests indicated that Tool A, with its two rows of
holes, was unsatisfactory because the angle of the holes tended to éllow
soil to be forced into the holes and they became blocked. The holes
were near the cutting edge and the area back of the holes did not appear
to be influenced by the air.

Tool D, which was only partially covered with perforated sheet, also
did not appear to distribute the air toward the back of the tool.

Since there was a limited number of runs possible in each prepara-
tion of the soil box, it was decided to abandon the two tools which

appeared to be the least satisfactory.

Final test procedure

The test'procedure adopted required two preparations of the soil
box. One preparation was used to compare various tools and the other to

compare rates of air.
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The tools used for these tests were B, C, E and F. On the first
preparation, each of the tools was operated twice. Tools B and C were
operated at an air flow rate of 22.9 cubic feet per minute per square
foot. Omn thé second preparation, Tools B and C were each operated at
four different rates of air flow. The air flow rates were 0, 4.49, 12.9
and 69.8 cubic feet per minute per square foot.

Tests were begun in each soil when sufficient water had been added
to the soil so that the soil was just moist enough to cling together
permitting ridges to be formed. The soil box was prepared in the same
manner as for the preliminary tests. No water was added to the soil be-
tween the preparation in which each tool was used and the preparation in
which different rates of air were compared.

Following the runs for the two preparations in each group, enough
water was added to the soil to increase the moisture content approximate-
ly 3 percent. The soil was théroughly mixed and allowed to stand under a
plastic cover for_at least 12 hours before the next group of tests.
Moisture samples were taken after each preparation immediately prior to
the test runs so that moisture changes occurring between preparations
when no water was added could be taken into account.

Tests were continued in each soil type until the soil became so wet
that it was sticky and very difficult to work. This procedure covered a
wider range of moisture content than is normally encountered in farm
operations.

The same 8series of tests were repeated for each of the three soils

used in these tests. 1In all, a total of 82 preparations of the soil box
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were required, making a total of approximately 650 individual runms.
The number of runs used in the analyses were less than the total

made because some of the runs were spoiled for various reasonms.



Figure 14. Comparison of the draft of Tools A and B
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TREATMENT OF DATA AND RESULTS

The oscillograph charts obtained during the tests were used to ob-
tain data on the average draft of the tools. This was done by measuring
the area under the oscillograph chart with a planimeter and dividing the

area by the chart length to obtain an average chart height.
Results of Preliminary Tests

The results of the preliminary tests at different rates of air.flow
indicate that air injection does reduce the draft of the tool at low
moisture contents. Figure 14 compares the draft of Tools A and B. The
data for Tool B, covered with perforated sheet, show a reduction in draft
of 32 percent in going from an air flow rate of 6;85 cubic feet per min-
ute per square foot to an air flow rate of 20 cubic feet per minute per
square foot. It shculd be noted that the results of tests with Tool A,
having two rows of holes, are very erratic although the draft appears to
be lower than the draft of Tool B.

The erratic results obtained for Tool A can be accounted for from
the fact that during the tests some of the holes became plugged. The
plugged holes not only stopped the flow of air, but also presented a
rough surface which would tend to retard the flow of soil over the tool.

Although the results show that the draft of Tool A tended to be
lower than the draft of Tool B, Tool A was abandoned in favor of a tool
which had perforations evenly distributed over the surface. This choice

was made because the holes in Tool A, as a result of their angle relative
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to the direction of travel of the tool, were more subject to plugging.
This effect was more noticeable at higher moisture contents. In addi-~
tion, the air had a relatively short escape route to the sides of the
tool and would tend to flow toward the sides of the tool instead of
flowing backward in the direction of soil flow. In view of these
considerations, it appeared that a tool which could distribute air evenly
over the whole surfacé of the tool would be more satisfactory.

Tool D, which was only partially covered with perforated sheet, was
abandoned because it also did not appear to distribute air toward the

back of the tool surface.
Results of Final Tests

The data obtained in these tests scattered a great deal so that a
statistical analysis was réquired to make valid comparisons of the
perforﬁance of the various tools used. A linear regression of draft and
moisture content of the form D = a + bM was calculated by the method of
least squares for each tool in each soil. 1In these equations D represents
draft in pounds and M represents percent moisture. Linear regressions
were used on the assumption that draft and moisture content were linearly
related. 1In view of the scatter diagrams obtained, it did not appear
that a significantly better fit would have been obtained by using a
curvilinear relationship over the range of the tests. It is obvious that
a linear relationship does not exist throughout the range of moisture
content starting at zero moisture because the calculated regressions have

a negative intercept. This means that at zero moisture, the draft would
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be negative. Since this is not the situation, the relation must be
curvilinear at some point in the range. The draft is probably very near-
ly constant in the range of moisture content in which the soil will not
cling together. When the moisture content of the soil reaches the point
where it begins to cling together, the draft of the tool begins to
increase.

The assumption of constant draft over a range of low moisture con-
tent appears to be valid because, since the soil does not cling together,
its resistance to deformation should be constant. Nichols (7), in his
studies of soil to metal friction, has divided the moisture range of a
soil into four phases designated as A, B, C and D phases. In the A phase,
the coefficient cf sliding friction depends on the speed of sliding, the
pressure per unit area, and the condition of the surface. In the B
phase, the coefficient of friction depends on the total pressure between
the surfaces and the condition of the surface. It is independent of the
speed of sliding and independent of the area of contact. The A and B
phases of a typical soil may cover the range of moisture content from O
to approximately 10 percent.

If the resistance to deformation remains constant, the pressure be-
tween the soil and the tools should remain constant because all tools
were operated at the same depth. Since all tools were operated at the
same speed, the friction force in the A phase should remain constant.

Thus, under the condition of constant resistance to deformation,
constant depth and constant speed, the draft of the tools throughout the

moisture range covered by the A and B phases should remain constant.
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The regression equations obtained are shown in Tables 2, 3 and 4.
In these tables, the symbol D represents the draft of the tool in pounds
and the symbol M represents moisture content in percent. The regression
lines representing these equations are shown in Figures 15 to 20. These
regressions were compared by using an analysis of covariance as described
by Snedecor (10). Using this method of analysis, differences in slopes
and differences in means of regressions can be compared and tested for

significance at various levels.

Table 2. Regression equations obtained from tests in Luton soil

Tool _ Air flow rate , Regression equation
(cfm/sq ft)

B 0 D = -4.965 + 0.5125 M
4.49 D = -4.391 + 0.4909 M
12.9 D =-4,963 + 0.5180 M
22.9 D= -4.514 + 0.4656 M
69.8 D = -4.086 + 0.4969 M
c 0 D = -2,856 + 0.4331 M
4.49 D = -4.496 + 0.4886 M
12.9 D = -3.942 + 0.4652 M
22.9 D = -5.750 + 0.5360 M
69.8 D = -3.519 + 0.4252 M
E -- D=-4.053 + 0.4523 M

F -- D = -2.444 + 0.3541 M




Table 3. Regression equations obtained from tests in Colo soil

Tool Air flow rate
(cfm/sq ft)

Regression

equation

B 0 = -4,187 + 0.5728 M
4.49 = ~6,510 + 0.6999 M
12.9 = =3,590 + 0.5508 M
22.9 = =7.443 + 0.7651 M
69.8 = «6.504 + 0.7091 M
c 0 = -8.100 + 0.8081 M
4.49 = «7.063 + 0.7472 M
12.9 = =8.460 + 0.7939 M
22.9 = =5,216 + 0.6165 M
69.8 = =3.666 + 0.5772 M
E -- = -7.541 + 0.6494 M
F - - = -7.324 + 0.7149 M

Figures 15 and 16 show the regression lines obtained for tests in

Luton soil. The analysis of covariance shows no significant differences

between the draft of the smooth tool (Tool F) and the draft of either of

the tools using air (Tools B and C) at the 5 percent level of probability.

Figures 17 and 18 show the regression equation obtained for tests in

Colo soil. The analysis of covariance shows no significant differences

between the draft of Tool F and the draft of either Tool B or Tool C at

the 5 percent level of probability.
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Table 4. Regression equations obtained from tests in Ida soil

Tool Air flow rate Regression equation
(cfm/sq ft)

B 0 D= 0.9085 + 0.2114 M
4.49 D= 0,9140 + 0.2022 M
12.9 D = -0.0841 + 0.2567 M
22.9 D= 0.6098 + 0.2108 M
69.8 D= 0,9757 + 0.1789 M
c 0 D= 2.120 + 0.1475 M
4.49 D= 1.014 +0.1852 M
12.9 D=-0.806 + 0.2981 M
22.9 D= 1,669 + 0.1390 M
69.8 D= 2,264 + 0.1029 M
E - D=-4,357 + 0.5810 M
F -- D= 1.464 + 0.1162 M

Figures 19 and 20 shpw the regression equations obtained from tests
in Ida soil. In this series of tests, the analysis of covariance shows -
that the differences in means are significant at the 1 percent ievel of
probability.

The results of tests with the wire tool (Tool E) are compared with
the results of tests with the smooth tool (Tool F) in Figures 21, 22 and

23.



Figure 15. Draft vs. percent moisture for Tools B and F in Luton soil
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Figure 16. Draft vs. percent moisture for Tools C and F in Luton soil
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Figure 17. Draft vs. percent moisture for Tools B and F in Colo soil
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Figure 18. Draft vs. percent moisture for Tools C and F in Colo soil
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Figure 19. Draft vs. percent moisture for Tools B and F in Ida soil
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Figure 20. Draft vs. percent moisture for Tools C and F in Ida soil
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The comparison for tests in Luton soil shown in Figure 21 shows
that the draft of the 0.010-inch diameter wire is greater than the draft
of the smooth tool. This can be expected because the radius of the wire
was considerably greater tham the radius of the cutting edge of the tool.

The comparison for tests in Ida soil shown in Figure 22 also shows
that the draft of the 0.010-inch diameter wire is generally greater than
the draft of the smooth tool. The draft of the wire increases more
rapidly with moisture contént than does the draft of the smooth tool.
This effect was not observed in the other two soils and no explanation
for its occurrence could be found.

Figure 23 compares the draft of 0.006-inch diameter wire with the
draft of the smooth tool in Colo soil. The radius of the 0.006-inch
diameter wire was more nearly equal to the radius of the cutting edge of
the smooth tool and, therefore, the draft of the wire should indicate
the portion of draft of the smooth tool required for cutting.

Collins (2) reports that the draft of a plow is divided as follows:
rolling resistance, 18 percent; turning furrow slice, 34 percent; cutting
slice, 48 pércent. Of the draft due to cutting and turning, cutting
represents 58.5 percent. A comparison of the regression lines for the
smooth tool and wire in Colo soil shows that at 15 percent moisture
content, the draft of the wire is 65.6 percent of the draft of the smooth
tool.

The draft of the wire is a higher proportion of the total draft in
this test than that given by Collins; however, in Collins' tests the

furrow slice was turned over as well as lifted and in the tests reported
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here, the soil was only lifted.

The fact that the furrow slice was only lifted would tend to reduce
the total draft and, therefore, cause the draft for cutting alone to be
a higher proportion of the total.

Since the draft of a tool using air was generally greater than the
draft of a smooth tool even at high air flow rates, it can be assumed
that the air pressure between the soil and the surface of the tool was
not great enough to support the soil. The increase in draft over that
of the smooth tool could be accounted for by the effect of soil particles
catching in -the #ir holes in. the plate covering the tool. There was
evidence that soil did catch in the holes because a number of holes were
plugged at the end of each run. The majority of the plugged holes were
near the cutting edge of the tool indicating that the soil pressure
against the tool was greatest near the cutting edge.

The failure of the air film to reduce the draft of a tool can be
accounted for by considering the condition of the soil as it passed over
the tool. When the soil was at a moisture content suitable for tillage,
it either crumbled or broke into large chunks during the tillage opera-
tion. This behavior has adverse effects on formation of a hydrostatic
film. It provides large passages for the escape of air and the irregular
pieces of soil contact the tool over relatively small areas. The small
contact area in relation to the size of the soil clods causes areas of
high contact pressure which will break down the air film and allow soil
to contact metal.

It may appear that the use of model tools would tend to make the
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loss of air through spaces between soil particles more significant be-
cause the furrow slice is thinner thar in a full scale plow. The soil
clods and the spaces between them would be larger in a full scale tillage
tool. This condition would tend to increése the rate of air loss in the
large tool.

Thus, it appears that the increased resistance provided by the
thicker layer of soil would be offset by the larger spaces between parti-
cles in the full scale tool.

Another effect sometimes observed with plows, but not evident during
model tests, is that in which plows may produce a smooth surface on the
furrow slice. This could tend to providé more resistance to air flow and
thus enable a hydrostatic film sufficient to support the soil to be built
up. The author believes that, since the formation of a smooth surface is
usually accompanied by large cracks, the cracks would tend to offset the
effect of the smooth surface.

Since not only draft but also total power required is of importance
in tillage operations, it is of interest to compare the power required
to supply air with the power required to operate the smooth tool. When
the comparison is made for Colo soil at 25 percent moisture content, the
draft of the smooth tool given by ghe regression in Figure 12 is approxi-
mately 10.5 pounds. The speed of the tool was measured and found to be
0.481 feet per second.

The power required is then:

0'48§5810'5) = 0.0092 horsepower.
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Gill (6) gives the following equation for the theoretical horsepower

required for the adiabatic compression of air.

n n-1
H.P. = n-l (0.0643) Vl(RT -1)

in which H.P. is the horsepower; n is the ratio of specific heats of air
equal to 1l.4; v is the volume of free air compressed in cubic feet per
minute; and R is the compression ratio.

The observed pressure in the slots under the perforated sheet of
Tool C was approximately 12 inches of water above atmospheric pressure
when the air flow rate was 69.8 cubic feet per square foot per minute.
" Since at this pressure some of the holes in the sheet become plugged,
lower pressures would not be satisfactory and the calculation will be
based oﬁ a pressure of 12 inches of water. 1If atmospheric pressure is
taken as 14.7 pounds per square inch, the absolute pressure in the slots
becomes 14.7 + 62.4/144 = 15.13 pounds per square inch. R is then
15.13/14.7 = 1.03. Since the area of the tool is 4(3)/144 = 0.0833
square feet, the air flow rate for the tool is 69.8 (0.0833) = 5.82 cubic
feet per minute. The power requifed is then:

H.P. = 12— (0.0643) (5.82) (Lonyltl -1 < o.0111 me.

The theoretical adiabatic horsepower to supply air to the tool under

the above conditions is thus greater than the power required to operate

the smooth tool without air. The actual power required to supply air is

greater than that shown above because of losses in the compressor and
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supply lines.

The comparison made above indicates that although higher air flow
rates may increase the effectiveness of the air film in reducing draft,
an increase in air flow rate could not be justified on the basis of an
overall reduction in power required.

Bertelsen (11) claimed that air injection would tend to reduce the
tendency of soil to stick to the tool. During the model tests no diffi-
culty was encountered with soil adhering to any of the tools so that no
information could be obtained on the use of an air film in promoting

scouring.
Comments and Suggestions for Further Studies

Only two types of tools were designed for use with air. These two
tools did not cover all'the possibilities in the design of tools which
could be used to inject air between the furrow slice and the surface of
a tillage tool. It is possible that a tool with a different arrangement
of holes in conjunction with a design of the air outlets which would
prevent plugging would have lower draft than a smooth tool under some
conditions. The use of an air film could be an advantage in some condi-
tions if it reduced the draft of the implement, even though it did not
reduce the overall power required. This could occur under conditions
where power is available, but it is not possible to develop tractive
effort on the drive wheels of a tractor.

In view of these possibilities, it is recommended that further

studies be made on full-scale plows in adverse conditions to determine
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the effect of the air film under these conditions with various types of
air outlets,

In making these tests it was found to be very difficult to pack the
soil uniformly especially at high moisture contents. Nonuniformity of
packing appeared to be caused in the initial leveling process. When the
soil was leveled with the scraper, high spots in the box appeared to be
compacted while low spots appeared to be uncompacted. Because the pack-
ing wheels were set to a definite depth, more pressure was applied to
areas of the box which offered more resistance because of the initial
packing by the scraper. The variation in packi;; was more noticeable
between the center and sides of the box than between the center and the
ends of the box.

The present method of packing the soil tends to pack the surface
layer of soil more than the lower layers. 1In most field conditiqns, the
surface layers of soil are less demse than lower layers. This difference
between the packing obtained in the soil box and that found in the field
tends to cause differences in the way in which a furrow slice was formed.
The furrow slice formed in the soil boxes tended to break out below the
level of the cutting edge of the tool rather than parting at the cutting
edge. When full-scale tools are operated in the field, the soil tends
to part at the cutting edge leaving a smooth surface on the undisturbed
soil. It is recommended that the method of preparing the soil be
changed so that the soil will be more uniformly compacted and will behave
more nearly like soils in the field.

One method by which this could be done would be to remove the soil
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from the box and place it in a mixer similar to a concrete mixer for the
mixing process. When the soil is mixed, it could be replaced in the box
in layers with each layer being packed following its placement. A system
such as this would have to be mechanized because of the large amount of

time and labor required for each preparation of the soil box.
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SUMMARY AND CONCLUSIONS

The use of fluid films to separate parts which move relative to each
other is widely accepted. Air films have been used in bearings on high-
speed machines and in conveyors.

This study was undertaken to determine the effect of an air film
between the soil and a tillage tool on the draft of the tool.

The tests were made on model tillage tools in soil boxes, thus
permitting more contrcl over test conditions than is possible in field‘
tests. The apparatus consisted of a trolley carrying the soil boxes
which ran on a 45-foot narrow-gage'track. The trolley was propelled by
an electric motor driving a roller chain through a variable speed gear
box. The tool being tested was suspended on load cells mounted on a
stationary load frame straddling the track.

Prior to tests the soil was prepared by a scraper and packing wheels
mounted on a separate packing frame. The draft éf the tools was deter-
mined from strain records by an oscillograph which measured the strain in
electric resistance strain gages in the load cells.

Seven tools were tried; however, two of these tools were abandoned
because they appeared to be less satisfactory than the other five.

The tools used for the final comparisons consisted of a 0.010-inch
diameter steel wire; a 0.006-inch diameter steel wire; a smooth tool; a
tool with 0.028-inch diameter holes on an equilateral spacing 0.077
inches apart; a tool with 0.028-inch diameter holes on a rectangular
spacing approximately 1/4 by 5/16 inches. With the exception of the wire

tools, all tools were flat plates 3 inches long and 4 inches wide. These
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tools were operated at a slope of 25 degrees to the horizontal with the
cutting edge perpendicular to the direction of travel. A 4-inch wide
ridge was made in the soil prior to each test run by cutting away the
soil on each side of the tool path. This prcedure eliminated edge
effects.

Tests were made in three soils: 1Ida silt loam, Colo silty clay
loam and Luton silty clay. The tests covered the moisture range over
which it was possible to work each of these soils. The tools were’
tested using air flow ratesbranging from 0 to 69.8 cubic feet per square
foot per minute.

In only one case was the draft of a tool using air less than the
draft of the smooth tool using no air; howevﬁr, this difference was not
significant. In all other cases the draft of tools using air was greater
than the draft of the smooth tool.

Higher air flow rates may reduce the draft of these tools, but the
power required to supply the air becomes so great that the overall power
required is greater than that required to operate the smooth tool.

The chief conclusion to be drawn from this study is that the use of
an air film between the soil and the surface of a tillage tool is not a
practical method of reducing the draft or the overall power requirement
of a tillage tool.

It may be possible to reduce the draft of a tool under certain
conditions, but the results of these tests indicate that a reduction in

draft can only be obtained by increasing the overall power requirement.
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It is difficult to reproduce field conditions in the soil boxes.
Because of this limitation the soil boxes do not yield satisfactory
results when the experimental procedure requires a reproduction of field

conditions.
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APPENDIX A: DRAFT DATA

Table 5. Draft data for preiiminary tests

Percent Draft
Tool moisture Air flow rate 1b
(€19 (cfm/sq ft) (D)
A 5.6 5.16 2.20
8.10 2.16
10.40 1.75
12.00 1.96
13.90 2.06
15.30 2.16
10.40 0.78
12.50 1.05
15.30 1.13
10.40 1.31
B 5.6 6.60 2.45
10.00 2.13
12.50 2.14
14.30 2.20
16.70 1.88
18.70 1.67
F 5.6 no air 1.97
1.58
2.06
1.39
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Table 6. Draft data for tests in Luton soil

~ Draft
Tool Air flow rate Percent moisture ib
(cfm/sq ft) (€3)) (D)

B : 0.0 14.9 2.05

17.9 3.46

20.8 6.97

22.0 7.10

22.8 7.58

26.1 7.71

28.4 8.01

30.7 11.50

4.49 14.9 1.91

17.9 4.05

20.8 5.37

22.0 8.73

22.8 7.99

26.1 8.38

28.4 7.59

30.7 10.98

12.9 14.9 1.91

17.9 3.77

20.8 6.97

22.0 7.70

22.8 8.20

26.1 6.16

28.4 8.95

30.7 11.75

22.9 17.3 4.03

17.3 1.85

17.7 4.03

17.7 2.52

20.1 6.63

20.1 5.20

22.4 7.08

22.4 8.26

24.2 6.20

24,2 6.50

-26.0 6.15

26.0 6.94

28.1 6.58

28.1 7.90

31.7 10.79

31.7 11.71



69

Table 6. (Continued)
. Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq ft) (M) {D)
B ) 69.8 14.9 1.98
17.9 3.93
20.8 6.92
22.0 9.21
22.8 10.08
28.4 9.47
30.7 11.54
26.1 5.41
c 0.0 14.9 1.95
17.9 4.00
20.8 7.97
22.0 8.03
22.8 8.57
26.1 7.14
28.4 10.08
30.7 8.93
4.49 14.9 1.70
17.9 3.59
20.8 7.63
22.0 6.05
22.8 8.57
26.1 7.01
28.4 8.68
12.9 14.9 1.47
17.9 3.85
20.8 5.81
22.0 7.97
22.8 7.26
26.1 6.37
28.4 7.67
30.7 9,51
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Table 6. (Continued)

Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq- ft) ) ()]
c 22.9 17.3 4.41
17.3 2.44
17.7 2.93
17.7 2.70
20.1 6.28
20.1 6.73
22.4 8.58
22.4 7.53
24,2 6.50
24,2 6.84
26.0 7.01
26.0 6.45
28.1 8.89
28.1 6.18
31.7 13.80
31.7 11.94
69.8 14.9 1.47
17.9 3.85
20.8 5.81
22.0 7.97
22,8 7.26
26.1 6.37
28.4 7.67
30.7 9.51
E no air 17.3 : 2.93
17.3 1.85
17.7 2.90
17.7 2.15
22.4 8.80
22.4 8.17
24.2 10.26
24,2 8.16
26.0 8.08
26.0 8.38
28.1 7.27
28.1 8.46
31.7 8.61

31.7 8.67
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(Continued)

Tool

Air flow rate
(cfm/sq ft)

Percent moisture
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Table 7. Draft data for tests in Colo soil

Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq ft) (M) (D)

B 0.0 15.6 5.66

17.2 6.63

20.8 6.87

25.1 7.52

24.7 7.59

28.0 15.87

4.49 i5.6 6.58

17.2 5.87

20.8 6.42

25.1 7.95

24.7 7.77

28.0 18.31

12.9 15.6 5.90

o 17.2 7.03

20.8° 5.32

25.1 9.99

24.7 8.67

28.0 13.93

22.9 14.7 3.24

14.7 3.70

15.9 3.40

15.9 6.55

16.0 5.76

16.0 5.75

18.4 6.31

18.4 6.31

21.0 4.98

21.0 9.17

23.4 10.36

23.4 11.70

25.1 11.54

25.1 12.82

28.7 14,16

28.7 14.88
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(Continued)

Table 7.
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Table 8. Draft data for tests in Ida soil

Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq ft) M) (€2)]

B 0.0 11.6 3.16

12.3 3.63

13.7 3.52

14.0 4.41

16.4 4.16

16.4 4.88

23.4 6.67

20.8 4,28

20.8 5.05

4.49 11.6 3.50

12.3 3.48

13.7 3.38

14.0 4.03

l6.4 3.93

17.8 4.46

23.4 5.59

23.4 6.15

20.8 4.40

20.8 5.45

12.9 11.6 3.28

12.3 2.83

13.7 3.86

14.0 3.04

16.4 3.93

17.8 4.78

23.4 7.26

23.4 5.11

20.8 5.16

20.8 4.62

22.9 23.4 4,95

23.4 6.42

23.6 6.22

23.6 6.67

21.5 3.72

21.5 4,66

21.0 3.96

21.0 5.27
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Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq ft) ()] {D)

C 22,9 25.1 7.98
25.1 8.79

28.7 13.47

28.7 14.10

69.8 15.6 5.17

17.2 7.43

20.8 8.17

25.1 11.44

24,7 7.23

28.0 14.41

E no air 4.7 0.54
14.7 2,70

15.9 2.78

15.9 2.29

16.0 2.68

16.0 4.73

18.4 3.97

F no air 14.7 2.08
14.7 2.82

15.9 4,44

15.9 4.25

16.0 4.87

16.0 4.84

18.4 7.63
18.4 5.87

18.4 6.63

21.0 7.32

21.0 7.45

23.4 8.73

23.4 7.27

25.1 9.99

25,1 7.52

28,7 14.70

28.7 15.60
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Table 8. (Continued)
Draft
« Tool Air flow rate Percent moisture 1b
(cfm/sq ft) M) (D)
B 22.9 12.2 2.46
12,2 2.85
13.9 2.87
13.9 4.78
13.8 3.90
14.5 4.27
14.5 3.56
16.4 3.86
16.4 4.006
18.7 3.65
18.7 5.39
69.8 11.6 3.25
12.3 2.92
13.7 3.86
16.4 3.79
17.8 3.51
23.4 4,77
23.4 3.86
23.4 6.95
20.8 5.42
20.8 4,28
C 0.0 11.6 3.52
12.3 3.18
13.7 4.27
14.0 4.47
16.4 5.44
17.8 5.56
20.8 5.15
20.8 4.16
4.49 11.6 3.52
12.3 1.45
14.0 4.10
16.4 4.62
17.8 5.79
23.4 4,55
23.4 5.32
- 20.8 4.92
20.8 4.62
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Table 8. (Continued)

Draft
Tool Air flow rate Percent moisture 1b
' (cfm/sq ft M) (D)

c - 12.9 - 11.6 2.42

12.3 3.59

13.7 2.60

16.4 4.16

17.8 - 4.92

23.4 6.32

23.4 6.34

20.8 4.82

20.8 5.34

22.9 23.4 5.07

23.4 5.28

23.6 4.98

23.6 5.64

21.5 3.83

21.5 4.57

21.0 4,28

21.0 3.88

12.2 2.68

12.2 2.94

13.9 3.52

13.9 3.90

13.8 4,72

13.8 4,32

14.5 3.41

14.5 4.16

16.4 2.73

18.7 4.44

18.7 4.85

69.8 11.6 2.95

12.3 3.93

14.0 4,10

16.4 3.14

17.8 4.78

23.4 5.49

23.4 3.75

23.4 4.73

20.8 3.94

20.8 4.77
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Table 8. (Continued)
Draft
Tool Air flow rate Percent moisture 1b
(cfm/sq ftr) (€29 (D)
E no air 12.2 1.98
12.2 2.26
13.9 3.96
13.9 2.87
13.8 3.93
13.8 4.98
14.5 5.05
14.5 4.64
16.4 5.23
16.4 3.62
18.7 7.15
18.7 6.05
F no air 23.4 3.27
23.4 5.34
23.6 4,07
23.6 4,94
21.5 3.70
21.5 3.04
21.0 3.05
21.0 4.55
23.4 3.97
23.4 4.39
12.2 2.09
12.2 2.63
13.9 4,27
13.9 3.62
13.8 3.41
13.8 3.15
14.5 3.00
14.5 3.31
16.4 2,71
16.4 2.73
18.7 3.65
4,27

18.7
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APPENDIX B: COVARIANCE ANALYSIS



Table 9. Analysis of covariance for Tool B in Luton soil

Air flow Deviations from regression
rate Mean
cfm/sq £t £ T  Ind =2 £ My 2 square

0.0 7 195.54 100.223 58.8276 6 7.460

4.49 7 195.54 95.992 59.2084 6 12,085

12.9 7 195.54 101.300 65.2990 6 12.820

22.9 15 359.92 167.579 102.5603 14 24,310

69.8 7 195.54 97.163 77.4364 6 29,157

Smooth 15 359.92 127.438 66.7272 14 21.605
Within 52 107.437 2.066
Reg. coef. .S 5.925 1.185
Common 58 1502.00 689.695  430.0589 57 113.362 1.989
Adj. means ' 5 22,155 4.431

Total 63 1505.80 683.042 445.3497 62 135.517
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Table 10,

Analysis of covariance for Tool C in Luton soil

Air flow Deviations from regression
rate : Mean
cfm/sq ft £ Tin? Sind 2 £ My 2 square

0.0 7 195.54 84,688 52.1440 6 15.466

4.49 6 126.90 61.997 41.5488 5 11.260

12.9 7 195.54 90.963 58.6476 6 16.333

22.9 15 359.92 193.125 140.9050 14 37.279

69.8 7 195.54 83.142 45.4379 6 10.087

Smooth 15 359.92 127.438 66.7272 14 21.605
Within 51 112.026 2.196
Reg. coef. 5 6.412A 1.282
Common 57 1433.36 641.353 405.4105 56 118.438 2.115
Adj. means 5 15.348 3.069
Total 62 1448.56 641.734 418.0844 61

133.786
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Table 11. Analysis of covariance for Tool B in Colo soil

Air flow Deviations from regression
rate Mean
cfm/8q ft £ m?2 ZImd 242 f g p? square

0.0 5 118.28 67.747 70.2015 4 31.398
4.49 5 118.28 82.782 111.3995 4 53.461
12.9 5 118.28 65.154 50.7629 4 14.874
22.9 15 352.88 269.977 230.5630 14 24,012
69.8 5 118.28 83.874 75.8018 4 16.326
Smooth 16 356.65 254,984 212.1064 15 29.808
Within 45 169.879 3.775
Reg. coef. 5 6.120 1.224
Common 51 1182.65 824.518 750,8351 50 175.999 2,980
Adj. means 5 8.540 1.708

Total 56 1216.60 847.423 774,8107 55 184,539
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Table 12, Analysis of covariance for Tool C in Colo soil

Air flow Deviations from regression
rate : Mean
cfm/sq ft £ 52 Tiud w2 £ Sy g2 square

0.0 5 118.28 95.587 102.6642 4 25.416
4.49 5 118.28 88.374 87,6238 4 21,634
12,9 5 118.28 93.908 93.9434 4 19.385
22.9 15 352.88 217.559 161.9367 14 27.807
69.8 5 118.28 68.274 56.1736 4 16.765
Smooth 16 356.65 254,984 212,1064 15 29,807
Within 45 140.814 3.129
Reg. coef. , 5 6.938 1.388
Common 51 1182.65 818.659 714.4481 50 147.752 2.955
Adj. means 5 11,651 2,330

Total ' 56 1216.60 860.800 768.4578 35 159.403
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Table 13.

Analysis of covariance for Tool B in Ida soil

Air flow Deviations from regression
rate Mean
cfm/sq ft f £m? Imd zd2 £ Zdy 2 square

0.0 8 140. 26 29.651 8.7800 7 2.512

4,49 9 181.18 36.641 8.6256 8 1.216

12,9 9 140. 26 46.502 15,5338 8 <117

22.9 19 330,12 69.606 25.9549 18 11.279

69.8 9 196.41 35,145 12,7613 8 6.472

Smooth 21 385.12 44,748 14,1173 20 8.918
Within 69 30.514 0.442
Reg, coef. 5 5.164 1.033
Common 75 1373.35 262.293 85.7729 74 35.678 0.482
Adj. means 5 16.129 3,226%*
Total 80 1441.29 251,227 95.5981 79 51.807

**%Significant at 1 percent level of probability.
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Table 14.

Analysis of covariance for Tool C in Ida soil

Air flow Deviations from regression
rate Mean
cfm/sq ft £ Tm? Sind a2 £ %42 square

0.0 7 91.78 13.538 5.2941 6 3.297

4.49 8 165.80 30.749 12,6791 7 6.976

12,9 8 168.18 50.143 16.5625 7 2.312

22.9 18 327.75 45,563 12,9709 17 6.376

69.8 9 193.69 19.949 5.6278 8 3.574

Smooth 21 385.12 44.748 14,1172 20 8.918
Within - 65 31.453 0.484
Reg. coef, 5 . 4,341 0.868
Common 71 1332.32 204.726 67.2516 70 35.794 - 0.511
Adj. means 5 12.762 2,553*%
Total 76 1371.67 193.283 75.7965 75 48.560

*Significant at 5 percent level of probability,
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