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Non-Linear Air Flow Patterns tn
Grain Drying Systems
D.

B. BROOKER

In-storage grain drying systems consist of three or four principal elements:
the bin, the fan, and the device to deliver the air into the grain mass. A heater
to raise the air temperature may or may not be used.
A perforated metal false floor is frequently used to introduce the air into the
grain mass. Such a floor, with an equal amount of clean grain above all portions
of the floor, gives ideal air flow conditions. The air flows through the grain mass
in parallel paths and with uniform velocity. Flow of this type is called linear
flow.
When a duct system is used to introduce the air, the flow paths will diverge
or converge in a manner dependent on the geometry of the bin and the spacing
and geometry of the ducts. The air velocity is variable along the flow paths.
Flow of this type is called non-linear.
This bulletin reports on non-linear air flow patterns that have been determined during several years of research at the University of Missouri. Various
types of bins and duct arrangements have been studied. The general procedure
was the same for all of the tests arid is outlined below. Specific procedures will
be given with the detailed report of each test.

GENERAL PROCEDURE
The following procedure was developed, in the main, by W . V. Hukill and
C. K. Shedd and described by them in an unpublished paper concerning the drying of oats in a bin with non-linear air flow (3)*. Hukill and Shedd also outlined the procedure in an article in Agricultural Engineering on non-linear air
flow in grain drying (4) .

Pressure Measurement.
Air is forced through the grain by a pressure differential between the air
at the surface of the grain and the air in the duct. The air pressure is greatest
at the point where the air enters the grain and the pressure becomes progressively less as the air moves through the grain. The first step in this research was to
determine the air pressure at various points in the grain mass.
A section of each bin was chosen where the air flow from the duct was in
two dimensions only and a plywood panel was placed in this section. The panel
was constructed so that one side supported the grain and the other side faced
a work area. All framing was placed on the work area side so that the side toward the grain had a smooth surface.
* Numbers in

parenthesis refer to the appended references.
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Small diameter holes were drilled in the plywood in an orderly fashion. These
holes were primarily located on a grid of points, with extra holes drilled at locations where air Bow paths would be expected to be diverging or converging
rapidly. The holes were covered with masking tape and each hole was uncovered
at the time pressure readings were taken.
Pressure readings were taken with the bin filled with grain and the fan in
operation. The readings were taken by inserting a probe through each hole, with
a rubber tube connecting the probe to a hook gage: The probe consisted of a
length of 1/8-inch copper tubing sealed at the inserted end. A series of 3/32-inch
holes was drilled through the tubing near the sealed end. A 1/2-inch length of
round metal stock (1/2-inch) was drilled and slipped over the other end of the
tubing and soldered in place to act as a bumper when the tube was inserted in
the hole. A rubber gasket between the bumper and the plywood helped seal the
hole while the reading was taken.
The finest graduation of the hook gage was .001 inches of water, and it
could be set and read with an error of approximately .002 inch. Figure 21 shows
the hook gage, rubber tubing, and the probe in position for a pressure measurement.

Analyzing Air Flow.
A scale drawing of the bin cross section was made and the pressure recorded
at points corresponding to the location of the holes in the plywood. Isopressure
lines were then drawn in the same manner as contour lines are drawn .:m a
topographic map when elevations are known. A number of air flow lines were
then drawn, extending from the duct to the grain surface. These lines were drawn
on the premise that the direction of air flow is perpendicular to the isopressure
lines.
The analysis of air Bow along an air Bow line, (again after the method of
Hukill and Shedd) , was accomplished by assuming a rate of air Bow along the
line. To simplify the computations, one cubic foot of air per minute was assumed to Bow along the Bow line. To further simplify the computations, the
amount of grain through which one cubic foot of air per minute moved was
considered to be contained in a slab 1 foot thick in a plane at right angles to
the plane of air Bow. In passing from one isopressure line to the next, the air
maintains some average velocity that corresponds to the pressure change over the
distance between the lines. The relation of velocity to pressure change per unit
distance used in the computations were those determined by Shedd (5).
When the path of the air and its velocity have been determined, it is possible to determine the width (W) of the path to which one cfm must necessarily be confined for the air to maintain the known velocity.
V = QlA = 1/(1 x W) = 1/W or W = 1/V
Where: V is apparent velocity (fpm) from Shedd's data (5)
Q is cfm
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A is average cross-sectional area (sq. ft.) through which the one cfm
of air passes in traveling between the chosen isopressure lines.
(A = W x 1 because the slab of grain has been chosen as one foot
thick.)
The volumes of grain through which the one cfm of air passes in the distance
between the isopressure lines is
Volume
W x 1x X
X/V
Where: X is distance between the isopressure lines in feet. The volume can be
converted to bushels by multiplying by 0.8.
The bushels of grain through which one cfm passed along the flow line
were determined for chosen increments of pressure change, beginning with the
increment where the air entered the grain. Summing these figures from the point
where the air entered the grain to any point along the flow line gave the number of bushels of grain through which the one cfm had passed to reach the
chosen point. If the reciprocal of this figure were taken, the units would logically become cfm per bushel.
However, nomenclature has not been established for the reciprocal figure
mentioned. The term cfm per bushel has become widely accepted to mean the
total cubic feet of air delivered to the bin divided by the number of bushels of
grain in the bin. Hall (1) has used the term cfm per accumulated bushel to describe
the figure.
Hukill and Shedd (4), taking a different approach, have computed the time
it takes the air to travel from the duct to the point and have called this traverse
time. The time is expressed in seconds.
Either term is a means of expressing the comparative time required to dry
the grain at any particular point in the bin. The term used in this bulletin is
traverse time as defined by Hukill and Shedd. Traverse time is related ro cfm
per accumulated bushel as follows:

=

T

=

= 75 X:!_

cfm/bu
Where: T is traverse time in seconds.
v is the void space in the grain expressed as .a decimal.
The traverse time values at the various points along the air flow lines can
be used to plot lines of equal traverse time. This is also done in the same manner as contour lines are drawn. The resulting traverse time pattern is in reality
a ventilation rate pattern. The lines of equal traverse time represent the shape
of the drying front as the drying zone progresses from the region where the air
enters the grain ro the region where the air leaves the grain.

TESTS IN ARCHED-ROOF BUILDING (QUONSET)
The building used for this series of tests was a Quonset with a 16-by-32-feet
floor area. The storage space was reduced to that over a floor area, 16 by 28 feet,
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Fig. 1 A bulkhead constructed of 3/4" plywood was placed across the Quonset building. The
smooth surface of the bulkhead (shown above) was next to the grain. A probe was inserted into holes drilled in the bulkhead to obtain pressure readings.
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by the construction of a 3/4-inch plywood bulkhead set in four feet from the
door end. (See Figure 1.)
An expanded metal duct, covered with screen wire, was placed down the
center line of the building between the bulkhead and the rear end of the building. A three-horsepower directly connected propeller fan unit was connected co
the duct at the rear of the building. The side walls were lined with corrugated
metal sheets running horizontally and blocked apart about 112 inch at the point
of overlap to permit air co enter or leave at these horizontal joints. The cross
section of the bin and duct geometry are shown on the traverse time plots for
the tests.
Two tests were conducted with the building equipped as described. One
was with the bin partially filled with soybeans, and the ocher with the bin filled
with wheat.

Test with Soybeans.
The bin was partially filled with 1500 bushels of soybeans that had a moisture content of approximately 8.0 per cent wet basis. The soybeans were put in
the bin with a flight elevator and heaped over the duct so that the natural angle
of repose formed the shape of the grain surface.
Measurements were taken with the fan forcing air into the duct and with
the fan exhausting air from the duct. When the fan was used as a pressure fan,
the pressure in the duct was 0.55 inches of water, and when the fan was exhausting air from the duct, the duct pressure was -0.734 inches of water (vacuum).
With the fan exhausting air from the duct, the air entered the grain mass
along the grain surface and through the horizontal joints along the bin sides.
A detail drawing showing how these slots were obtained is shown in Figure 2.
Air left the grain mass at these locations when the fan was used as a pressure
fan.
The traverse time pattern for the exhaust fan test is shown in Figure 3. The
irregularity of chis pattern is apparent. Some of the air reached the duct in less
than 7.5 seconds, while at another point at the duct surface, the air had been in
the grain 18.9 seconds. This indicates that some of the grain near the duct would
dry in approximately one-third of the time required to dry another portion of
the grain near the duct.
The traverse time pattern for the pressure fan test is shown in Figure 4. The
absolute pressure difference between the duct and the ambient is less when the
fan is operated as a pressure fan. Very irregular air distribution is also apparent
in this test. The air leaving the central portion (over one-half of the area) of the
grain surface had been in the soybeans less than six seconds. Some of the air
leaving the grain at the horizontal sloes had been in the grain for 30 seconds.
In this case, some of the grain along the grain surface would dry in one-fifth of
the time required to dry the grain near the side slots.

LEAD SEAL
NAILS AT
RIBS ONLY

Rt8~

Fig. 2 Openings were provided in the Quonset side walls where the inner side wall lining sheeT\
overlapped. Air could enter or leave the grain through these slots.

Fig. 3 A traverse time pattern for soybeans in the 16 foot wide Quonset building.
Soybeans at 7.5-8.5 percent moisture
Duct pressure, -.734 inches of water
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Fig. 4 A traverse time pattern for soybeans in the 16 foot wide Quonset building.
Soybeans at 7.5-8.5 percent moisture
Duct pressure, + 0.55 inches of water

The rather extreme differences in traverse times for the air following different flow lines is caused by:
1. The difference in the length of the various flow lines, which is aggravated
by the fact that the bin is only partially filled .
2. The limited air escape area at the horizontal slots along the bin sides.
3. The fact that no slots are provided at the floor level. This means that air
which travels through the grain in the corner must flow along the floor and
then up the bin wall to the nearest slot.

Test with Wheat.
The Quonset building used for the soybean test was also used for the wheat
tests. Some modification in the side wall construction was made in an attempt
to improve air distribution. The side wall sheets were lapped in a different manner to provide a larger grain surface exposure area (air escape area) at the horizontal slots. Also, a slot was provided along the lower edge of the wall at floor
level. See Figure 5 for the details of this new slot construction.

RIB~
AIR ENTERS
GRAIN
Fig. 5 Wall openings in the Quonset side walls were modified for the tests with wheat in the bin.
The side sheets were overlapped as shown above to provide larger openings. See Fig. 2 for
comparison.

The bin was filled with Pawnee wheat with an average moisture content of
11.5 per cent. Again, the filling operation was such that the grain surface shape

was determined by the natural angle of repose. Figured on a volume basis, 2294
bushels of wheat were put in the bin. For one test, the measurements were taken
with the fan used as an exhaust fan and for a second test, the fan was used as a
pressure fan. The pressure in the duct for the two tests was -1.865 inches of
water and 1.589 inches of water for the exhaust and pressure tests, respectively.
The traverse time pattern for the exhaust test is shown in Figure 6. The air
distribution is fairly uniform. Only two small areas adjacent to the ducts received
air that had been in the grain longer than 20 seconds. A traverse time of 20 sec-onds is equivalent to 1.5 cfm per bushel under linear flow conditions.
The traverse time pattern for the pressure test is shown in Figure 7. Here,
again, the air distribution is uniform. The air left the grain at the horizontal slots
in approximately 25 seconds. The air left some areas of the grain surface in less
than 20 seconds, but at the crown, the traverse time was over 20 seconds.
Air distribution was improved for the wheat test as compared to the soybean
test because:
1. The bin was filled, a fact that made the length of the various air flow
lines somewhat uniform.
2. More air escape area was provided at the horizontal side wall slots.
3. The extra opening at floor level improved air distribution in that area.

Fig. 6 A traverse time pattern for wheat in the 16 foot wide Quonset bu ilding.
Wheat at 11 .5 percent moisture
Duct pressure, -1.865 inches of water

Fig. 7 A traverse time pattern for wheat in the 16 foot wide Quonset building.
Wheat at 11 .5 percent moisture
Duct pressure, + 1.589 inches of water
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TESTS IN ROUND METAL GRAIN BIN
A 1000-bushel round, metal bin was used for a series of tests to determine
air distribution from a typical duct system for such a structure. The bin was 14
feet in diameter and was filled with wheat to a depth of eight feet. The moisture
content of the wheat was approximately 13 per cent wet basis for all the tests.
The duct system consisted of an arched shaped main duct that supplied air
to two sets of inverted "V" laterals. See Figure 8 for the duct arrangement. Figure 9 shows the cross-sectional view of the main and lateral ducts.

EXTERNAL SUPPLY
DUCT-----'-+

Fig.

8 A plan view of the duct system in the 14 foot diameter bin. The main duct divides the
building in half and furnishes air to two laterals on each side.
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Fig. 9 Views of the main and lateral ducts used in the 14 foot diameter bin.

Since the analysis was devised for two dimensional Bow, it was necessary to
limit the test zone to a region in the bin where essentially two dimensional Bow
existed. The test zone is outlined in Figure 10 by the Bow lines. The vertical
portion of the zone is midway between the lateral ducts and it is reasonable to
assume that under ideal conditions, no air would Bow across this section. It is
also reasonable to assume that the air moving in this vertical plane would travel to
or from the lower edge of the air escape area at the duct and travel along the Boor.
This zone would also be the region of lowest ventilation rate since the air Bow
lines leaving the lateral and passing through the zone are longer than they would
be in any similar zone. The location of the test zone was established on these
assumptions.
Figures 11 and 12 are photographs of the "pie"-shaped work area that was
constructed in the bin to make it possible to take the necessary pressure measurements.
A backward curved centrifug al fan was used for these tests.
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Fig. 10 The test zone in the 14 foot diameter bin. As shown, the air is assumed to travel vertically
along a plane midway between laterals, then along the floor to the lateral duct.

RESEARCH BULLETIN 892

15

Fig. 11 A pie shaped work chamber was constructed inside the round building . The smooth outside wall of the work chamber was located midway between the ducts and was perpendicular to the main duct. A probe was inserted into the test zone through the wall of the
test chamber to obtain pressure measurements.
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Fig. 12 A view of the work chamber as seen from inside the building. The lateral that carried the
air that passed through the test zone is bottom right.
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Air Flow to or from Both Main and Lateral Ducts.
A series of rests was made with the duct system as shown in Figure 8. Both
the main and lateral ducts were set off the floor on eight-inch channels. This
meant that air could enter or leave the test zone (depending on whether the duct
pressure was negative or positive) at both the main and lateral duct air escape
areas.
Traverse time patterns were determined for two different duct pressures
when the fan was used as an exhaust fan, and for two duct pressures when the
fan was used as a pressure fan. Negative pressures of -1.375 and -1.957 inches
of water were measured in the main duct for the exhaust tests. Main duct pressures of 1.268 and 1.839 inches of water were measured for the pressure rests.
The traverse time patterns for the pressure rests are shown in Figures 13
and 14. With a duct pressure of 1.268 inches of water, the traverse time at the
surface of the center of the bin was 30.4 seconds and increased along the top
edge of the test plane to 66.7 seconds at the outer edge of the bin. These values
are equivalent to 0.99 and 0.45 cfm per bushel with linear flow.
When the duct pressure was increased to 1.839 inches of water, the minimum and maximum traverse times along the top edge of the plane were 24.0
and 53.6 seconds, respectively. These are equivalent to 1.25 and 0.56 cfm per
bushel.
The traverse time patterns for the exhaust tests are shown in Figures 15 and
16. With a duct pressure of -1.375 inches of water, the traverse time varied
along the edge of the duct from a minimum of 29.0 seconds to a maximum of
64.0 seconds. Equivalent cfm per bushel figures are 1.03 and 0.47.
When the duct pressure was decreased to -1.957 inches of water, the traverse
time along the duct varied from 23.5 seconds to 46.8 seconds. Corresponding
cfm per bushel figures are 1.27 and 0.64.
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AIR LEAVES
DUCT AT
HEAVY LINES

\

Fig. 13 A traverse time pattern for wheat in the 14 foot diameter building. Air supplied by both
lateral and main ducts.
Wheat at 11.5 percent moisture
Main duct pressure, + 1.268 inches of water
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Fig. 14 A traverse time pattern for wheat in the 14 foot diameter building. Air supplied by both
lateral and main ducts.
Wheat at 11.5 percent moisture
Main duct pressure, + 1.839 inches of water

20

MISSOURI AGRICULTURAL EXPERIMENT STATION

$CALE
0

6

12

18 IN.

AIR FLOW
PATH _ ___,__

Fig. 15 A traverse time pattern for wheat in the 14 foot diameter building. Air exhausted at both
lateral and main ducts.
Wheat at 11.5 percent moisture
Main duct pressure, -1.375 inches of water
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Fig. 16 A traverse time pattern for wheat in the 14 foot diameter building. Air exhausted at both
lateral and main ducts.
Wheat at 11.5 percent moisture
Main duct pressure, -1.957 inches of water
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Air Flow to or from Lateral Ducts Only
The duct system was modified for the second series of rests by making the
main duct air-tight except where the air entered the laterals. All the air, therefore, entered the grain from the lateral ducts.
Again tests were conducted using two negative duct pressures and two positive duct pressures. The pressures were adjusted to correspond rather closely
with those used in the first series of tests before the air escape area of the main
duct was closed.
The traverse time patterns for the pressure tests are shown in Figures 17
and 18. Pressures of 1.252 and 1.829 inches of water were used. With a duct
pressure of 1.252 inches of water, the time for air to reach the grain surface for
over three-fourths of the test zone was approximately 58 seconds. The maximum
traverse time was 65.2 seconds, which occurred along the bin wall.
When the duct pressure was increased to 1.829 inches of water, the traverse
time was again fairly uniform at approximately 38 seconds for over three-fourths
of the surface edge of the test zone. The maximum traverse time for this test
was 45.5 seconds.
The equivalent cfm per bushel values for the above traverse times are: 0.52
for 58 seconds; 0.46 for 65.2 seconds; 0.79 for 38 seconds; and 0.66 for 45.5
seconds.
Negative duct pressures used were -1.250 and -1.931 inches of water. The
traverse time patterns are shown in Figures 19 and 20.
Maximum and minimum traverse times for Figure 19 are 66.7 and 55.6 seconds. For Figure 20, the maximum and minimum values are 45.5 and 37.5 seconds. The equivalent cfm per bushel values for the four traverse time figures (in
the order mentioned) are 0.45, 0.54, 0.66 and 0.80 respectively.
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Fig. 17 A traverse time pattern for wheat in the 14 foot diameter building. Air supplied by lateral
duct only.
Wheat at 11.5 percent moisture
Main duct pressure, + 1.252 inches ·of water

24

MISSOURI AGRICULTURAL EXPERIMENT STATION

SCALE
0

6

12

IS IN.

Fig. 18 A traverse time pattern for wheat in the 14 foot diameter building. Air supplied by lateral
duct only.
Wheat at 11 .5 percent moisture
Main duct pressure, + 1 .829 inches of water
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Fig. 19 A traverse time paHern for wheat in .the 14 foot diameter building. Air supplied by lateral
duct only.
Wheat at 11.5 percent moisture
Main duct pressure, -1.250 inches of water
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Fig. 20 A traverse time pattern for wheat in the 14 foot diameter building. Air supplied by lateral
duct only.
Wheat at 11 .5 percent moisture
Main duct pressure, -1.931 inches of water
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Table 1 is a summary of the maximum and minimum traverse times for the
eight tests conducted in the round metal bin.
Table 2 is a summary of the ventilation rates (expressed as cfm per bushel)
that correspond to the traverse times given in Table 1. In addition, Table 2 gives
an average cfm per bushel figure. This average figure is obtained by dividing
the total air Bow into the bin by the number of bushels of wheat in the bin.
The differences in maxima and minima figures in Tables 1 and 2 are less
for all comparisons when the air Bow is from the lateral ducts only. This is also
indicated on the traverse time patterns by the fact that the lines of equal traverse
time extend horizontally across the section. Since these lines represent the shape
of the drying front as it passes through the bins, it can be seen that the drying
front passes through the section in approximately the same period of time along
all of the flow lines.
It should be remembered that the section of the bin being considered has
been selected because it is the section with the longest Bow lines in the bin.
Therefore, any other section would have higher ventilation rates and dry faster.
This is especially apparent in Table 2 for air flow from laterals only, where the
"average" ventilation rate in the bin is considerably higher than either the maximum or minimum ventilation rates for the section shown.
The significant fact in the comparison of the two duct systems is that the
maximum traverse time (minimum cfm per bushel) is not appreciably changed
by restricting the air flow to that from the laterals only. This means that a more
uniform drying pattern can be obtained, but that drying time is not changed.
A method of decreasing maximum traverse time through the grain would
be to use more lateral ducts, thus reducing the distance between the laterals.

Table 1. Maximum and minimum traverse times for air passing through a chosen
plane in a 14-foot diameter bin filled to a depth of eight feet
with wheat. Two duct systems are compared.
Air flow to and from main and lateral ducts
Duct Pressure
(inches water)
+1 .268
+1.839
-1.375
-1.957

Traverse time seconds
Minimum
Maximum
66.7
53.6
64.0
46.8

30.4
24.0
29.0
23.5

Air flow to and from lateral ducts only
Duct Pressure
(inches water
+1.252
+1.829
-1.250
-1.931

Traverse time seconds
Minimum
Maximum
65.2
45.5
66.7
45.5

58.0
38.0
55.6
37.5

N

CXl

;

(I)
(I)

0

c:
~

Table 2. Cfm per bushel figures that correspond to the traverse time Figures in Table 1.
Air flow to and from main and lateral ducts

>

Air flow to and from lateral ducts only

Duct Pressure
(inches water)

Minimum

cfm per bushe I
Maximum

Average*

+1.268
+1 .839
-1.375
-1.957

0.45
0.56
0.47
0.64

0.99
1.25
1.03
1.27

0.83
1.06
0.83
1.06

Duct Pressure
(inches water)

+1.252
+1.829
-1.250
-1.931

Minimum

cfm per bushe I
Maximum

Average*

0.46
0.66
0.45
0.66

0.52
0.79
0.54
0.80

0.90
1.10
0.84
1.08

*Average figure obtained by dividing total air flow by the number of bushels of wheat in the bin.
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TESTS FOR LATERAL DUCT SYSTEMS
Grain bins are frequently equipped with duct systems constructed in such
a way that the main duct is outside of the bin storage area, and only the laterals
extend into the grain mass. A test bin, full scale in cross-section, was constructed
to study air flow from four typical lateral duct systems.
The test bin (Figure 21) had a floor area of four feet by eight feet and a
height of eight feet. The bin was filled with wheat. The geometry and the spacing of the ducts can be determined by examining Figures 24, 25, 26, and 27.
The bin cross-section shown in these figures is for a four-foot section of bin
served by the lateral or laterals shown. Two such sections made up the test bin,
but since they were identical, only one is shown. The lateral ducts were placed
across the short dimension of the bin and were four feet in length. They received air from a plenum or main duct extending along the outside of the bin.
Sliding doors at the end of each lateral made it possible to adjust air flow so that
the static pressure was the same in the various laterals during each test.
Air flow was measured with a thermal meter that was constructed as a
Thomas flow meter (6) . Flow was measured by adding a known amount of heat
to the air and measuring the resultant temperature rise. The meter used (Figure
22) measured the temperature rise by means of a thermopile. The wiring pattern
for the instrument is that devised by Hinkle (2l in constructing similar meters.

Fig. 21 The test bin with the pressure-sensing probe in position to take a pressure reading. The
hook gage is mounted on the bin wall.
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Fig. 22 An external view of the air flow meter showing thermocouple lead-in wires and electrical
connections. The insulation that covered the meter has been removed.

Figure 23 is a typical pressure pattern for the tests reported in this bulletin.
The grid points where pressure measurements were taken are indicated, and the
isopressure lines have been drawn. The traverse time pattern determined for this
particular pressure pattern is shown in Figure 26.
Figures 24, 25, 26, and 27 show the traverse time patterns for the four ducts
when the static pressure in the ducts was two inches of water. Several pressure
pattern were taken for each duct, using a different duct pressure each time. For
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Fig. 23 A pressure pattern taken when the pressure in one of the ducts was 2.0 inches. lsopressure
lines have ben drawn. Pressure is measured in inches of water.

Fig. 24 A traverse time pattern for wheat when expanded metal, inverted catenary laterals were
placed 4 feet on center. Duct pressure was 2 inches of water.

Fig. 25 A traverse time pattern when semicircular ' side openings" laterals were placed 4 feet on
center. Duct pressure was 2 inches of water.

Fig. 26 A traverse time pattern when rectangular side opening laterals were placed 4 feet on center. Duct pressure was 2 inches of water.
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Fig. 27 A traverse time pattern when inverted V-laterals were spaced 2 feet on center. Duct pressure was 2 inches of water.
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duct pressures other than two inches of water, complete traverse time patterns
were not found.
However, for every pressure pattern taken, the traverse time was analyzed
along the flow line that leaves the grain midway between the ducts. The traverse time at the grain surface (at the end of this flow line) was considered to
be the maximum traverse time for that particular duct pressure. Figure 28 is a
plot of these maximum traverse times against static pressures in the duct.
Also shown in Figure 28 is the traverse time for grain at the surface of a
similar bin equipped with a false floor, fi.Hed to a depth of eight feet with wheat.
This makes it possible to compare the relative time required to dry a bin of
grain equipped with a duct system to the time required if a false floor is used.
The "system" curve for a bin equipped for drying and fi.Hed with grain is
a plot of the total air flow through the grain plotted against the static pressure
developed by the fan. For a further comparison of the various duct systems, a
bin with an assumed floor area of 24 feet by 40 feet was chosen and system
curves for each of the ducts were developed for such a bin fi.Hed to a depth of
eight feet with wheat. The system curves for this hypothetical bin are shown in
Figure 29.
A system curve for the same bin equipped with a false floor covered with
eight feet of wheat would pass through the same region of the graph as the
other curves, passing slightly above them in the region of lower static pressure.
Since all the curves, including the one for the false floor, are in close proximity,
it is concluded that there is enough air escape area (area along the duct periphery
where air can enter the grain) for a11 of the duct systems studied so that static
pressure loss in the ·near vicinity of the ducts is n ot severe.
For many years, it has been a rule of thumb that the air escape area should
be equal to one-fourth of the floor area. This criterion is met in each of the ducts
tested. These curves indicate that the rule of thumb is a rather good one, if performance of a duct system is based on duct static pressure and air flow . The
small differences between the curves on Figure 29 may be a function of the differences in air escape area of the various ducts.
Figures 28 and 29 can be used to determine relative drying times of the various duct systems when a typical drying fan is used to complete the drying system in the 24 feet by 40 feet hypothetical bin. Two typical fan performance
curves are plotted on Figure 29. The point at which a fan curve intersects a particular system curve indicates the static pressure at which the fan and system are
in equilibrium. The air flow for that point is the expected air flow for that duct
system, fan, bin size, and depth of grain.
If the air flow so determined is divided by the number of bushels of grain
in the bin, the average cfm per bushel can be determined. Such an average
.fif?ure is misleadin![, because the fan must be operated until a11 the grain is dry.
Therefore, a more reliable indication of comparative drying time would be based
on the maximum traverse rime (or the equivalent cfm per bushel figure.)
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Fig. 28 A plot of maximum traverse time against static pressure. The traverse times at the bottom
of the vertical lines con be used to compare rates of drying using the various ducts if the
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Fig. 29 The system curves for the various ducts placed in a 24 x 40 ft. bin filled to a depth of 8
ft. with wheat. Two typical fan curves are also plotted.

The maximum traverse time for any particular duct system combined with
the chosen fan can be obtained by entering Figure 28 with the static pressure
as read at the equilibrium point on Figure 29.
The maximum traverse times read from Figure 28, show that there is some
slight advantage in drying rime saved if the inverted V-type duct, spaced two
feer on center, is used in preference to the other three types.
A rather significant advantage in drying time saved can be obtained by using
a false floor rather than any duct system. As an example, the traverse time with
the three-horsepower fan unit and duct system Number 1 (inverted catenary
laterals placed four feet on center) is 46.3 seconds. The traverse time with the
same fan unit used in connection with a false floor is 25.0 seconds. It would
take approximately 80 per cent longer (almost twice as long) to dry this particular bin of wheat, if the duct sysrem is used than it would if a false floor is used.

RESEARCH BULLETIN

892

39

With the information presented, it would appear that a decrease in drying
time (decrease in maximum traverse time) when duct systems are used can be
obtained by:
1. Increasing the pressure in the duct system by increasing fan output
2. Placing the ducts closer together.
In order ro increase the air output of the fan, it is necessary to alter some
physical characteristics of the fan, such as blade length, blade pitch, etc., or to
run the fan at a higher speed. Invariably, the horsepower requirement increases.
It can be noted that in Figure 29, a five-horsepower fan unit does give more air
flow than a three-horsepower unit and a higher static pressure at the equilibrium
points for all duct systems.
If the higher static pressures associated with the five-horsepower fan are
used ro enter Figure 28, the maximum traverse time for the duct systems is
lowered, and is about the same as that obtained with a three-horsep ower fan
unit and a false floor. This means that the drying time using a three-horsepower
unit with a false floor is equivalent to the drying time obtained by using a fivehorsepower unit and a duct system. The advantage of a false floor when one can
be used is evident.
Moving ducts closer together will decrease the maximum traverse time.
With any duct design, this increases cost, and makes extra work in cleaning the
bin. For some types of ducts (see Figure 26 for an example), there is a region of
maximum traverse time above the center line of the duct. Moving the ducts
closer together will not reduce the traverse time in this region.

GENERAL COMMEN TS ON ALL TESTS
The results of a number of tests involving three general types of duct systems have been presented. The duct systems are:
1. Centrally located single-duct systems where the air moves more or less
radially through the grain mass.
2. Duct systems for circular bins with the system consisting of a main duct
with extending laterals.
3. Duct systems that are comprised of evenly spaced laterals with the main
duct located outside of the grain storage area.
Findings of these tests that can be applied in the design of any type of duct
system are:
1. Air flow from the region where the air enters the grain to the region
where air leaves the grain should be as nearly the same length as possible.
2. So called "dead spots", or regions where the grain that is the last to dry
is located, will likely be located at the region where the longest air flow
paths leave the grain.
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3. The shape of the traverse time patterns presented gives an indication
where the last portion of grain to be dried will be located when duct systems are used.
4. Static pressure in a duct system will ' compare favorably with a false floor
system at any given air flow rate, if the air escape area of the duct is equal
to one-fourth of the floor area.
5. Drying times cannot be accurately approximated if the ventilation rate
(cfm per bushel) is based only on total air flow through the bins.
6. Drying time (based on the last portion of the grain to dry) with a duct
system is considerably longer than if a false floor is used and the same fan
unit is used with both systems.
These :findings do not mean that a false floor should be used in all drying
installations. Frequently, false floors cannot be conveniently used in large storage
structures. Home-made duct systems are often constructed at a fraction of the
cost of false floors. A bin with a duct system installed can be more effectively
sprayed for insect control before grain is put in the bin than one equipped with
a false floor, because the ducts can be removed easily.
With the low air flow rates used for aeration-those used tO keep dry grain
in condition-duct systems are usually satisfactory.
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