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Abstract

At the present time, the theory of designing flat-bottom tanks adapted
by manufacturers is introduced. The analysis includes roof panels, tank
shells, and stiffeners subjected to stored grain, dead and live loads. .

Spontaneous heating in storage bin results in temperature rise which
can be predicted by finite difference method. To remove generated heat,
aeration is necessary. A practical example of designing aeration system
used by grain storage industry is also provided.

When flat-bottom steel tanks are used as bin dryers, they are neces-
sarily equipped with fully perferated floors, grain spreaders, fans, heaters,
reinforced structures, and recirculating devices. Five types of common
bin dryers are compared with their advantages and disadvantages. An
equation is also developed for estimating the time required to dry a
batch. ’

1. Introduction

Steel grain tanks can be prefabricated by manufacturers inside the plants. Through
cold roll forming, the result of mass production and the saving of erection time can be
very economic. Even if the steel tanks are imported from the United States, the price to
have 39,285 bushel storage capacity set up is about 43% of reinforced concrete silo. At
the present time, China Steel Corporation in Kaohsiung can produce high quality steel
coil. If proper design and application information is available, we may help our domestic



manufacturers to produce their steel tanks and consequently reduce the price of steel
tanks further. This will help our domestic grain and feed industry to store the related
agricultural produce more competitive.

The author has involved in the design and research of steel tanks for the last 10
years, and hopes this paper will be helpful for manufacturers and users who can make
the most of steel tanks. The scope of this paper will be limited three major areas:

1. Analysis and design of flat-bottom steel tanks.

2. Steel tanks for storage.

3. Steel tanks for drying.

2. Analysis and Design of Flat-bottom Steel Tanks

The analysis and design of steel grain tanks is dependent on the calculation of the
grain induced action on the cylindrical shell and application of these loads to the design
of body sheets and vertical wall stiffeners. Many theories have been developed to modify
Janssen’s equation which can be used to predict the dynamic conditions such as bin
loading and bin emptying (11721:2427,3L36)  Although Janssen’s theory is based on the
behavior of stored grain at rest, the flat-bottom grain tanks are normally unloaded by a
unloading auger at the center as shown in Figure 1. Emptying bin is close to a funnel
flow. Therefore, there was little or no pressure increase in the wall?*37) In other words,
Janssen’s equation is still valid if the flat-bottom tank is unloaded from the centér and
the unloading flow is close to a funnel flow.

Since both wheat and corn are most comon and heavy grains, the material density,
angle of repose and coefficient of materal on wall friction of wheat are used to determine
the maximum lateral pressure. Similarly, the values of corn are used to determine the
maximum vertical stiffener loads. Dead load and live load are used to determine the
required thickness of roof panels.

To elaborate the above analysis and design of a flat-bottom grain tanks, a 40.6 ft
dimeter by 40 ft wall height tank is used for an example. All of the galvanized coil steel
used in tank panels have a minimum yield strength of 33,000 psi. The bolts used are
standard mild steel bolts with a design shear strength of 10,000 psi.

2.1 Design of Roof Panels

As shown in Figure 2 find the section modulas of two panel elements plus a Z-shape
stiffener as follows:

S1 = 2006 t . e e ¢}
S, = 1091t ... F )
where S, = section modulas of roof panel, in3

S, = section modulas of Z-shape stiffener, in3
t’ = thickness of roof panel or stiffener, in
If 2 pieces of roof panels with a 0.0359-inches thickness and a 0.0598-inches-thick
Z-shape stiffener as shown in Figure 3(C) the combined sectlon modulas (St) can be
calculated as follows and is equal to 0.76 in>.

St = 281 F Sy et 3)
or S = 2(2.996)(0.0359) + 10.91(0.0598) = 0.76 in®
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(d) Details of concrete floor bin with underfloor auger inclined
above floor at bin wall and with ramp over auger tube
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(e) Top of the floor auger with sweep auger for existing bin
with no formed channel in floor

Figure 1. Unloading grain from round tanks
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(a) Cross section of roof panel.

Reference line

1.925"
85°

2.8"

5.87"

(b) Cross section of Z-shape roof stiffener
Figure 2. Cross sections of roof panel and stiffener.

The weight of above two pieces of roof panels and a Z-shape sitffener is equal to
3.14PSF. If the wind load in the vertical direction is 25PSF, take 60% of 25PSF or
15PSF per foot of vertical projection is used for a round structure'? a5 shown in Figure
3(a). Resolve forces into components perpendicular to the roof equal to 7.51PSF as

shown in Figure 3(b). The moment. of roof panel as shown in Figure 3(d) is as
follows:
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3,14 PSF(dead load)

7.51 PSF
8.6 PSF(live load)
35° 35°
(a) Dead load and live load. (b) Combination of dead load and
live load.
b _'-lr_.
Top  1.57g 22.5" Botton
L 278.5"
[
(c) Dimension of roof panel.
T3.,-1.13psF
3 < =
Top - } —?w1—1.88PSF
0 #u 7
1

(d) Load on the roof panel.

Figure 3 Force diagram of roof panel.
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M, =

dMy

or dx

Where the maximum moment occurs,

3’—‘2’-‘ (2—x) +“’—é"(22 D (4)
- —ngz (.OIQ (g)222
= T e o D
LRt il (5)

X

dx

is equal to zero or the location is at the

point where x is equal to 13.19ft. Substituting x is equal to 13.19ft into Equation®, we
find the maximum moment is equal to 1,029 ft-Ib or 12,348 in-lb. As we mentioned
before, the yield strength of coil steel is 33,000psi or the working strength is equal to
20,000psi??). From Equation‘®), we have chosen two pieces of 0.0359-inches roof panels
and a 0.0598-inches Z-shape roof sitffeners. The combined section modulas is 0.76 in®
which is larger than 0.62 in® (=12,348/20,000). Therefore, the roof design will be

adequate.

2.2, Tank Shell Design

The following equation was developed by Janssen for calculating grain lateral pressure
on the tank wall(522:26)

Pn

© £ ¥

T R & R

(&

Since wheat
calculate the maximum lateral pressure of 40.6 ft diameter by 40 ft wall height. The
cone shape grain piled up above the eave height is calculated for the equivalent 4.7 ft
height of 40 ft diameter cylinder.

w
R
¢
i

H

‘:’TR ame KHHIR (6)

lateral pressure, PSF
grain density, PCF

hydraulic radius equal to one quarter of bin diameter for round shape,
ft.
1-sin ¢

ratio of lateral to vertical pressure =————
1+sing

angle of repose

coefficient of grain on the tank wall
depth of grain, ft

base of natural log=2.71828

is the most common and heavy grain, use the following values to

50 PCF

10.15 ft

25°

0.34

15.6, 25.6, 35.6, and 45.6 ft

Substituting the above values into Equation®, the lateral pressure is listed in
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Column® in terms of PSF or Column® in terms of psi of Table 1. If the wall panels are
connected by two rows of 3/8-inch bolts at 1.5-inch spacing along the vertical seamline,
the tensile stress(F*) on net section shall not exceed the value calculated by either
Equation® or Equation® from cold formed steel design manual®9:

F*
F*
.where F*
Fy

T

S

d

Fy/l6... ...t TR @)
(10098 +3rd/SYF* ...\t
design stress for bolted connection, psi

yield strength = 33,000psi

the force transmitted by bolt or bolts at the section considered,
divided by the tensile force in the member at that section. If r is less

than 0.2, it may be taken as equal to zero.

spacing of bolts perpendicular to line of stress, in

diameter of bolt, in

Let r=0:5, s=1.5 in, d=3/8 in, the design stress for bolted connection on net section is
equal to 19,100psi. Normally, the hole of wall panel is punched with a 1/16 in larger
than bolt- diameter which is 3/8 in diameter in this case. Therefore, the allowable
tension (T) between bolts can be calculated by the following equation

T
whete T

¢

F*

[1.5-3/8+1/16)It'XF*)............. et e
allowable tension, 1b
thickness of wall panel, in

19,100 psi.

With different thickness of wall panels, the allowable tension loads are calculated
and listed in Column(®) of Table 1. Comparing the values of Column‘®) with Column®,
the designed thickness of wall panels at various grain depth is adequate,

‘Table 1. Designed thickness of wall panels of 40.6-feet diameter by 40-feet sidewall of wheat tank

' Hoop tension per Allowable tension
. 1.5in of vertical  Designed thickness X
Grain depth Lateral pressure . loads at designed
height of wall panels thickness
Col.®)x243.6*x1.5
ft PSF psi 1b in 1b
15.6 2847 1977 722 0.0359 707
25.6 438.0 3.04 1111 0.0598 1120
356 5720 3.97 1451 0.0747 1395
45.6 688.6 4.78 1747 0.0897 1690
Column No,
1 2 3 4 5 6

* Radius of tank in terms of inches



2.3 Sidewall Stiffener Design

The first step in the design of the vertical sidewall stiffeners is the determination of
the maximum loading existent in each. At any given grain depth, the load per stiffener is
equal to the total vertical wall load at that depth divided by the number of stiffeners
_ around the tank. Then the stiffener may be analyzed as an axially compressed column,
The cross-sectional area required for the stiffener will depend on the magnitude of axial
compression, the unbraced length of the stiffener and the yield strength of the raw
material. As the vertical load of stiffener increases from the top to the bottom of any
tank, the required stiffener cross-section will increase in the same manner. From Jans-
sen’s formula, the vertical load on the floor can be calculated by the following equation:

wR e—K;lH/R)

V = Py/K ='ﬁ' (1-

where V = vertical stiffener pressure, PSF
Ph, K, w, R, i, H and e are defined as in Equation (& .

If a cold formed section as shown in Figure 4 is chosen for the sidewall stiffeners,"
the allowable load for different thickness is listed in Table 2.

Table 2. Allowable load of designed sidewall stiffener

Thickness allowalble load
in 1b
0.0359 3091
0.0478 4766
0.0598 6573
0.0747 8896
0.0897 11018
0.1046 12783
0.1345 16982
0.1875 - 26148

For the maximum vertical stiffener loads, use the following values of corn:

w = 48 PCF




R = 10.15ft
¥ = 0447
¢ = 27.52°
H

= 15.6,25.6, 35.6, and 45.6 ft.

Substituting the above values into Equation?, the designed stiffener is listed in
Table 3 at various grain depth. Comparing the allowable loads of Table 2 with stiffener
loads in Column‘®) of Table 3, the designed thickness of stiffeners in Column‘”’ of Table
3 is adequate. ‘

[ 1.74"

1.693" 1.693"

228542 Pﬂl,.

Figure 4. Cross section of wall stiffeners.

Table 3. Designed thickness of wall stiffeners of 40.6 feet-diameter by
40-feet height of corn tank

Grain  Vertical pressure Grain Steel tank Stiffener Designed
depth on floor weight weight load thickness
) (s) (3)
Col. @ x1295 Col."’+Col. *’'Col.
34

ft PSF b b Ib - b in

15.6 662 857,290 921,888 8,820 2,159 0.0478
25.6 1,006 1,302,770 1,529,088 14,210 7,074 0.0747

35,6 1,298 1,680,910 2,135,712 20,725 13,986 0.1345
45.6 1,547 2,003,365 2,773,824 28,800 23,508 0.1875

Column No.
1 2 3 4 5 6 7

2.4 Bolt Shear Stress

If the bolts used are standard mild steel bolts, the designed shear stress will be
10,000psi. As shown in Table 1, the load per bolt on the bottom panel is equal to 8§74
Ib (=1747/2). For a 3/8 in bolt, the allowable shear is equal to 1104 1b which is larger
than 874 1b. Therefore, the bolt shear stress for wall panel is adequate.

As shown in the Table 3, the bottom stiffener load is equal to 9,522 1b (=23,508-
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13,986). For a 10 feet loang stiffener with 19 bolts attaching to sidewall, the average load
per bolt is equal to 501 1b which is.less than 1104 Ib. Consequently, the bolt shear stress
of stiffener will be strong enough.

2.5 Wind Load

The wind load on structures is the product of the design wind pressure multiplied
by the projected exposed area. The design wind pressure, should be satisfactory for local
building code or recommended code of standard practice ®10:13,19) For this analysis,
assume 25 PSF wind pressure which is equal to 98.8 miles per hour velocity pressure. For
a round structure, use a shape factor 0.6 or the design wind pressure will be 15 PSFU9

Since the empty tank may be the most critical condition, the load on anchor bolt to
prevent overturning as shown in Figure 5. can be calculated as follows:

Area of roof = ¥ (40.6)(54.2—40) = 288.3 ft2

Wind load on roof (L,) = 15x288.3 = 4324 1b

Area of wall = (40.6)(40) = 1624 ft?

Wind load on wall(L, )= 1624 x 15 =243601b

Weight of steel tank (P,) = 28,800 Ib
20.3P,-20L,-43.55L,

40.6
584,640-487,200-188,310
40.6
= =22381b .
Assuming the total wind load is in shear and 34 anchor bolts are used, the shear per
. 4324 + 24360 . . .
bolt will be 844 1b (= —_-'3'4———). For a 5/8 inch diameter mild steel anchor bolt,
the allowable load is 3068 1b [=10,000psi (-})(5/8)2]. Therefore, the shear stress of
anchor bolt is adequate. '

The allowable tensile load on the smallest stiffener is equal to the allowable design
stress, 20 ksi (=33 ksi/1.65), multiplied by the smallest cross section which is equal to
the blank width minus the bolt hole. The allowable tensile load can be calculated as
follows:

The tensile load on anchor bolts (P,) =

Allowable tensile load = (20,000) [7 7/8-(3/8+1/16)](0.0478) = 7110 Ib

From the above calculation, the allowable tensile load on the smallest stiffener is
larger than 2238 1b. Therefore, stiffeners for tensile load due to wind are adequate.

Following the above analysis and design procedures, the author has designed some
customer built tanks as shown in Figure 6. Figure 7 shows more details of a typical steel
tank.

3. Steel Tanks for Storage

To use steel tanks for storage, proper aeration is very critical. The following section
will discuss the heating problem of stored rapeseed and design an aeration system to
solve the problem.
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Figure 5 Wind load on the empty tank .

3.1 Spontaneous Heating of Stored Rapeseed

A 44-inch diameter by 66-in high steel bin was set up as shown in Figure 8A.
Thermocouple locations and other equipment were shown in Figure 9. The bin was
insulated with a 1-inch layer of fiber-glass wool insulation covered with a plastic film. A
second 6-mil plastic film was mounted on a wood frame surrounding the bin providing
an air space which was maintained at a constant temperature with a capillary thermostat
(Type EA3 Robert Shaw-Fultan Controls Co.) controlling an electric heater and circulat-
ing fan. Humidified ventilation air was supplied to the bin through a manifold located in
the bottom. Approximately 50 Bushels of rapeseed having an initial moisture content of
7.9% (wet basis). By adding water and mixing for two hours, 100-pound lots of seed
were conditioned to 10.33% or 10.62% moisture content. Then the seed was removed
from the mixer and allowed to stand in a covered box for three-days prior to loading
into the bin®?, : ~

The temperature rise due to spontaneous heating at different locations in the bin
were listed in Table 4 and 5.
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Table 4. Measured temperatufes (F) versus time at different locations of 44-inch
diameter bin from initial conditions of 10.62% moisture content and 97F

Radial distance from the center of 44-inch bin, inches

Time, hr
t 0 2 7 12 17 22
0 97.71 97.28 97.02 96.58 95.23 93.01
35 100.81 100.37 100.11 99.41 97.71 94.97

72 104.16 103.90 10346 - 102.46 100.15 96.54

Table 5. Measured temperatures (F) versus time at different locations of 44-inch
’diameter bin from initial conditions of 10.33% moisture content and 81F

Radial distance from the center of 44-inch bin, inches

Time, hr
t” 0 2 7 12 17 22
0 80.61 80.61 80.48 80.22 _ 79.78 79.30
144 88.57 88.57 88.05 86.83 84.74 81.74
288 96.24 96.10 95.15 93.14 90.05 85.92

499 102.16 102.02 100.35 98.28 94.28 88.88

Figure 6. Exterior-view of grain tanks.



RUOF CaAr

NOOF HING " LADDF A HUNGS
N UPPEN
ROOF STIFFENER HOOH DOOH =\
PANEL
# LI0

ROOF PANEL 4

/a
ZINFT

) A\\\N
il 3_ winp nno\‘ jL_J
> g H ,T WIND BAND. - IL—‘
-Au’uhu < Il’:u‘nu\ ; j
: | / wanp MID\ |
A
P l i ' s
ALL PANEL < shveenen o
> H
waLL :AN(L4 sTRCENE — ooor Figure 7. Details of a
AvcHOM aRaCKETS typical steel
> . tank.

Figure 8. The apparatus of temperature
control and measurement.
A.Experimental bin and

temperature controllers.
B. Digital voltmeter and recorder.
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Figure 9. Diagram of temperature measurement in the 44-inch diameter bin.

To predict the temperature rise due to spontaneous heating, the author has developed
the following equations based on heat balance equation and finite difference method by
considering the sector of a cylindrical bin shown in Figure 10.(1625:30,38)

M= -%%9-2 U ST (11)
T; = (1 —%) T+ %Tm + —2(2;;—)1(1) " *%;'(%%' ....... (12)
T’ = %)%%ﬂl --s—l-) Tc +ﬁ (T e (13)
e D G Bt

%)% .......................................... (14)

Where  k = thermal conductivity, Btu/hr-ft-F
length of radius increment, ft
number of spatial increment
Az = depth of sector, ft
A8 = angle of bin sector, rad.

W = generated heat, Btu/ft3-hr
At = finite time period, hr
Ti.1 = temperature of elements i~1 at time t, F

Tj = temperature of element i at time t, F

Tjs+ | = temperature of element i+l at time t, F
= temperature of element i at time t+At, F
v = density, 1b/ft3
¢ = specific heat, Btu/lb-F

>
—
0o



=3
(¢}
]

temperature of center element at time t, F

T = temperature of center element at time t+At, F
Tn = tethperature of exterior element at time t, F
h = temperature of exterior element at time t+At, F
B, = hlé\ L= Biot number, dimensionless.
h = convective heat transfer coefficient, Btu/hr-ft2-F
Ta = outside air temperature, F
Spatial
Centre of " Increments
Grain Bin

Qutside
n Air
LG :
Az Heat Flow

= Direction

Figure 10. A sector of the grain bin.

With measured thermal properties and carbon dioxide production mulitplied by a
factor of 3.5 to determine heat generation, W, in the above equations, the measured and
predicted temperatures are shown in Figure 11.(23:30)

3.2 Design Criteria for Aeration System

As shown in Section 3.1, the stored produce inside the steel tank could cause
heating due to moisture movement within the grain bulk as shown in Figure 12 or due
to localized development of fungi and insects as shown in Figure 13.(19:35)

As shown in Figures 14 and 15, structural failures can happen without having
adequate roof vents for air inlet or outlet. From Figure 16, improper switch timing of
pressure-vacuum aeration system can also result in bin failures. Because grain tank roofs
are not designed to withstand excessive air pressure differentials as mentioned in
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10.33% moisture content and
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Figure 12. Mositure movement within bulk of grain due to difference between the tem-
perature of outside air and of stored grain. Left, outside air temperature below
grain temperature; right, outside air temperature above grain temperature(!%-3%)
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Figure 13. Spoilage of grain due to temperature gradients, movement of
moisture and localized development of fungi and insects(1%35)

P o FAILURE TO HAVE ADEQUATE ROOF
-/ . VENTS FOR AIR INLET

‘// -~ . .o \ ‘)(‘»_ ____ \
Vacuum Puiis

Roof In

e ,/_ ‘ '_'. J)\-‘__\.\— < Aération Fans

Figure 14. Bin failure due to inadequate roof vents for air inlet.

Section 2.1, general recommendations are that 125% of the cross-sectional area of the
main duct.®® Grain piled in the roof area must not block the roof vents. Therefore, the
area above the surface of the grain must allow free movements of the air to the vents as
shown in Figure 17.35%)
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Figure 15. Bin failure due to inadequate roof openings for air outlet.
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RIGHT
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Figure 17. Proper roof vents installation.
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Table 6. Fan performance of axial vane and centrifugal fans“32)

Axial vane aeration and crop drying fans CeLtr_;fuggl Fans

H.P. Y% " 1% 3 5 10-13 % I 15 20 25 40 5 10 20 30
R.P.M. 3,450 | 3,450 | 3450 3,450 | 3,450 1,750 { 1,750 § 1,750 ] 1,750 | 1,750 } 1,750 | 1,750 | 1,750 { 1,750
SWP AIR FLOW VOLUME — FAN RATING CUBIC FEET PER MINUTE

(O 1,907 | 4,169 | 5,850 § 12,100 | 24,750 | 18,300 ] 26,300 | 29,100 | 32,700 | 47,000

n" 1,630 | 3,812 | 5,450 | 11,100 | 24,400 } 17,900 | 25,700 | 28,450 } 32,400 | 46,000

%" 1,360 | 3,440 ] 5,070 | 10,000 | 24,050 | 17,350 | 25,100 | 27,700 { 31,700 | 45,000

1~ 1,130 | 3,083 { 4,700 | 9,300 { 23,600 | 16,850 } 24,370 | 27,100 | 31,100 }43,950 { 7,600 } 12,600 { 19,000 | 20,500
1%” 950 | 2,800 | 4,350 | 8,700 | 23,250 | 16,150 | 23,700 | 26,400 | 30,300 |42,900

14 780 | 2,522 | 4,000 | 8,200 | 22,700 | 15,650 | 23,000 | 25,800 | 29,600 |41,800

1%~ 610 | 2,270 | 3,650 | 7,670 | 22,200 | 15,050 | 22,300 | 25,100 | 28,850 {40,650

2" 462 | 1,990 | 3,350 | 7,102 ] 21,500 | 14,480 | 21,600 | 24,400 { 28,100 | 39,500 | 7,200 | 11,800 | 18,000 | 19,800
2% 330 | 1,760 | 3,050 | 6,720 } 20,800 | 13,800 | 20,850 | 23,600 { 27,300 | 38,350

24" 200 | 1,532 | 2,730 | 5,685 | 20,100 | 13,060 | 19,900 | 22,800 | 26,250 | 37,150

2% 1,310 | 2,420 ] 5,100 | 19,250 | 12,200 | 18,900 | 21,900 | 24,800 | 35,850

3 1,023 | 2,070 | 4,569 | 18,300 | 11,300 } 17,800 | 20,700 | 22,300 | 34,500 | 6,500 | 10,800 ] 17,000 | 19,100
3% 620 | 1,720 3,980 | 17,300 | 10,100 | 16,600 | 19,300 | 20,400 | 33,100

3" 1,360 | 3,517 { 16,200 | 9,300 | 15,300 | 17,850 1 18,800 | 31,600

3% 850 | 3,000 ] #5,050 | 8,200 | 14,200 | 16,500 | 17,100 | 30,000 _

4"’ 520 | 2,518 | 13,800 | 7,320 | 13,000 | 15,300 | 15,700 28,250 | 5,800 | 9,800 | 16,000 | 18,300
4%" 1,800 | 12,500 | 6,300 | 11,700 | 14,100 | 14,400 | 26,500

41" 800 | 10,000 | 5,550 {10,500 | 12,750 | 13,000 | 24,900

4% 9,450 | 4,700 | 9,200 } 11,300 § 11,400 |23,450

5 8,800 | 4,120 | 7,900 | 9,850 | 10,000 | 22,000 | 4,700 | 8,800 | 14,900 { 17,500
St 8,200 | 3,200 | 6,800 | 8,300 | 8,500 }20,450

L7 7,500 | 2,520 | 5,700 | 6,900 | 7,300 |18,900°

5% 6,800 | 2,000 | 4,800 | 5,600 | 6,100 }17,250

6" 6,100 | 1,480 | 3,850 | 4,550 ] 4,900 |15,600 7,800 | 13,200 { 16,600
6% 5,300 2,900 | 3,500 | 3,900 |14,100

61" 4,400 2,100 { 2,700 | 3,000 |12,600

6% 3,500 1,300 | 1,850 | 2,000 {11,100

7" 2,600 500 | 1,000 | 1,100 | 9,500 6,600 | 11,000 | 15,800
8" 4,900 | 7,800 } 15,000
9 14,100
10~ 13,000
11~ 12,000
12~ 10,700
13~ 8,800




To keep uniform temperature and moisture content of stored grain inside the steel
tank, 0.1 CFM per bushel (= 1.25 ft) aeration rate is reccommended.*3» As shown in
Figure 18, the resistance of loose-filled grains and seeds to different airflow can be used
to choose proper fan. For a 40-ft diameter by 40-ft height steel tank used for corn
storage, the pressure drop per foot of corn will be 0.016 in water/ft or total pressure
drop in corn bulk will be 0.64 in water (= 0.016 x40). Adding 50% for compaction and
system resistance, the total static pressure for a fan will be 0.97-inch water. As shown in

- Table 6, choose two 1.5 HP axial vane fans at 1" static pressure to deliver about 6166
CFM or approximately 0.15 CFM per bushel which is more than adequate.

The maximum recommended duct air velocities are up to 1750 ft/min. @ 15:34,35)
Then the cross section area of aeration duct is 1.76 ft2 (= 3083/1750). If the dimension
of C as shown in Figure 19 is 6, then the size of A is equal to 3-6". Figure 20 shows a
side view of aeration system.

The recommended duct surface area can be determined by a rule of thumb based on
experience®343% which is 1 ft? per 30 CFM. Therefore, the required duct surface area
with at least 10 percent perforations will be 103 ft2 (= 3083/30). After the size of A is

50"Min. 3501id section

P—Tonkg
X
i
___________/ { ) 6"
et [, R .___*'
, L .'.,P‘_‘ _'._‘vvl"'-‘ v;‘_’_‘_‘

e e

Ssction A-A

Notes: A = 3"-6"

B = 14-8"
C=6"
X = 14'-9"

Figure 19. Aeration duct design for the flush concrete floor of
40-feet diameter by 40-feet eave height steel tank.
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Figure 20. Side view of aeration system

calculated, the required duct length is equal to 29.4 ft (= 103/3.5) which is equal to the
sum of B and X. A 50” solid section of aeration duct near the aeration fan could avoid
the air escaping from the short-cut such as openings near the fan,

4. Steel Tanks Used as Bin Dryers

Bin dryers are available in many sizes and capacities, and can be operated in
different ways as shown from Figure 21 to Figure 25. Comparing drying tanks with
storage tanks as mentioned above, the following conditions are different:

1. Drying tanks with a fully perforated floor are required for uniform air distribu-

tion.

2. Drying tanks are equipped with grain spreaders for uniform grain depth.

3. Stirring augers or recirculating augers are required for deep batch dryers.

4. Fans with heaters are required except natural air drying process.

5. Tanks should be reinforced to take extra loads from wet grains and stirring action.

4.1 In-Bin Shallow Batch Dryers

As shown in Figure 21, a layer of grain up to 3.5 feet depth is placed in the bin,
dried overnight with continuous heat, then cooled and moved into a different storage
unit.

Use about 20 CFM per bushel air flow rate and about 120°F drying temperature for
best results®®. For this system, the energy .required to dry corn from 25% moisture
content (W.B.) to 15% moisture content (W.B.) is about 2000 BTU per pound of water
removed.® Heat of vaporization of corn at 70°F and 16.7% moisture content (W.B) is
about 1160 BTU per pound of water removed.(15:29 Therefore, the estimated drying
efficiency is about 58%. '

Based on heat balance equation and 58% drying efficiency, the following equation
is developed by the author to estimate the time required to dry a batch of shelled corn:



0.38 (A)
() (6 (15)

Where A = pounds of water per bushel to be removed
B = air flow, CFM/bushel
C = pound of water removed per pound of air (refer to the humidity rato of
pychrometric chart) ,

For example, use 27-feet diameter tank with 10-13 fan (Table 6), 2.5 million BTU/
hr heater to dry corn from 25% to 15% moisture content (W.B), 2-feet grain, ambient
temperature 60°F, relative humidity 60%, and with a drying temperature 120°F.
Substituting A is equal to 7.42, B is equal to 25, and C is equal to 0.0106 into Equa-
tion the estimated drying time of this batch is equal to 10.6 hours.

Usually the heater can be turned off when the drying front is about 6 inches from
the surface.(1® Following the cooling process, some moisture between 1 and 2% can be
removed if the weather condition is fovorable.(18

An alternate heating and cooling cycle may be used to reduce the moisture
differential between the top and bottom of the batch. A cycle time of 3 or 4 minutes
with 75% of the time spent in heating and 25% in cooling, will result in less than 0.5%
moisture differential in 3.3 feet depth of grain.(®

Drying time (hrs) =

4.2 Bin Dryer with Stirring Device

As shown in Figure 22, vertical stirring augers can be added to a bin dryer to in-
crease the allowable depth of grain to about 8ft.”) The action of stirring on an intermi-
ttent basis can mix the grain before it becomes overdried at the bottom of the bin.

The disadvantage of stirring action tends to loosen a column of grain around the
auger. This, in turn, creates an air column or “air leak”’. Consequently, the heated air is
exhausted at the auger points without being fully saturated. This, of course, leads to a
loss of heat energy and increased operation cost.’ v

To use standard storage tanks for drying, additional wall stiffeners and floor sup-
ports may be required to overcome the additional force due to stirring. To prevent bin
failure, don’t start up with screws near bin wall and have screws free prior to start up.(3)

4.3 Bin Dryer with Overhead Drying Floor

As shown in Figure 23, bin dryers use an overhead con-shaped drying floor sup-
ported about 3.3 feet below the roof{12), The heater and fan unit is mounted just below
the drying floor. When the grain is dried it is dropped to a perforated floor below where /
an aeration fan is used to cool the grain while the next batch is loaded on the drying
floor above. Additional batches are dropped on the top of the cooled grain until the bin
is filled to the level of the heater unit. Then the dired grain is transferred to another
storage bin.

4.4 Recirculating Batch Bin Dryer

As shown in Figure 24, a bin dryer equipped as a recirculating batch dryer'!8), The
hoppered perforated floor can use the gravity flow into a central chamber where it is
picked up by a vertical auger and delivered to the tcp of the grain bin. The grain is
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mixed continuously as it dried, and the drying is more uniform than a non-recirculating
batch dryer as shown in Figure 21. During the drying, it may be also less air leaking
through the open screws as shown in Figure 22.

Figure 26 shows the moisture profile from bin bottom to top at 5 times in a typical
drying cycle when a recirculator is used!!5!®_ After one complete cycle, the moisture
differential is very small. '

4.5 Continuous-Flow Bin Dryer

Figure 25 shows the dried grain near the full perforated floor is moved to the bin
center by a sweep auger, and then picked by a vertical auger to recirculate the grain or
carried to a cooling bin. The operation of the sweep auger is controlled by a thermostat.
When the unit is operated as a continuous-flow dryer, the grain is removed from the
drying bin at about 120°F and 1 to 2% above the safe storage moisture content, and is
_ transferred to a cooling bin'®. In effect the grain steeps in the cooling bin, creating a
slow cooling aeration process, similar to dryeration. The extra drying is nearly free — the
only cost being the electric power to run a small aeration fan for two to three days(9).

The heat energy efficiency is excellent about half the energy that may be expended
to remove a comparable amount of moisture from corn in a drying bin equipped with a
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Figure 22. Bin dryer with auger stirring device
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stirring device®. If the heat efficiency is approximately 1400 BTU per 1b of water
removed® | the drymg efficiency is about 43% higher than that of batch bin dryer.

The disadvantage of this system is that the sweep auger on the floor will accumulate
fines toward the bin center so that the floor must be periodically cleaned®® .

sof
\ @r(P DRYING TIME (HR)

A 198

B 610 ——————
c 1085—

D 1510 — o
€ 1967 — » A

OGRAIN ON TOP SURFACE
AT START OF DRYING

DEPTH — INCHES

L ] -
10 18 20 25
MOISTURE CONTENT % (w .b. )

Figure 26. Moisture changes during recirculation drying

5. Conclusion

Based on the foregoing sections, the following conclusions are made:

1. To design a flat-bottom steel tanks, Janssen’s equation is still valid if the flat-bottom
tank is unloaded from the center and the unloading flow is close to a funnel flow.

2. A series of flat-bottom tanks is designed by applying the analysis mentioned in Sec-
tion 2.1 through Section 2.5 However, the results are satisfactory. ‘

3. Spontaneous heating of a 44-inch diameter by 66-inch high steel bin was set up to
measure the temperature rise which was compared with the predicted temperature
by a finite difference method. Based on the data collected, reasonable temperature
prediction is possible, if the heat production from CO, production rate is multiplied
by a factor of 3.5.

4. To solve the heating problem, an aeration system 'is requlred for steel tanks used for
storage.

5. A practical example was used to demonstrate the design procedures of aeration sys-
tem for steel tanks,

6. Extra equipment is required to change storage tanks into drying tanks such as fully
perforated floors, grain spreaders, stirring or recirculating augers, big fans with
heaters, and extra reinforcement.

7. An equation was developed for estimating a batch drying time for in-bin shallow
batch dryers.

8. Bin dryer with stirring device would increase allowable drying depth and also in
crease operation cost.

9. Continuous bin dryer would be about 43% higher efficiency than that of batch bin -
dryer.
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