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AMI/KNIA SORPTION AND DRYING MODEL

IN A FIXED-BED GRAIN DRYING SYSTEM

By

Bong-(hing Hsieh

One of the alternative energy-saving methods in drying grain is

to apply a chemical as a grain preservative when the grain is drying

slowly. Recent studies have shown that various chemicals such as

' ammonia, propionic acid, acetic acid, methylene bis-propionate, formalin

and sulfur dioxide can serve as fungicidal agents.

A camputer simulation model has been developed for the ammonia

drying system of a fixed bed of grain. The model is based on the

theoretical analysis of heat and mass transfer. Mass balances are

made on the air and on the corn resulting in four independent differen-

tial equations. The fifth equation for the temperature was derived

by cornbining the two independent heat balance equations in the air and

in the grain by assuning that the grain and the air temperatures are

equal.

Several crucial parameters in the ammonia drying simulation are

unknown. The following estimated values were obtained by analyzing

closely related systems: (1) the heat of ammonia adsorption 'in corn:

35.4 KJ/mole-NHB, (2) the convective heat transfer coefficient (h,w/mk)

0.49
in a fixed-bed system: 2.3278 Ga , when Ga<2400 kg/hr/mz, (3) the

mass transfer coefficient between the grain and the ammonia: 1.156xlO-6h,
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and (4) the amount of fixed ammonia (residual) in the com: 30 percent

of the free ammonia content.

The equilibrium ammonia content in corn is a function of the grain

moisture content and temperature. The ammonia sorption isotherms were

established by assuming the water portion in corn to be the active

component in adsorbing ammonia. A semi-empirical equation has been

developed for the ammonia sorption isotherms at low ammonia concentra-

tions (less than 20 percent, d.b.).

The five-equation model was solved numerically by finite differences.

The simulation model was tested for its numerical accuracy by comparing

it with the predicted results at extremely small computing time incre-

ment and depth interval. An acceptable combination of the carputing

time increment of 1 hour and the computing depth interval of 15.24 cm

(0.5 ft) was established. The selection of appropriate grid sizes was

based on the analysis of the computational error compared to the true

numerical solution and the central processor time required by the com-

puter.

An experimental bin test of ammonia grain drying was performed to

verify the simulation model. The corn was dried with ambient air from

25.6 to 15.6 percent (w.b.) moisture in 72 days and 16 hours of fan

operation at 1.43 (mm/m2 (l cfm/bu) at a grain depth of 1.83 m (6 ft).

The final corn sample showed no unacceptable grain spoilage. The

total amount of anhydrous ammonia applied was 18.3 kg (0.8 percent d.b.).

Satisfactory agreement between the experimental and the predicted

results was found. The energy requirement in this ammonia grain dry-

ing experiment was 3696 kJ/kg-water removed which is an energy saving

of over 50 percent comparing with the high-temperature drying (7500
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kJ/kg—water).

A series of sensitivity tests on several important parameters was

performed to determine their significance on the ammonia sorption rates.

A significant increase in the ammonia adsorption rate was predicted

when the grain moisture content is higher and the grain is treated at

a lower temperature. A higher airflow rate and, consequently, a larger

mass transfer coefficient also resulted in a higher adsorption rate.

This investigation has established the general grain drying simu-

lation model using fungicidal chemicals. The general model can easily

be made specific to simulate the treatment of a certain type of grain

with a specific fungicidal chemical by specifying the relevant property

parameters .
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The meisture ratio

Rate of amrenia accumulation, kg/m3/hr

Dimensionless distance defined in Equation 4.33

Nusselt number

Partial pressure of adsorbable component of gas, mm Hg

Saturated vapor pressure, mm Hg

Prandtl number

Concentration of the adsorbate in solid, mole/kg

Saturated adsorbate concentration, g/mele

Site interaction energy of adsorption, J

Total heat of adsorption of the menolayer, J

Separation factor in Equation 4.11

Universal gas constant, 1.987 cal/mole K

Radius
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Reynolds number

Relative humidity

Cross section area in the bin, m2

Schmidt number

Stanton number

Terperature, °C or K

Time, hr

The elapsed time, hr

Parameter defined in Equation 4. 34

The breakthrough tnne, hr

Equivalent storage time at the reference conditions, hr

Film terperature, °C

Wall temperature, °C

Velocity, m/hr

Concentration of fluid in fluid, dimensionless

Amrenia concentration in the air, kg—NI-Is/kg-dry air

Armenia concentration in corn, d.b.

Equilibrium amrenia content in corn, d.b.

Equilibrium free armenia content in corn, d.b.

Saturated ammonia concentration in corn, d.b.

Fixed-armenia content in corn, d.b.

Adsorbate concentration in solid, dimensionless

Adsorbate concentration in adsorbent, dimensionless

Position, grain depth, rm

Thermal diffusivity, mZ/hr

Mass diffusivity, mZ/hr

Fraction of residuals based on x2f*



c r.Vbid fraction

K Kinetic mass transfer coefficient, cm/hr in Equation 4.30

6 Grain temperature, °C

6 Fraction of solid surface area covered by adsorbate

0 Density, kg/m§

u Viscosity, kg/m/hr

w Correction factor in Equation 4.11

subscripts

a dry air

B bulk phase

g gas

1 liquid

m1 saturation in solid phase

p product

5 solid

v vapor

‘w liquid.water

f fluid phase

0 inlet

w in the bulk fluid

Superscripts

* equilibrium

reference condition

° initial



QiAP’IER 1

INTRODUCTION

1. Corn Production in Michigan

Corn, the biggest cash crop in Michigan, has earned 13.5 percent

of the cash received from marketings of all agricultural commodities in

1977 (Fedewa and.Pscodna, 1979). The production of corn for grain in

.Michigan surged to a record high of 197.20 million bushels in 1977,

28 percent larger than the 1976 crop. The year 1977 also reached a

record high average yield, 85.0 bushels per acre, in Michigan. Never-

theless, the national average yield for corn in the U;S. was 90.8

bushels per acre in 1977. The high Michigan yield is partly due to

the warm and dry weather in the spring of 1977 which permitted unusually

early planting of corn; additional rains in late June and early July

helped corn (Fedewa and Pscodna, 1978, 1979).

The production of corn for grain in Michigan ranked ninth in the

U.S. in both 1977 and 1978 crops and accounted for 3.0 percent in 1977

and 2.6 percent in 1978 of the total U.S. production (Fedewa and.Pscodna,

1978, 1979). The harvested acreage, production and value of corn for

grain in Michigan in recent years are shown in Table 1.1. The dramatic

increase in corn production is due to the record high yield since the

increase in harvested acreage was only about 4 percent compared to 1976.

Total grain corn production in 1978, while 8 percent lower than the

record high in 1977, was 18 percent higher than the 1976 crop. The



yield in 1978, however, was 5 percent below that of 1977.

The disposition of the grain corn produced in Michigan in 1978

(182.25 million bu) was about 30 percent used on the farm where it is

grown and the rest is sold to the market.

Table 1.1. Acreage, production, and value of corn for grain in

Michigan, 1975-1978.

 

Harvested Production Value of

Acreage Total Unit price Production

Year (1000 acre) Bu/acre (Million bu) Received ($) ($1000)

 

 

1978 2250 81.0 182.25 2.05 373,613

1977 2320 85.0 197.20 1.92 378,624

1976 2230 69.0 153.87 2.04 313,895

1975 2090 80.0 167.20 2.35 392,920

 

Source: Fedewa and Pscodna, Michigan Agricultural Statistics, 1979.

2. Corn Drying Practices

Foster (1976) indicated that field shelling of corn increased from

2 percent of the total crop in 1956 to‘ 85 percent by 1975 in the central

U.S. corn belt (Indiana, Illinois, and Iowa). In the same period,

the ameunt of corn artificially dried increased from 14 to 72 percent of

the total crop. Corn can be dried naturally in the field or during

storage or it can be dried artificially on-farm and off-farm. The

percentages of these drying techniques for some Midwestern states in

recent years are shown in Table 1.2. There is s sharp decrease of

corn dried naturally in the field or during storage in 1977 (25.1 per-

cent) compared to that in 1975 (45.3 percent). On the other'hand,

the percentage of corn dried artificially on the farm increased from

51.0 percent in 1975 to 72.5 percent in 1977. Other Midwestern states



showed the same trend but the changes are not as large as in Michigan.

The increase in the use of on-farm artificial grain drying implies

that more fuel is needed at the farmstead. Bakker-Arkema et a1. (1974)

stated that over 60 percent of the energy required to produce corn on

the farm is used for artificial drying. The major types of fuel are

propane and natural gas. In 1977, a total of 74.9 percent of the corn

produced in Michigan was dried artificially and 88.1 percent of the

total energy for corn drying was from propane with a small percentage

of natural gas (3.7 percent) and fuel 011 (4.5 percent). Since propane

becarre the predominant drying fuel in the mid-1950s (Brooker et al. ,

1978), the use of propane by farmers in the Corn Belt to dry grain

has doubled in the past 10 years (Wheeler, 1976). A significant rise

in the drying costs of corn is due to the rising cost of propane gas

which has been the major source of energy on the farm for drying.

The distribution of various dryer types used for drying shelled

corn artificially in Michigan in recent years is shown in Table 1.3.

Corn dried at the elevator is, at the present time, mostly dried in

continuous crossflow dryers. There has been an increasing tendency

for farmers to employ high temperature rapid batch dryers rather than

slower and mere risky bin-drying systems. The percentage of corn dried

‘with natural air has decreased to a.munimal.level in 1977. Part of

the reason was due to the unusual wet weather in the fall of 1977.

Some corn was left standing in the field and harvested the next spring

(Fedewa and Pscodna, 1978). As a result, the energy use for drying

corn per unit weight also increased rapidly in 1977.
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3. Natural Air Drying

Ambient air drying has been described by Foster (1953) and by

Shove and Andrew (1968). A discouraging problem associated with the

ambient air drying is the microbial growth at warm harvest terperatures.

Hodges (1970) cooled bins of field-shelled corn in periods of 2, 4,

and 8 days. Mold growth observation indicated that com with 26 to

28 percent meisture content and 21 to 32°C initial temperature should

be cooled‘to about 4.5°C in two days. Shove (1974) reported that the

drying potential of ambient air is relatively high during warm days

of early harvest. However, the allowable drying time for corn without

deterioration is short .

The most important and decisive factors in the success of ambient

drying of high-meisture corn are the weather conditions and the airflow

rate. Foster (1953) recommended an airflow rate of 3.3 m3/min/ton

(3 cfm/bu) as adequate to dry shelled corn from 25 to 15.5 percent

(w.b.) meisture content in moderate fall weather. Shove (1976) recom-

mended the same airflow rate for 26 percent meisture corn. Lower air-

flows, 2.1 to 2.9 m3/min/ton (1.9 to 2.6 cfm/bu) can be used in ambient

air corn drying without spoilage if an ”extender”, such as chemical

preservative, is used (Nofsinger et a1. , 1978). The use of extenders

permits low-terperature drying systems to be successful over a wider

range of conditions . Furthermore, the drying operation is dependent

on the weather and a slow drying process free of unacceptable grain

deterioration can be assured . '

Low-terperature drying has been defined by Shove (1973) as a

system in which the drying air temperature is in the range of -l to

10°C (30-50°F). In this temperature range, various Penicilliun and



Aspergillus species are able to grow and play an important role in

the deterioration of aerated moist corn (Thorrpson, 1972; Tuite et al. ,

1970; Sinha and Muir, 1973; Felkel et a1. , 1978).

4. Molding and Aflatoxin Production

The microbial growth that causes spoilage of grain is affected by:

(1) the moisture content of grain, (2) storage terperature, (3) oxygen

to CD2 ratio in the voids, (4) degree of mechanical damage, (5) insect

infestation, (6) fungal contamination, and (7) time of storage.

Generally, a higher moisture in the grain, a higher storage terperature,

a higher oxygen content, and a higher degree of mechanical damage favor

the growth of microorganisms and enhance the rate of spoilage. Sinha

and Muir (1973) stated that meld growth occurs between 40 and 60 days

in grain at 14.5 to 17.0 percent m.c. and 12 to 15°C and between 20

and 30 days in grain with 18 to 19 percent m.c. at that terperature.

A collection of the ranges of terperatures at which organisms

grow are shown in Figure 1.1, which was compiled by Sinha and Muir

(1973) from various sources. The bold lines represent optimum terpera-

tures for growth and multiplication of organisrrs which includes molds,

bacteria, insects and mites. In general, microorganisms can survive

and duplicate at terperature and humidity ranges wider than those for

insects and mites. At temperatures arormd 27°C, nurerous species will

grow under suitable relative humidities. Since living organisms can

only survive and multiply within certain relative humidity ranges

(which, in general, are close to 80 or 90 percent), controlling the

relative humidity by lowering the moisture content of the stored grain

is an effective method of preventing spoilage.
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Figure 1.1. Erwirormrental limits are optima for growth and devebprent of

microorganiarms, insects, and mites associated with stored

grain and its products (Sinha and Muir, 1973)

Subscr‘ipts: l-xerophyte, develop at RH below 80% ; 2-mesophyte,

develop at RH range 80-90% : 3-hydrophyte, develop at RH

above 90%.



The degree of grain deterioration is commonly expressed as dry

matter loss which is measured by the carbon dioxide production (Steele,

1967). The permissible storage time was suggested by Steele et a1. (1969)

as having a maximum dry matter loss of 0.5 percent for field—shelled

corn.

Certain microorganism can produce toxins when they are allowed

to grow under proper environmental conditions. The occurrence of afla-

toxin in corn flared up the attention of researchers in all related

areas. The aflatoxin is known to be very toxic and carcinogenic.

Nunerous studies of aflatoxin naturally occurring in corn have been

nude since the early 19608. The USDA launched several intensive surveys

of corn produced in the Corn Belt and some southern states between 1970

and 1975. It was found that the potential for aflatoxin contamination

does exist in improperly handled corn.

Aflatoxin contamination is a problem in a nunber of agricultural

products. Among those reported to have been contaminated are: peanuts,

Brazil nuts, almonds, walnuts, pecans, filberts, cottonseed, seed oil,

legunes, peppers, dried fruit, wine, dairy products as well as wheat,

sorghun, oats, rice and corn (Stoloff, 1976).

Aflatoxin can be produced on corn by widely distributed strains

of two cannon molds: (l) Aspergillus flavus and. (2) A. parasiticus.

The toxin's dietary effect upon poultry can result in poor growth,

increased mortality and poor feed conversion.

5. Application of Armenia in Grain Preservation and Detoxification

It is impossible to store cereal grains at normal harvest tempera-

tures for an extended period of time without drying grains to a moisture

level low enough to avoid fungal growth.



With the rising costs and uncertain supply of fuels, the drying

costs of cereal grains increase rapidly. Alternative methods of grain

drying which consume less energy have been investigated recently.

It is generally believed that slower drying techniques use less energy

in removing a unit weight of water from the grain. One of the alterna-

tive methods is to use chemicals as grain preservatives while the grain

is drying slowly. Recent studies have shown that various chemicals,

such as ammonia, volatile fatty acids, propionic acid, methylene bis-

propionate (MBP), formalin and sulfur dioxide, can serve as grain pre—

servatives or antifungal agents when applied to high-moisture grains

(Bothast et a1., 1975; Hall et a1. , 1974; Herting and Drury, 1974;

Vandergraft et a1. , 1975; Sauer et a1. , 1975; Peplinski et a1. , 1978;

Eckhoff et a1. , 1978). Application of ammonia has been reported in

connection with the preservation and detoxification of high-moisture

grain (Bothast et a1. , 1975; Lancaster et a1., 1974; Lancaster et a1. ,

1975; Brekke et a1. , 1975; Peplinski et al. , 1978; Nofsinger et a1. ,

1976), the preservation of high-moisture forage (Knapp et al. , 1974)

and as a nonprotein nitrogen source to give silage a superior feeding

value (Huber, 1975; Huber et a1., 1973).

The use of anhydrous ammonia and the prices paid for it by farmers

in recent years in the U.S. are shown in Figure 1.2. The average price

of anhydrous ammonia reached a record high of $238/ton in 1975 and has

dropped since then. In 1978, the average price was $172/ton, or 7 .8¢/1b

of anhydrous ammonia.

The use of ammonia as a preservative in high moisture corn has

been exempted from the requirement of a tolerance level (Federal Register,

Vol. 43, No. 234, 1978). The ammonia-treated corn can only be used as
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Figure 1.2. The use and prices of anhydrous ammonia in the U.S. in

recent years based on 1967. Source: Fedewa and Pscodna

(1979).

animal feed. This proposal was submitted by the U.S. Department of

Agriculture and approved by the Environmental Protection Agency (EPA).

The USDA claimed that "this use of ammonia on corn as a preservative

would permit farmers to store and dry the corn without resorting to

propane or natural gas to quickly reduce moisture levels. The trickle

armenia process for corn preservation would contribute significant

savings to growers in energy consumption and costs." The fungicide

ammonia is exempted from the requirements of a tolerance when used

after harvest on the raw agricultural commodities including grapefruit,

lemons, oranges and corn grain (amended in Part 180, Subpart D, Section

180.1003, Federal Food, Drug and Cosmetic Act, Food and Drug'Administra-

tion, 1978).

This research effort was intended to work in cooperation with

researchers in the North Regional Research Laboratory (NRRL) of USDA
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at Peoria, Illinois. A large amount of effort has been performed by

a group of researchers including microbiologists, toxicologists, chemists,

agricultural engineers, and cereal grain scientists in recent years.

Their contributions have been many especially in the areas of identifying

the importance of aflatoxin contamination in grains, especially corn;

surveying the occurrence of aflatoxin in corn in the Corn Belt and

some southern states; comparing the fungicidaleffects of several possi-

ble chemicals as grain preservatives; identifying ammonia as an inhi-

bitor of bacteria and fungi; and, finally, carrying out several practical—

scale field tests of ammonia grain drying.

While reviewing the results generated at NRRL, it becomes obvious

that a systematic engineering analysis in the area of ammonia preserva-

tion and drying processes has not yet been made . This investigation

will focus on the analysis of the behavior of ammonia (or any other

chemical) in a fixed-bed of corn (or any other grain) in the ambient

air drying of high—moisture grain.

6. Objectives

1. To demonstrate mathematically (using computer modeling

techniques) the application of ammonia in the natural air grain drying

system.

2. To predict the behavior of anhydrous ammonia in the storage

and drying system of cereal grains . The investigated ammonia charac-

teristics include both the inhibitory effects of ammonia towards bac-

teria and fungi growth and the ammonia concentration and temperature

distributions of the air and the grain in the drying bin over the entire

conditioning/drying process .
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3 . To generalize the numerical prediction model of ammonia-com

sorption systems for the application of other chemicals on high-moisture

grains other than shelled corn.

4. To evaluate the research efforts performed at the North Regional

Research Laboratory of USDA on ammonia preservation , detoxification ,

and drying.

5. To perform a bin test on ammonia grain drying in order to

verify the prediction model.

6. To perform the sensitivity and accuracy tests of the developed

ammonia sorption and drying models and compare with the experimental

results of model bin tests in this investigation.



CHAP'I'ERZ

LITERATURE REVIEW

1. Fixed~Bed.GrainIDrying Systems

A fixed-bed drying process of grains is usually performed in a

bin system, A.basic bin structure provides a controllable environment

to physical, chemical, and biological changes in grain and.an isolated

system from rodent and insect damage and contamination of fungi and

bacteria. The drying rate in a him of grain depends on many factors,

e.g. airflow rate, weather conditions, heated air temperature, initial

grain conditions - temperature, moisture, BCFM (broken corn and foreign

material), and.time. It is possible to investigate the influence of

these factors by setting up models and equations which describe the

entire system.

The first serious attempt to model deepébed grain drying was per—

formed by Hukill (1954). He related the moisture ratio of grain with

time under different drying conditions. A series of so-called ”bulk

drying curves", which can be expressed analytically, were drawn to

determine the approximate moisture content at any grain depth in a

fixed-bed drying system at any time after drying was started. The

curves are considered rough estimates since it was assumed that moisture

ratio of a thin layer of grain decreases proportional to the drying

time while laboratory tests of thin-layer drying have shown that the

drying rate is a function of the kernel moisture content.

13
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l-A. Natural Air and low-Temperature Drying Systems

Blooms (1969) first developed a computational model of drying shelled

corn with ambient air. Flood et a1. (1972) simulated a natural air

drying system for corn using: (1) the thin-layer drying equation of

Sabbah (1968), (2) the rewetting equation developed by del Giudice (1959),

and (3) the equilibrium moisture content equation of Thompson's (1968).

The criterion for successful drying were described as the dry matter

loss of less than 0.5 percent at the end of drying when the average

grain moistures were below 15.5 percent wet basis. The airflow rate

was 50 cfm/ftz.

The importance of stored grain terperature in a him was emphasized

and a simulation model was developed by Yaciuk et a1. (1975). This

simulation model is different from the existing models by considering

(1) wind velocity and (2) type of bin-wall material. Heats of respira-

tion of seeds and other organisms were assumed negligible, thus the

model can only simulate sound and relatively dry (14.5 percent m.c.)

grain.

Aldis and Foster (1977) modeled the moisture changes in grain

exposed to ambient air during grain handling. They concluded that small

amounts of moisture transfer from wanm air to cold grain can occur

in short time periods during handling. However, the moisture condensed

on the grain surface may be sufficient for rapid mold growth. The

amount of moisture adsorbed by grain during aeration and bin filling

were calculated using del Giudice's (1959) empirical rewetting equation

and a theoretical equation based on a combined diffusion, adsorption

mechanism developed by Park et a1. (1974).
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Two major problers encountered in natural air and low-terperature

drying are: ( 1) overdrying on the bottom layers, and (2) high airflow

rate is required for early harvested high moisture corn (Pierce and

Thompson, 1978). One way of preventing overdrying on the bottom is to

remove the dry grain from the bottom. Roberts et a1. (1975) dried a

full him of grain with a reoirculator to sweep dry grain from the bottom

and spread on the top of the grain mass. This drying technique is

known as in-bin counterflow drying. If the rate at which the grain is

removed from the bottom of the bin is equal to the rate at which the

drying zone moves through the bed, the drying front remains at the

bottom of the bin and overdrying is prevented. To prevent the rewetting

of dry grain placed on the top of grain mass, the dry grain can be

transferred to another aeration bin instead.

It is difficult to design a natural air drying system, which

guarantees successful drying, without overdesigning it. The determina-

tion of minimum airflow requirements is critical. The idea of using a

stirrer in a bin to increase the airflow and reduce the moisture gradient

throughout the bin was studied by Williams et a1. (1978). They concluded

that using a larger than recommended fan on an unstirred bin appreciably

decreases drying time with only a slight increase in operating and fixed

costs. The additional cost of a stirring device cannot be justified.

Nevertheless, using a bigger fan will worsen the overdrying problem which

can be easily prevented by a stirrer.

l-B. Energy Source of Low—Temperature Drying

Zink et a1. (1978) investigated various heat energy options for

low—temperature drying. The most widely used heat sources for low-

temperature drying are liquid propane gas and electrical heat, both
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of which have the benefit of low capital investment . Alternative heat

sources from solar collectors, heat pump and cob gasifier, were analyzed

and compared for their economics and practicability.

Solar energy can be utilized in different manners (Lai and Aldis,

1978) in low-temperature grain drying systems: (1) direct solar heated

air, (2) silica gel dehumidified air and (3) phase change material heated

air. Compared with natural air drying system, no distinct difference on

grain qualities and no significant energy savings were observed.

l—C. Fixed-Bed Computer Models

The first modern study on deep-bed grain drying using computer

simulation techniques for solving model equations was published by

Boyce (1965). Shortly afterwards , two concurrent grain drying modeling

attempts were started: one was conducted by Thompson et a1. (1968)

and the other one was conducted by Bakker-Arkema et a1 . (1966) at

Michigan State University (MSU).

Thompson's model is empirical in nature while the MSU model started

with theoretical analysis and differential equations (Brooker et a1. , 1974).

The effects of a number of parameters, such as airflow rate, surface heat

and mass transfer coefficients, inlet air conditions, porosity and

thermal properties of grain, on the rate of cooling in a deep bed of

biological products were investigated using a three-equation analysis

(Bakker-Arkema and Bickert, 1967).

The drying of a bed of grain-dough particle was analyzed with a

combination of three-equation analysis during constant-rate drying period

and the four-equation model during the falling-rate drying period

(Farmer and Bakker-Arkena, 1970) . The four-equation MSU fixed-bed

grain drying model was solved numerically and the computer code of
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the four basic equations on heat and mass transfer of grain drying was

published by Bakker-Arkema et a1. (1974). This MSU model was found

too sophisticated to simulate long drying periods because it requires

excessive computer time. A number of simplified deep-bed grain drying

models have been used in the simulation of solar grain drying by making

modifications in the basic MSU model inorder to simulate long—period,

low-temperature drying (Bakker—Arkera et a1. , 1977) .

A literature review of fixed-bed heat and mass transfer problems

was presented by Bakker—Arkema et a1. (1978) . The fixed-bed models

will be discussed in Chapter 4.

2. Ammonia Preservation and Detoxification

2-A. Chemical Preservation

The method of chemical preservation has long been used to store

high moisture corn for animal feed. Propionic acid and acetic acids

were found effective in controlling mold growth in high moisture grain

(Yomg et a1., 1970; Goering and Gordon, 1973; Sauer, 1973). The pH

value on the surface of acid-treated corn is lowered to about 4.5

(Hall et a1. , 1974). The chemical-treated grain is only good for feed

grain because of the brown-colored erbryos due to chemical reaction and

consequently the grain grade was lowered. The viability of chemical-

treated grain is drastically reduced.

Sauer and Burroughs (1974) tested the effectiveness of several

chemicals as a grain mold inhibitor. Of the various organic acids and

their salts, propionic acid was fOLmd to be the most effectiVe and

consistent mold inhibitor for high moisture corn (18 to 24 percent, w.b. ). ‘

Isobutyric, acetic and formic acids followed in order. Salts of acids

were less effective. The efficacy of methylene bis-propionate (MBP)
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was equal to or slightly better than propionic acid when applied to

corn harvested at 23 and 29 percent moisture content (Sauer et al. ,

1975). Corn of 23 percent moisture showed no sign of spoilage after

8 months storage with 0.7 percent (by weight) of MBP and 0.9 percent

for 29 percent moisture corn.

Recently, sulfur dioxide has been investigated as a possible

alternative chemical to supplement ambient air drying of high-moisture

corn (Eckhoff et a1. , 1978). Sulfur dioxide is readily available and

is one of the most extensively used food additives. It is used as a

fungicide for the preservation of fruits, vegetables, meat, fish, and

alcoholic beverages (Schroeter, 1966). The "trickle" (intermittent

injection) process was also used in the sulfur dioxide tests of grain

preservation. Sulfur dioxide was proved to be able to control microbial

growth effectively during aeration and drying of high—moisture corn

with no apparent decrease in grain quality.

2-B. Ammonia Preservation and Detoxification

Ammonia was found to be one of the more effective reagents for

practical treatment of contaminated cottonseed and peanut meals by

the researchers at the Southern and the Western Regional Research Centers

(Marsi et al. , 1969). It was later learned (Bothast et al. , 1973) that

armenia kills most molds in the corn very rapidly and also destroys

bacteria. A group of researchers at the North Regional Research Labora-

tory of USDA at Peoria, Illinois, have conducted a series of ammonia

preservation and detoxification tests (Lancaster et a1. , 1974; Bothast

et a1. , 1975; Lancaster et a1., 1975; Brekke et a1., 1975; Peplinski

et a1. , 1975; and Nofsinger et a1. , 1976).
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Ammonia has highly visible effects on treated corn; the pericarp

starts yellowing immediately after the treatment. The entire kernel

slowly turns brown. The browning of ammonia-treated corn is similar

to the reaction of an aldose (a sugar) with an amine through a series

of browning reaction to produce pigmented compounds (Lancaster et al. ,

1974). Methods have been developed for determining "free" ammonia

(part of the ammonia surrounding corn kernels in the pores of the kernel

surface, and the ammonia dissolved in corn, but still in the form of

ammonia) and the total ammonia content of the treated corn. It is

believed that free ammonia is responsible for fungicidal activity.

A microbiological study of the secondary fungal growth in chemically

treated corn (Bothast et al. , 1975) showed that the predominant molds

after 30 days of treatments of various chemicals were different:

Scopulariopsis brevicaulis predominated on ammonia treated corn;

Mucorales and species of Monasus, Penicilliun, Fusarium, and Aspergillus

flavus, as well as A. fumigatus, were found in ammonia isobutyrate—

treated com. A. flavus was the predominant mold infecting isobutyric

acid and propionic-acetic acid treated corn. The organic acids were

better than ammonia and ammonia-isobutyrate only in controlling bacteria

growth. However, late development of A. flavus on corn treated with

organic acids indicated the possibility of aflatoxin contamination.

Bothast et al. (1975) endorsed ammonia as a grain preservative based

on the above reason and economic, nutritional advantages .

Research activities at the Peoria Laboratory have recently concen-

trated on the ammonia preservation of high-moisture corn. Lancaster

et al. (1975) treated shelled corn with anhydrous ammonia-air mixtures

(or called ammonia-laden air). The first attempt to theorize the ammonia
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treatment was performed by Lancaster et a1. (1975) after the potential

role of ammonia as a grain preservative had been determined. Simple

transport and diffusion mechanisms for isothermal conditions were

proposed.

Aqua ammonia has been proved to be very effective in inactivating

the toxin produced in naturally contaminated corn (Brekke et al. , 1975).

A high dose (1.5 to 2 percent by weight) of ammonia, applied either in

anhydrous or aqueous form, can very effectively detoxify the aflatoxin

in contaminated corn. In another preservation test (Peplinski et a1. ,

1975) of high moisture corn with ammonia to control microbial deteriora-

tion, ammonia destroyed all molds, lowered bacteria counts for up to

four months and modified some chemical and physical properties of the

corn stored 410 days at ambient terperatures ranging from 16 to 39°C.

Natural air drying of high moisture corn was first supplerented

with an intermittent application of anhydrous ammonia (0.009—0.09

percent d.b.) in a 14.2 ton (560 bu) bin (Nofsinger et al., 1976).

The airflow was 1.8 cum/ton (1.6 cfm/bu) and the moisture content was

reduced from 23.2 to 17.7 percent during the first 56 days. The ambient

air drying was extended as long as six months without spoilage.

3. Mold Growth and Aflatoxin

Stoloff (1976) presented a thorough review on the worldwide occur—

rence of mycotoxins in foods and feed. The year 1960 divides the descrip-

tive phase of mycotoxin investigation from the analytical one. It was

the first time in history that a group of fluorescent compounds were

extracted from toxic meals, and Aspergillus flavus was isolated from a

toxic meal (Sargent and Carnaghan, 1963). When the toxic meal was

shown to be capable of producing cancer in liver (Dickens and Jones, 1963),
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it stimulated intensive investigations of the isolated compounds now

called aflatoxin .

3-A. Mold Growth in Corn

Invasion by fungi is affected by the amount of spore inoculum in

the field, stresses on the plant, invertebrate infections, damage by

other fungi, plant resistance, mechanical damage, mineral nutrition of

the plant, and temperature (Hesseltine, 1976). Grain is exposed to

mechanical damage and mold inoculum during harvest. After harvest

mold growth depends on the handling and storage conditions.

The occurrence of Aspergillus flavus and A. parasiticus in corn

in the field was reported as early as 1920 in Texas (Taubenhaus, 1920).

Levels of infection of A. flavus in corn kernels before harvest in the

order 0.02 to 0.09 percent (Tuite, 1961) and 0.4 percent (Tuite and

Caldwell, 1971) were reported in Indiana. The predominant types of

mold found in samples of corn meal belonged to the genera Penicilliun,

Aspergillus, Fusarium, and Mucor (Bullerman et al., 1975). A. flavus

produced aflatoxin B1 and 32 in sterile moistened corn meal, but not

in unsterilized meal containing a mixed flora. This shows that when

toxic molds are growing in competition with other microorganisms, toxins

are not produced under all conditions. Corn kernels from insect damaged

ears were reported to have a considerable higher incidence of A. flavus

and other toxin-producing fungi (Fennell et al. , 1975). It was also

found that insect damage of corn increases the probability of toxin

contamination before harvest (Lillehoj et a1. , 1975A, 1976B; Hesseltine

et a1. , 1976) and several investigations have implicated insect damage

as a critical factor in the establishment of A. flavus infection in

developing corn (Lillehoj et al., 1975B, 1975C; Hesseltine et al. , 1976;
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Fennell et al. , 1975).

3-B. Aflatoxin Contamination in Grain

Aflatoxin contamination is a problem in a number of agricultural

products. The factors influencing mold growth and toxin formation can

be classified into three major categories (Hesseltine, 1976): (1) physi-

cal: moisture content, temperature, relative humidity, mechanical damage,

blending of grain, hot spots, and time; (2) chemical: (DZ and 02 content

in stored environment, nature of the substrate, mineral nutrition and

chemical treatment; and (3) biological: plant stress, fmgus infection,

microbiological ecosystem, etc. The effects of the above factors act

as multiples and interact dynamically.

Hayes et al. (1966) claimed that aflatoxin is not formed until at

least 48 hours after spore germination. This delay means that corn,

with a moisture level optimal for the growth of A. flavus, will not be

dangerous even when heavily inoculated, if the corn can be dried to

below 13 percent moisture content within 48 hours. However, it is widely

recognized nowadays that the corn at 15. 5 percent is low enough for

long time storage .

3-B.1. Aflatoxin in Corn Before Harvest

Aflatoxin has been found in the field in corn samples at all stages

of development and maturity (Anderson et a1. , 1975) . Stressed growing

conditions, such as a dense plant population or reduced fertilization,

appear to have a positive influence on the incidence of aflatoxin

contamination.

Aflatoxin contamination in corn before harvest has been reported by

Lillehoj et al. (19768, 1977) and Fennell et al. (1975, 1977). A. flavus
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was generally associated with insect activity. A. flavus infected seed

and the characteristic kernel fluorescence were related to the occurrence

of aflatoxin in corn samples. thgal-contaminated kernels exhibited

two types of fluorescence: (l) bright greenish-yellow fluorescence

(BGYF) in the germ margin, or (2) intense yellow fluorescence throughout

the endosperm. About one-half of the samples exhibited BGYF in the

cracked fraction. Seventeen percent contained detectable levels (2 ppb)

of toxins in a survey of 1975 corn crop from Iowa (Lillehoj et al. , 1977).

These observations demonstrate that extensive A. flavus infection and

aflatoxin production occur in corn before harvest .

It was not until recently that the significance of A. flavus

contamination in corn before harvest was realized. In 1973, corn from

a region of South Carolina was collected at harvest to determine field

occurrence of A. flavus and aflatoxin (Lillehoj et al. , 19753).

Thirty-two percent of the 297 samples contained aflatoxin at levels

exceeding 20 ppb [this is the present Food and Drug Administration

guideline for the maximum amount of toxin tolerable in animal feed

(Stoloff, 1972)] . In an effort to determine the origin of the inoculum

responsible for A. flavus infection of corn before harvest, silks and

insects from developing and mature ears of corn from several locations

were examined for the presence of the fungus (Fennell et al. , 1977).

Insects showed a relatively uniform presence of A. flavus ranging from

1.7 to 3. 1 percent of insects from various locations in the Midwestern

states. Overall, 52 percent of A. flavus isolates from silk 'and 32

percent of those from insects produced aflatoxin in a qualitative test.
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3—B.2. Aflatoxin in Corn during Storage

Samples from a mycotoxin contaminated hot spot in a bin of corn

in central Illinois were analyzed (Shotwell et a1., 1975D). It was

not fully understood that even in grain lots contaminated with A. flavus

mycelia, aflatoxin—free kernels occurred adjacent to highly contaminated

kernels. In no kernel were both aflatoxin and zearalenone detected.

This variation on levels of aflatoxin contamination in individual corn

kernels made it necessary to take large samples when estimating the

average aflatoxin content of a bulk quantity of corn. Sampling of a

small quantity for the determination of aflatoxin contamination has to

be done very carefully (Bothast et a1., 1976).

In order to determine the distribution of toxin among product

fractions, a dry milling test of corn was performed (Brekke et a1. ,

19750). The aflatoxin level was found to be the lowest in the grits

and highest in the germ, hull, or degermer fines.

- Present grading factors do not reflect the consequences of aflatoxin

contaminated.samples. In a survey of white corn under loan (Shotwell

et a1., 1975A), the toxin content was found to be related to grade with

a low correlation coefficient based on geometric means: 0.29 for afla-

toxinB1 and 0.27 for aflatoxin 82.

Tb determine the possibility and incidence of aflatoxin contamina-

tion in corn, a series of surveys were performed by the North Regional

Research center of USDA, Food.and Drug Administration and private

industries (Table 2.1). The survey, made from 1964 until 1975, covers

. all the major corn-producing areas in the U.S. Although the situation

is not alarming in the Corn Belt, it is becoming a serious prdblem in

the southern states of the U.S. According to a survey by the FDA on
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aflatoxin and zearalenone in 1973 (Stoloff et al. , 1976) of the crop

corn stored on farms and in country elevators, aflatoxin contamination

was most frequently encountered-in the Southeast-Appalachia area with

a 34 percent incidence of marketable corn with detectable aflatoxins

(Table 2.1).

Aflatoxin in corn seens to be a worldwide problem. Limited surveys

showed a high incidence and high level of aflatoxin contamination in

corn samples from some African and Asian countries (Stoloff, 1976).

3-B. 3 . Bright Greenish-Yellow Fluorescence and Aflatoxins

Bright greenish-yellow fluorescence (BGYF) has been reported in

cotton balls infected with A. flavus (Marsh et al. , 1955). A positive

correlation between aflatoxin and the occurrence of BGYF (Marsh et a1. ,

1969) was reported. A similar fluorescence was detected in corn by

Shotwell et a1. (1972) and Fennell et al. (1973). Shotwell et al. (1972)

suggested using long-wave untraviolet light (365 nm wavelength) to

detect BGYF with subsequent chemical analysis for aflatoxin. Prelim-

inary evidence indicated a good correlation between mYF and aflatoxin

in the commercial corn (Fennell et al., 1973).

The relationship between fluorescences and the types of fungus in

corn during storage has been investigated (Rambo et al. , 1975). TWO

yellow dent hybrids were inoculated with A. flavus and A. parasiticus

and stored in static and aerated systems. TWO types of fluorescence,

bright greenish-yellow (BGYF) and blue white (BWF) fluorescence, were

observed. The A. parasiticus inoculated grain had more BWF than BGYF

fluorescence, whereas corn inoculated with A. flavus had similar amounts

of both types. The correlation between the incidence of either the

BGYF or BWF and aflatoxins in individual kernels was 74-80 percent for
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A. parasiticus (a good aflatoxin producer), but very low (5.0—6.2 percent)

for A. flavus (a poor aflatoxin producer) (Rambo et a1. , 1975). Afla-

toxin also occurred in 6.7 and 19.6 percent of the nonfluorescing

kernels examined. Although some fungi-produced compounds in corn with

other colors of fluorescence are not associated with aflatoxin, the

substance responsible for the BGYF flow in corn is not aflatoxin but

a substance often produced by the mold that also makes the toxin

(USDA, 1977). Fluorescence, therefore, should be interpreted as a

warning that more definite tests are required.

3-C. Detection and Determination of Aflatoxin in Corn

A nurber of analytical methods have been developed for the detection

and determination of aflatoxin. These methods vary in purpose and com—

plexity. Mycotoxins do not occur uniformly in contaminated corn; only a

single highly-contaminated corn kernel may show contamination in an

entire bulk of clean grain.

Methods for aflatoxin analysis in corn can be divided into three

categories (Shotwell, 1977):

(1) Rapid Presumptive Tests: to locate lots of corn that may

contain mycotoxin by visual test of fluorescences under an

ultraviolet lamp. Although numbers of BGY fluorescing particles

are related to the level of aflatoxin, the BGY fluorescent test

cannot be used to determine levels of toxin (Lillehoj et al.,

1973; Shotwell et al. , 1975C). A field method for the detec—

tion of aflatoxin based on this presumptive test has been proposed

by Hunt et al. (1976). Samples with kernels exhibiting BGYF

under high intensity black light were tested for aflatoxin content

using Velasoo's ( 1972) rapid florisil column method.
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(2) Screening Procedures: to detect the presence or absence of afla—

toxin at a predetermined level. A small glass colum (i.e. the

minicolum) containing appropriate adsorbents (e.g. florisil or

silica gel) can be used as a quick screening procedure. The

test requires 0.3 to 1 hour. The screening procedure has been

adopted as the official first action by the Association of

Official Analytical (hemists (AOAC, 1975) for the detection of

aflatoxin in corn, peanuts, peanut butter, peanut meal, cottonseed

meal, mixed feeds, and pistachio nuts (Homer and Campbell, 1976).

Bauer (1975) described a screening method of detecting the

total aflatoxins (31’ B , G1,

and fruit products in samples containing as little as 5 to 15 ppb.

and 02) in mixed feeds, grains, nuts

A practical screening test was defined as having the following

characteristics: (1) short time of analysis, about 30 minutes,

(2) equipment, simple and inexpensive, (3) capability of being

performed by an unskilled personnel, (4) low cost, (5) reasonable

accuracy, (6) sensitivity of better than 20 ppb, and (7) suitability

for analysis of mixed feeds and feed ingredients.

Holaday first developed the minicolumn screening procedure

for peanuts and has since published an improved procedure (Holaday

and Lansden, 1975). Shotwell and Stubblefield (1973) presented

three screening methods for the determination of aflatoxin in com.

All three methods involve minioolumn chromatography of partially

purified extracts. These studies were followed by a number of

research reports on screening with the aid of minicolumns

(Table 2.2). Detection limits of minicolumns range from 1 to 10

ppb aflatoxin . The reasonable accuracy and short throughput
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period have made the screening methods suitable for field use.

A rapid field method for the detection of aflatoxin contamin-

ated corn has been developed (Shotwell et al. , 19753). The results

were compated with laboratory quantitative and thin-layer chrcma-

tographic methods. No significant differences were found. Shotwell

et al. (1976) devised another rapid screening test using minicolumns

and chromatographic analysis for aflatoxins to be performed at

the corn elevator level. Presence of aflatoxin in corn sample

results in blue fluorescent band at top of florisil layer that

can be identified by comparison with a standard column free of

aflatoxin. The method detects total aflatoxin level of 20 ppb

or higher.

Quantitative Methods: to determine the type and amount of afla-

toxins. These procedures are usually lengthy (about 3 hours),

complex and unsuited for field use. However, they can detect

the amount of aflatoxins as low as l to 3 ppb, the lowest detect-

able level. The procedure recomnended by the Association of

Official Analytical Chemists (AOAC, 1975) and the American Assoc-

iation of Cereal Chemists (AACII, 1975) is the so-called CB

(Contaminants Branch) method (Sec. 26044-26047, AOAC Official

Method of Analysis, 12th edition).

Seitz and Mohr (1976) described a method extended from a

simple screening test for the quantitation of aflatoxins in corn.

The method is claimed to be faster, easier, and less expensive

than the CB method and the results are similar. High-pressure

liquid chromatography (HPIC) is used for the separation and

quantitative identification of aflatoxins Bl’ B2, Gl’ and 62
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with good resolution and high sensitivity, 1 to 2 ppb of each

aflatoxin.

The chemical confirmation of the identity of aflatoxin is

by the derivative formation method (AOAC, 1970) which the chemical

derivatives of aflatoxins are formed directly on the thin—layer

chromatographic plate. This simple rapid method for the confirma-

tion of aflatoxin B was developed by Przybylski (1975). The
l

"Przybylski derivative procedure” has been shown to give good

results and can be performed easily (Stack and Pohland, 1975).

3-D. Detoxification of Aflatoxin

The problems associated with the proposed methods of detoxifying

aflatoydn-contaminated agricultural commodities have been reviewed by

Goldblatt (1969). The toxicity and carcinogenicity of aflatoxin

were investigated by Wogan (1973) and stated that aflatoxin B1 has two

ftmctional groups, the dihydrofurofuran segment and the lactone—

pentanone ring system, responsible for B biological activity. To

1

investigate the reaction of weak bases, such as ammonia, with aflatoxin,

1
radiolabeled—C 4 aflatoxin B were added to corn grain flour (Beckwith

1

et a1. , 1975). Low levels of amrenia as ammonia hydroxide (_<_ 2gNH3/100g

flour) caused irreversible binding of B1 to corn flour components.

It was further established that the binding is preferentially with the

major protein fraction and water-soluble portion of the corn (Vesonder

et al. , 1975). Cucullu et al. (1976) proposed a series of chemical

reactions for the ammoniation of aflatoxin B1 to produce D1 (MW. 286)

and a compound with M.W. 206.

In a laboratory test of corn samples inoculated with A. flavus,

it was found that both amrenia (2 percent by wt.) and propionic acid
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(1 percent by wt.) reduce mold growth and subsequent aflatoxin and

ochratoxin formation. Both ammonia and propionic acid remained effective

in inhibiting mold growth and aflatoxin production for 19 and 29 weeks,

respectively (Vandegraft et al. , 1975). Beckwith et a1. (1976) inves-

tigated some chemical methods for detoxifying aflatoxins in foods and

feeds and found that ammoniation at ambient temperatures decomposes and

inactivates aflatoxins.

Aflatoxins in grain artificially inoculated were found to be

destroyed in a continuous fermentation process and by-product isolation

(Dam et al. , 1977). The results indicated a loss of aflatoxins after

fermentation of slightly greater than 60 percent of the original afla-

toxin level. Further alkaline extraction treatments involved in the

isolation of protein concentrate led to a destruction of total afla-

toxins in excess of 90 percent . The destruction of aflatoxin have hap—

pened due to the alkaline (NaOH) extraction procedure during the process.

Besides chemical detoxification, some physical methods have been

investigated. Roasting aflatoxin-contaminated corn was f01md to reduce

aflatoxin levels (Shannon and Shotwell, 1975; Peplinski et al. , 1975).

Physical separation methods involving dry cleaning, wet cleaning, and

hand separation of aflatoxin—contaminated grain were not successful

(Brekke et al. , 1975B) in lowering the aflatoxin content of the naturally

contaminated corn .

4. Ebcperimental Results from North Regional Research Laboratory (NRRL)

of USDA

The results were generated from various tests on ammonia detoxifi-

cation, ammonia preservation, and ammonia-assisted ambient air drying.

The composition analysis of the ammonia-trested samples gives very
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important clues on the actual chemical reaction between the grain

components and ammonia. The experimental results presented in this

section were closely related to the behaviors of ammonia in various

ammonia treatment processes .

4-A. The Diffusion of Ammonia in Corn

Lancaster et al. (1974) proposed that "since the ammonia molecule

is the same order of size as the water molecule, its rate should be

similar at an equivalent driving force " . However, the molecular size

alone cannot be taken to compare the diffusion rates. The ammonia

molecule has stronger affinity towards the water molecule than the

water molecule to itself as indicated by the relative mass diffusivities

(Sec. 5-C.2., Chapter 5).

The diffusion of free ammonia from whole corn into water at room

temperature is a slow process. The times needed for diffusion of free

ammonia from the corn kernel are shown in Figure 2.1. It takes about

six hours to extract 95 percent of free ammonia from the corn kernels.

Results in Figure 2.1 roughly indicate the ammonia diffusion rate in

the corn kernel despite the test is a soaking process. The fact of

slow rates of amronia diffusion in the corn kernel is evident and a

slower rate of ammonia application will lose less ammonia in the exhaust

air.

In another test by Lancaster et al. ( 1974) to investigate the time

required to equilibrate amrenia treated and untreated corn, it was

found that armenia took about 20 times (about four days) longer to

reach equilibrium than between corn and water in a stagnant situation.

The long equilibration time indicates the difficulties of losing free

ammonia from the corn kernels. Nevertheless, this test does demonstrate
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that a homogeneous sample can be obtained from mixing ammonia-treated

and ammonia-free samples.

In order to investigate the ammonia adsorption capability of low-

moisture corn, a sample of 2.7 kg of corn at 12 percent m.c. (w.b.)

was placed in a glass column and 7 percent of ammonia was added slowly

with no escape of ammonia over a period of two days. The amount of

free ammonia was 3.8 percent. Thus, the residuals constitute about

45.7 percent of the total ammonia added. It is also shown that the

fixed ammonia content (or residuals) in corn increases with increasing

temperature and time.

In a series of ammonia detoxification tests using aqua ammonia for

corn samples adjusted to various moisture levels (Brekke et al. , 1975),

the percentages of ammonia with respect to the total ammonia added

were determined. The results indicate that at ammonia addition levels

of 1.5 percent and above, the free ammonia values level off at about

2/3 of the ammonia added when samples are held 14 days at 25°C. The

lower the amount of total amrenia added, the lower the percentage of

free ammonia is when the total amrenia level is below 1.5 percent.

4-B. The Fungicidal Effects of Ammonia

High moisture corn (27 percent) was treated with 0.48 percent

ammonia applied as a 22 percent aqueous solution in a gas-tight tower

silo (Harvestore System) containing 52.8 m3 of corn (Bothast et al. ,

1975). With the initial application of ammonia, all microorganisms

were either eliminated or reduced significantly as shown in Figure 2.2.

It was suspected that the initial heating was a result of ammonia

adsorption and the subsequent heating was due to the respiration of the

developing microorganism. After 30 days of storage, the free ammonia
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disappeared and the grain moisture migrated. loss of fungicidal prop—

erties of the armenia was evidenced by the increasing fungal and

actinomycete populations after the first 10 days of storage.

4-C. The Closed—System Ammoniation

In a recycle gas-phase treatment of 17 and 26 percent moisture

corn (Lancaster et al. , 1975), 2.3 kg of shelled yellow dent corn was

treated with amrenia in air in a glass column (6.9 cm I.D. x 114 cm long).

The airflow through the column was 0.56 (mm/m3 (0.6 cfm/bu). The inlet

ammonia concentration was 16.2 percent for the 17 percent moisture corn.

The total amount of ammonia applied was equal to 2.5 percent within a

three—hour period. For 26 percent moisture corn, 11.8 percent of inlet

ammonia in the air was added over a l l/4—hour period. The total amount

of ammonia applied is equal to 0.75 percent.

Lancaster et a1. (1975) stated that localized adsorption of a

quantity of ammonia equal to five percent in the corn can raise the

corn temperature by 39°C in a stagnant and isolated system. The heating

of corn during the application of anhydrous ammonia is fast and temporary

in contrast to the slow temperature rise due to microbial growth

observed during the subsequent storage period.

4-D. Influence of Ammonia and Moisture Levels on the Detoxification of

Aflatoxin B1

The influence of ammonia and moisture levels on the inactivation

of aflatoxin B1 was considered by Brekke et a1. (1975). The samples

were held for 14 days at 25°C after the treatment of aqua ammonia at

different ammonia content levels. The pronounced effect of corn moisture

on the inactivation of aflatoxin B with ammonia is shown in Figure 2.3.
l
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The inactivation is much more effective when the corn is treated at

higher moistures. At moisture contents above 17 percent, aflatoxin B1

is almost completely inactivated when treated with 1.5 percent ammonia.

It can be concluded from the results in Figure 2.3 that treating

lower-moisture corn requires a higher dosage of ammonia in order to

reach the same degree of inactivation of aflatoxin B The reason is1.

that high—moisture corn is capable of dissolving more free ammonia which

is the primary element for aflatoxin inactivation.

In another ammonia detoxification test of artificially contaminated

(1000 ppb) corn samples (Brekke et al. , 1975), the effectiveness of

detoxification was found to be terperature dependent as shown in

Figure 2.4. At higher temperatures, shorter periods of ammonia treat-

ment were needed because of higher ammonia diffusion rate and higher

chemical reaction rate between the aflatoxin and ammonia. Furthermore,

less ammonia was needed at higher temperatures to have the same inactiv-

ation effect on aflatoxin Bl’

4—E. Long-Term Preservation of High-Moisture Grain

Although a high dosage of ammonia (1.5 percent) is frequently used

in the detoxification process, the required amount of ammonia is much

lower (0.5 percent) for the purpose of preserving freshly harvested high-

moisture corn free from spoilage (Nofsinger et al. , 1976).

In a long-term preservation test of high—moisture grain (Peplinski

et al. , 1975), ammoniation destroyed all molds, lowered bacteria counts

for up to four months, and modified some chemical and physical properties

of the treated corn. During a l4—month storage test of 4036 kg (158 bu)

of 23 percent (w.b.) moisture corn treated initially with 1.02 percent

aqua amronia (in 19.2 percent solution, weight basis), the moisture



39

 

 
  
  

200

Com moisture content =lS.0%

Initial aflatoxin Bl=1000 ppb

1. 42 days at 10°C

150 *- 2. 8 days at 25°C

g 3. 2 days at 40°C

L.

m

§
«1 100 r-
as

\H

o

s:

o

'43
h

g 50 -

8

o l l l

0.0 0.5 1.0 1.5 2.0

Ammonia concentration in corn , percentage ,d .b .

Figure 2.4. Effects of terperature on the inactivation of aflatoxin B

in corn (data taken from Brekke et al.,l975) .

l



40

content of corn was increased to 28 percent. A 1.12-Kw (1.5-hp)

centrifugal blower recycled the ammonia-air mixture. The mixture was

recycled for periods of 1.5 to 25 hours at a flow rate of 1.8 (mm/m3.

In total, an amount of 3.04 percent of ammonia was added to the corn in

aqua and anhydrous form.

The relationships between the amount of ammonia applied, the

average free ammonia content, the bacteria, and the mold counts are

shown in Table 2.3 throughout the entire treatment. Molds were almost

completely wiped out by ammonia after the first treatment of 1.02

percent ammonia. The bacteria counts were also reduced significantly

due to the presence of ammonia.

The relationship between the free ammonia content and the bacteria

count did indicate a general trend of lower bacteria c01mt for the grain

with higher free ammonia content (Peplinski et al. , 1975). A limited

correlation between bacteria and free ammonia shows that a minimum

level of 0.50 percent free ammonia in the corn is necessary to keep

bacteria below 100,000 per gram of corn.

In another amonia—supplemented ambient drying test of high-moisture

corn conducted by Nofsinger et al. (1976), 14.2 tons (560 bu) of 23.2

percent m.c. (w.b.) corn was dried with ambient air and ammonia preserv-

ation over six months without corn spoilage. The fan was rated 1/3 hp

(248 W) and the airflow was 1.8 cmm/ton (1.6 cfm/bu). The corn was

dried to 17.7 percent in 56 days during which the fan operated 44 days.

Anhydrous ammonia was applied intermittently. The ammonia application

rate was much higher in the beginning of the drying process; about one-

half of the total 42.9 kg ammonia was applied in the first three days

and more than 75 percent of the total ammonia was applied in the first
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Table 2.3. Effects of ammonia on inhibiting bacteria and mold grwth

and the relationship between free ammonia.and the amount

of ammonia added (data taken frrm Peplinski et al.,1975) .

 

Day' Ammcmdtt .Average . Bacteria .MoLd Average

applied freeeammonia count count corn.MC

(%d.b.) (%d.b.) (m.c./g) (m.c./g) (%w.b.)

0 1.02 0 2,000,000 630,000 23.0 28.0*

1 0 - 3,000 ND** -

3 0 - 0.69 - ' - 28.0

7 0 - 1,000 ND -

l3 0 0.25 - - 27.0

26 O 0.13 - - 26.3

28 0.26 4 - — -

32 0 < 0.29 410,000 ND 26.7

45 0 0.22 22,000 ND 27.0

60 0 0.09 1,030,000 30 27.3

67 0.51 - - - -

69 0 0.42 - - 27.0

98 0 0.28 182,000 ND 27.7

111 0.51 - - - -

146 0 0.50 173,000 ND 28.0

166 0 0.37 114,000 ND 26.3

235 0 0.25 80,000 ND 27.7

242 0.26 - - - -

276 O 0.19 902,000 ND 24.7

297 0.48 - - - -

355 0 - 33,000 ND -

410 0 0.27 - - 20.3

 

* The moisture increase is due to the addition of aqua ammonia.

** ND = none detected
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twelve days of ambient air drying. The air temperature varied from

about 20 to -5°C and the relative humidity from 60 to 90 percent

throughout the drying operation.

The maximum ammonia flow rate was 0.36 g/(hr.kg). The relation-

ship between the total amount of ammonia actually picked up by corn

and the cumulative ammonia added is shown in Figure 2.5. An appreciable

amount of ammonia was lost in the exhaust air. The amount of ammonia

remained in the corn consists of free and fixed ammonia during ammonia

treatment. However, the portion of free ammonia will become either lost

in the air or a part of fixed ammonia after an extended period of

aeration.

Surface-sterilized corn kernels were tested for mold and bacteria

growth during ammonia application. Mold counts were reduced from 6100

to 16 propagules/g and mold—infected kernels were reduced from 92 to

14 percent. Molds increased slightly thereafter but were effectively

controlled by the presence of ammonia.

In contrast, bacteria counts increased from 2.4 x 104 to 1.6 x 107/g

during the first seven days of storage because of favorable growing

temperature and humidity. The bacteria growth then leveled off and the

subsequent growth was limited since the corn moisture level was reduced

and unfavorable to microbial growth.

The amount of residual ammonia in the corn was found to be about

40 percent of the cumulative ammonia added in another ammonia grain

drying test performed by Nofsinger et al. (1977) using typical farm—size

bins. The largest retention of ammonia and lowest mold infection were

detected near the bottom of the bin.
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4-F. The Composition Changes of Ammonia-Treated Corn

The chemical changes of stored corn treated with ammonia during a

14—month storage test were analyzed by Peplinski et al. (1975) . The

percentage changes of the major components in corn are shown in Table 2.4.

The total nitrogen content in the corn increased from 1.5 to 2.1

percent which is about the same amount of increase for ammoniacal

nitrogen. Among the 21.4 kg of ammonia adsorbed by the grain eventually,

total ammonia (ammoniacal nitrogen) accounted for 74.3 percent (15.9 kg)

of the total nitrogen increase. The rest 5.5 kg of ammonia applied

reacted with corn components to form other than ammoniacal compounds

which is evidenced by the increase in soluble solids from 6.5 to 9.5

percent. Analyses of the solid residues indicated that the chemical

reaction products accounted for the change in soluble solids.

The decrease in extracted fat content is almost entirely due to

the decrease in linoleic acid (C18H3202, an unsaturated fatty acid

with two double bonds) content. Four unknown compounds ranging from

0.9 to 8.0 percent of the total fatty acid composition developed during

the ammonia treatment due to the degradation of linoleic acid. The

reduction of non-reducing sugars from 2.9 to 1.3 percent indicates

microbial growth and respiration.

At the end of the 410 days storage test, the corn was removed in

six separate layers. Excluding higher-moisture corn adhering to the

bin walls, 90 percent of the corn was removed with moisture contents

ranging from 15 to 24 percent. The chemical composition of each layer

of corn is shown in Table 2.5. The free ammonia content, higher toward

the top of the bin, averaged 0.2 percent while the total nitrogen

content averaged 2. 2 percent .
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The general trend of variations in the chemical compositions of

different layers is as follows: 1. The fat and linoleic acid increased

while the soluble solids content decreased toward the bin bottcmn This

is an indication of more chemical reactions happening between ammonia

and corn components toward the bin top than the bottom. This is due

to the more ammonia dissolved in the grain in the bin top as a result

of the higher grain moisture content . 2. The non-reducing sugar

(sucrose) content increased toward the bin bottomn This is a sign of

more microbial activity in the top layers as was expected. 3. Starch

and ash contents did not vary significantly in the grain samples through-

out the bin.

The following practical information has been sumrarized from the

above experimental results which have assisted this investigation:

1. The fungicidal effects of ammonia towards molds, bacteria,

and aflatoxins have been verified.

2. Practical-scale tests of the ammonia treatment for high—

‘moisture corn have been performed and.were proved to be

feasible, practical, and economical.

3. The total ammonia in corn consists of the free ammonia and

the fixed ammonia; the fixed ammonia content was“ found to

be about 30 to 50 percent of the total ammonia depending

on the rapidity and the amount of amronia application.

4. The composition analysis of the ammonia-treated corn has

verified the existence and the amount of residuals f-

the fixed ammonia.

5. The amount of ammonia required in a long-time preservation

and drying test of corn is about 0.5 percent d.b. (based
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on the weight of dry corn).

6. The amount of ammonia required for the detoxification of

a batch of aflatoxin-contaminated corn 'is about 1.5 to

3.0 percent d.b.

7. Oily an aeration fan which delivers around 1 to 2 cmm/ton

is required in the ammonia-assisted ambient air drying and

the ammonia treatment permits several months to dry the corn

to 15.5 percent w.b. without spoilage.

8. The trickle (intermittent injection) ammonia application

process requires a high dosage in the beginning to com-

pletely inactivate the initial contamination of micro-

organisms .

Nevertheless, it was found that some important aspects were ignored.

The following information is essential in analyzing the ammonia grain

drying system but is lacking in the above experimental results:

1. the ammonia sorption isotherm which is necessary in describing the

steady state sorption characteristics; 2. the dynamic movement of

ammonia in the grain bin, i.e. the ammonia concentration changes with

time and position; 3. a systematic analysis of the influence of

important parameters, such as the mass transfer coefficient, airflow

rate, inlet ammonia concentration, grain moisture content, terperature,

etc. , on the ammonia sorption processes.

The result of a systematic analysis will not only identify the

important parameters in the system but also establish the basis of a

prediction model .



CHAPTER 3

AMMONIA SORPTION ISOIHERMS

l . Introduction

In order to investigate the behavior of ammonia in a fixed bed

of biological products, such as grains, the mass transfer processes of

ammonia between the moving air stream and the fixed bed of grain must

be analyzed. The ammonia sorption in a fixed bed of corn is a dynamic

process. The proposed model is deterministic (without random variables).

In analyzing a dynamic process, a steady-state system is frequently

first investigated. In the steady—state system, all the parameters are

independent of time and the system is studied under equilibrium condi-

tions. The curve of ammonia sorption behavior at constant terperature

is called the Ammonia Sorption Isotherm.

2. Adsorption and Diffusion Models

Adsorption results from the field force at the surface of the

solid (adsorbent) which attracts gas molecules (adsorbate) and are

in turn adhered to the solid. The force of attraction could come from

physical (van der Waal's type) or chemical means.

The process of adsorption has important applications in drying,

purification, separation, catalysis, waste treatment and many other

chemical processes. The adsorption system in the ammonia grain drying

system consists of corn (the adsorbent) and ammonia gas (the adsorbate).

In general, the majority of large scale commercial applications of

49
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adsorption involves nonisothermal adsorption of multiccmponent mixtures

in fixed of fluidized beds. The ammonia grain drying system is one

example of an adsorption application in agriculture. Strictly speaking,

in most agricultural crop drying systems, treating a fixed bed of corn

with ammonia-air mixture is an example of the adsorption process.

The process involves nonisothermal sorptions of multiccmponent mixtures

of ammonia, moisture, and dry air.

The rate expressions of sorption processes have been classified

into three groups: (1) external diffusion, (2) surface adsorption, and

(3) internal diffusion. The sorption process consists of numerous

different processes; the rate at which an adsorbent takes up adsorbate

can be limited by any or all of the above models.

2-A. The External Diffusion Models-Diffusion in Fluid

The external diffusion model describes the concentration gradient

existing within the bulk stream of the fluid phase and the transport

mechanism of the ammonia to the external surface of corn. The overall

rate of adsorption depends on the diffusion velocity of ammonia from

the bulk stream to the vicinity of the corn surface and on the rate of

adsorption of ammonia at the surface layer of the corn. The external

diffusion model is usually expressed by Fick's diffusion equation:

39- = 0 vzc (3.1)

where C is the concentration of adsorbate, t is the time, and D is the

diffusion coefficient.

Equation (3.1) is a form of Fick's second law and is analogous

to the transient heat conduction equation. The solution of this equa-

tion involves prescribed boundary conditions and nurerical techniques,
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such as finite differences, finite element methods, etc.

In the external diffusion model it is assumed that the rate of

surface adsorption is so rapid that there is solely diffusion control.

The ammonia adsorption isotherm defines the boundary condition.

Nevertheless, the mathematical model defined by the diffusion law and

the boundary condition mentioned above poses a very complex problem,

since the model equation (Equation 3 . 1) involves two independent

variables and second order differential term(s). It is usually

simplified to the "film diffusion model" by defining a simple mass

transfer equation to describe the external diffusion of adsorbate from

the bulk stream to the outer surface of the solid:

%%= kfa(C-Cm) (3.2)

where q is the adsorbate content in solid, a is the specific (external)

surface area of solid particles, and kf is the fluid-phase mass transfer

coefficient. The driving force for mass transfer is defined by the

concentration difference across an effective "film" resistance surround-

ing the particle between the fluid at the surface (C) and the bulk

fluid (C00). The mass transfer coefficient kf is a ftmction of fluid

velocity, viscosity, density, the diffusivity of adsorbate in the

fluid, and the size and shape of the solid particles.

2-B. The Surface Adsorption Models

The surface adsorption model describes the mass transfer on the

solid surfaces. Solid adsorbents have a limited total internal surface

area on which adsorbate can be adsorbed.

The theory of the adsorption rate on an active surface was first

derived by Langmuir (1918) who equated the rate of capture of molecules
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from the gas to the rate of escape of molecules from the surface under

equilibrium conditions:

ka p(l-6a) = kd 6a (3.3)

where ka and kd are the rate constants for adsorption and desorption ,

6a is the fraction of surface area covered by adsorbed molecules, and

p is the partial pressure of the adsorbate molecules. Solving for 6a

and letting KA = ka/kd ,

KA_P

ea g-FKA—P? (3.4)

In the case of ammonia adsorption in corn, the equilibrium con-

:3:

centration of ammonia in corn (x2 ) at any concentration of ammonia in

the air (x1) can be expressed using the above equation:

 

x2m x1
* = (3.5)

X2 KL + x1

where,

* —

x2 - ea ° X2m

x1 = p/pS

KL = 1lKAps

saturated ammonia pressure

*
6

U
)

II

The capacity of the solid phase onto which adsorbate can be adsorbed

(x2m) refers to the total coverage of active sites on the solid surface

where the adsorption solely occurs. However, in the ammonia adsorption

process in corn, the only active component in corn absorbing ammonia is

assumed to be water. The water portion is believed to be distributed

evenly within the entire corn kernel. Thus, the following assumptions

must be proposed in order to use the Langmuir monolayer surface adsorption



53

isotherm for the ammonia-corn system:

1) The individual corn kernel is small enough that the internal

ammonia concentration gradient can be neglected, or, the ammonia

in corn at any moment is rapidly equilibrated and evenly distri-

buted. In other words, all the active sites of corn in adsorbing

ammonia are located on the surface.

2) All the other components besides water in corn absorb a negligi-

ble amount of ammonia through physical adsorption or chemisorption.

The Langmuir isotherm descirbes the processes of ion exchange,

active carbon adsorption, etc. , since these processes obviously fall

in the category of surface adsorption. Nevertheless, the sorption

processes of ammonia or water in most biological products cannot be

explained satisfactorily by the Langmuir monolayer isotherm alone. In

dealing with the sorption of water vapor in food products, the BET

equation (Brunauer, Emmett, and Teller, 1938) is frequently used. The

BET equation allows multilayer adsorption on the solid surface.

 

 

x2* __ “’1 X1_
(3.6)

x2111 (1 - x1) [1 + (cl - l)xl]

A simplified expression for the constant 01 is:

Cl = exp (Qs/R'T) (3.7)

where,

Qs = site interaction energy of adsorption = Q1 - L,

Q1 = total heat of adsorption of the monolayer,

L = latent heat of evaporation of adsorbate at terperature T,

T = absolute temperature, and

R' = universal gas constant.
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Q1 may be estimated by the heat of solution of ammonia in water,

8480 cal/mole and the latent heat of evaporation, L, of ammonia is

4889 cal/mole at 15.6°C.

In certain cases when the number of layers is limited to a finite

number n, the BET treatment leads to the modified equation:

m+1

l

m-I-f

m

x2* = Cl xl l-(m+l) x1 + m x

x l - x _ _
2m 1 1+ (c1 1)xl cl x1

 . (3.8)

Equation 3. 8 represents the general BET equation which includes

special cases such as the Langmuir isotherm (Equation 3.5) by letting

m = l, and the standard BET equation (Equation 3.6) by putting m = 0°.

These two extrere sorption isotherm types are shown in Figure 3.1.

 

  

BET

3 isotherm

a (m=°°)

IS

'§ 1% L._______ __ ._}fflffl
Kan

Ea '5 Langmuir

33' 8 isotherm

, <m=1>
ig

LN g slope=x2"/KL

 

0.0 1.0

x1, relative partial pressure

Figure 3. 1. Types of generalized BET adsorption isotherm.

At low relative partial pressures of adsorbate in a fluid stream,

the sorption behavior has negligible difference for langmuir and BET

equations since they are still in the monolayer adsorption region.

Therefore, it is not necessary to differentiate these models if the
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ammonia concentration in the air is low.

2-C. The Internal Diffusion Models-Diffusion in Solid

The internal diffusion process involves the transport of adsorbate

to the interior of the adsorbent through one of the following mechanisms:

1) gaseous diffusion through the pore structures, e. g. pores, crevices,

capillaries, cracks, and checks, in a porous adsorbent, or

2) surface diffusion along the solid surfaces of the pores in a

Porous adsorbent, or

3) solid diffusion through the homogeneous, permeable, non-porous

adsorbent.

Adsorbents are usually classified as porous and non-porous depending

on the effective radii of the pores. The effective radii of the largest

variety of adsorbent pores (macropores) exceed 100021, the effective

radii of intermediate pores ranges from 18 to 10003 and those of the

smallest variety of pores (micropores) ranges from 5 to 10A (Dubinin,

1972). As the pore size diminishes, the "porous" material becomes

non-porous.

Diffusion in porous materials may occur by one or more of the

following three mechanisms (Sherwood, 1975):

1) Ordinary or bulk diffusion: prevails as the pores are large in

relation to the mean free path* of the molecules of adsorbate.

The process is recognized as an ordinary diffusion within the gas

contained in the pores. The resistance to diffusion along the pores

is due primarily to molecular collisions. Hence, the resistance

 

* "Mean free path" is important in kinetic theory, and means the

average distance a molecule travels between gollisions with each

other. The mean free path of ammonia is 441 at 0°C and 1

atmosphere (Moore, 1965).



56

of the pore walls may be neglected and the diffusion coefficient

will be independent of the pore radius. The diffusion coefficients

values range between 1.0 cmZ/sec for gaseous and 10"4 5to 10- cm2/sec

for liquids (Wheeler, 1951). For gaseous, the diffusion coefficient

is inversely proportional to the pressure and is proportional to

11'5 or T1'75 (Smith, 1970; Karger et a1., 1973). The rate equa-

tions proposed by some researchers have been thoroughly reviewed

by Park (1974) .

2) Knudsen diffusion: occurs when the pore sizes are small compared

to the mean free path of the gas molecules. The molecules collide

much more frequently with the pore walls than with each other.

A molecule travels within the pores by a series of "random

flights" interrupted by collisions with the pore wall and adsorp-

tion by the pore walls.

3) Surface diffusion: occurs when the diffusion species are adsorbed

by the solids. The equilibrium surface concentration increases

with concentration in the gas. So the surface layer tends to

develop a concentration gradient in the solid in the same sign

and direction as the concentration gradient of the gas in the pore.

If the rate of surface diffusion is not the limiting factor or if

the size of particle is small anough, the concentration gradient

in the solid can be neglected.

3. Production and the Properties of Ammonia

3—A. Energy Required in Ammonia Production

Anhydrous amronia is being produced industrially from natural gas

through a series of high terperature chemical reactions. The energy
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requirement of the production of one ton of anhydrous ammonia is

(Faith et al. , 1975):

  

 

Input Quantity Energy Equivalent/ton

3 10
Natural Gas 736 m 2.719 x 10 J

(92% methane)

Fuel Gas 0.594 m3 2.321 x 1010 J

(for driving compressors)

Electricity 108 Kw hr 8.888 x 108 J

. 10
Total. 5.079 x 10 J/ton

The total energy input for the production of one ton of anhydrous

armenia amounts to about 5.079 x 1010 J/ton, or 5.598 x 107 J/kg-

ammonia (24067 Btu/lb-ammonia).

3—B. Physical Properties of Ammonia

Ammonia is colorless and has a pungent odor. The physical properties

of ammonia are listed in Table 3.1. From the solubility of ammonia in

water and the density of, ammonia gas, it is known that liquid water is

able to absorb over 600 times its volure of ammonia gas at 0°C, one

atmosphere. The toxicity limit is the concentration of armenia to which

workers may be exposed without harmful effects . The axmonia concentra-

tions of 20 to 50 ppm in the air can be detected by smell. At high

concentrations (above 700 ppm) of ammonia can cause severe irritations

to the eyes, bleeding and swollen eyelids. Without immediate medical

treatment, partial or complete loss of vision may occur.

Moist skin is mildly irritated when a concentration of one percent

of bulk air is reached in the atmosphere. Liquid anhydrous ammonia

in contact with the skin will cause severe burns and frostbite due to
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*

Table 3.1. Physical prOperties of ammonia .

 

Nblecular weight ........... . ...... .

Specific volume (at 21°C, 1 atm)

Boiling point (atl atm)

Freezing point (atl atm) .............

Density, Gas (at 0°C, 1 atm)

Liquid (at b.p.) ...... ..

Viscosity, Gas (at 0°C, 1 atm)

Flammability limits in air ........... .

Heat of vaporization (at b.p.) ..... . . .

Heat capacity, Gas (at 25°C, 1 atm)

C O...OOOOOOOOOOOOOOOOOOOOO

Vapor pressure (at 21°C) ........... . . .

Solubity in water (at 0°C, 1 atm) .....

'Ihenral conductivity, Gas (at

0°C, 1 atm) ....... ........

Specific gravity, Gas (at 0°C,1 atm) ..

Toxicity limit ('nlresrold limit value).

17.03

mumvgua6fibm)

-33.4°C ('28.1°F)

“77.7°C (~107.9°F)

0.00077 gxml

0.674 g/ml

0.00918 centipoise

15-28 percent (by volume)

327.4 cal/g

0.516 cal/g°C

0.407 cal/9°C

1.269

7.867 x 104 Nxm?

(114.1 psig)

47.3 g/100 9 water

0. 02184 W/m K

0. 597

25 ppm:

 

* From LINDE,Product Information , Union Carbide , specialty gases

and equipment (1977) .
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the rapid evaporation of ammonia from the skin surface.

Although ammonia is a non-flammable gas when contained in a tank

with liquid phase, it can be ignited in air at concentrations of 15

to 28 percent by volure, when sparked. Workers handling ammonia should

wear a face shield in addition to the normal safety equipment. It is

also recommended that anyone working with anhydrous ammonia carry a

small spray bottle of water as a first aid to flush and protect the

eyes .

3-C. Vapor Pressure of Ammonia

3—C.l. Vapor Pressure of Liquid Ammonia

The vapor pressure of liquid ammonia in a container as a function

of temperature is shown in Figure 3.2. The ammonia vapor pressure is

increased exponentially with terperature. At higher temperatures, the

vapor pressure increases significantly. Thus, keeping the ammonia tank

covered or sheltered while it is left in the field is very important

in preventing overheating of the tank by direct Stmlight.

3-C.2. Partial Pressure of Almonia in Aqueous Solution

The partial pressures of ammonia over an aqueous solution of ammonia

are listed in Table 3.2. The units for almronia concentration both in

the air and in the solution are expressed in accordance with those of

the water vapor adsorption isotherm. The ammonia concentration in the

air is expressed as the volume percentage at one atmosphere based on

the bulk stream total volu're. However, as a matter of consistency

and simplicity in the model equations and computer implementation,

the ammonia concentration in the air is expressed on the basis of

voluIe percentage per dry air volure.
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Isotherms for ammonia solution at one atmosphere are plotted in

Figure 3.3. Due to the characteristics of the saturation of ammonia in

aqueous solution, the isotherm curves for armonia solution resemble

Langmuir isotherms even though they are not certainly related. At

higher temperatures, the same partial pressure of ammonia in the air

will dissolve a less amount of ammonia in water under equilibrium

conditions since the solubility of ammonia in water is smaller at

higher terperatures.

4. Adsorption and Desorption of Ammonia in Corn

4-A. Classification of Sorption Isotherms

The amount of adsorbate adsorbed (y) per unit mass of adsorbent

depends on the equilibrium partial pressure of the adsorbate (p),

the temperature (T), and the nature of the gas (g) and solid (5):

y = f (p. T. g. S) (3.9)

In general, the sorption system is investigated under constant

terperature (i.e. isothermal) and under the assurption that the proper-

ties and state of gas and solid do not vary significantly, Equation 3.9

simplifies to:

Y = f (mtg,S (3.10)

if the gas is below its critical temperature* throughout the terperature

ranges considered. In other words, there is no phase change due to

terperature changes alone. The following equation is most camonly

referred to as the adsorption isotherm equation:

 

* For ammonia gas ( ), the critical temperature is 405.6 K

(Moore, 1965), whic is well above the temperature range considered

here.
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y=f(X)TgS

where x = p/pO is the relative partial pressure and p0 is the saturation

vapor pressure of the adsorbate.

Most of the adsorption isotherms resulted from physical adsorp—

tion and reported in the literature have been classified into five types

by Brunauer, Emett, and Teller (BET) (1938) as shown in Figure 3.4.

Type I is the Langmuir adsorption isotherm which is interpreted as a

monolayer adsorption pheromenon. The S-shaped Type II is the well

known BET isotherm for multilayer adsorption. Physical interpretations

of Types II, III, IV, and V were presented by Brunauer, Deming, Deming,

and Teller (1940). Types II and III resexble Types IV and V respectively

except when the relative pressure approaches 1 . 0, the adsorption in

Types II and III increases sharply and in some cases approaches x = 1.0

line asymptotically whereas the adsorption in Types IV and V levels off

and approaches maxima.

Not all the isotherm curves can be classified into the above

five classical types. As a matter of fact, many of the isotherms

encountered in practice also show a further upward turn (denoted by

the dotted lines in Figure 3.4) as the saturation vapor pressure is

approached (Gregg and Sing, 1967).

4-B. Equilibrium Ammonia Content in Aqueous Solution

The equilibrium ammonia content curves in aqueous solution at

terperatures ranging from 0 to 322°C are shown in Figure 3.3. Although

the sorption isotherm curves in a liquid solution cannot be classified

in the category of the five adsorption isotherms mentioned above, the

ammonia isotherm in aqueous solution can be investigated as an adsorption
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isotherm in solids if the water portion in the solid adsorbent be

considered the primary "sites" of ammonia adsorption.

Judging from the shape of isotherm curves in Figure 3.3 at differ-

ent terperatures, they look like isotherm curves in Type I Langmuir

monolayer adsorption at lower temperatures and Type V at higher

temperatures. Both types I and V possess a saturation value but

differ at lower relative pressure ranges. Strictly speaking, isotherm

curves in Figure 3. 3 are not purely physical adosption isotherms and

they have no direct relationships with the (surface) adsorption in

the solid. Nevertheless, satisfactory explanations can be stated

indirectly if one would relate ammonia in aqueous solution to the ammonia

in water-containing corn. An analog is existed between the saturation

characteristics of gas ammonia in an aqueous solution under certain

pressure and the saturation of active surface sites of adsorption

for a porous medium.

In the practical application of ammonia treatment for grains, the

concentrations of ammonia in the air seldom exceed 20 percent of the

saturated partial pressure of ammonia. Thus only the lower portion

of the amrenia isotherm curves will be studied in this investigation.

This part of the ammonia isotherms in aqueous solution at one atmosphere

is shown in Figure 3.5. It is difficult to categorize the isotherm

curves in Figure 3.5 in a specific type among the five classical

isotherm types. A new model is proposed to incorporate the lower portions

of curves at different temperatures in one model equation. A geometric

equation has excellent correlation (Table 3.3) for lower concentrations

of ammonia in the air:

y = MN me (3.11)
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by Braunauer, Emmett and Teller (1938).

Table 3-3. values of

at different temperatures.

. ters in isotherm model for ammonia solution

at 1 atm.: y=Ax and corresponding correlation coefficients

 

 

Temperatures (°C) .A

0.0 1.897

4.4 1.533

10.0 1.204

15.6 .964

21.1 .833

26.7 .686

32.2 .569

1.048

1.032

1.011

.993

.983

.966

.950

Correlation

 

.9985

.9989

.9992

.9993

.9998

.9999

.9999
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where,

y = percentage ammonia concentration in aqueous solution,

g-myNOg-QO

x = percentage ammonia concentration in the air,

ml -— NEE/100 ml - bulk stream

A = size parameter, function of terperature

B = shape factor, function of temperature

The value of A defines the "height" of an isotherm curve (lower

terperature curves have larger A values). The shape factor B defines

the concave or convex shape of the isotherm curve. The functions of

A and B are solved with high correlation coefficients by plotting them

against temperature:

-1 . 155

A(T) 108.0 (1.8 T + 32)

B(T) 1.0442 - 2.974 x 10"3 T

The final equation for the ammonia isotherm is:

y = A(T) xB(T)

for 0°C < T < 32.2°C and x _<_ 20.

4-C. Equilibrium Ammonia Content in Corn

(3.12a)

(3.12b)

(3.13)

Based on the isotherm model for aqueous amnonia solution (Equation

3.13), the isotherm equation for amnonia in corn was developed based

on the following assumptions:

1) The only active component in corn responsible for amnonia’ adsorp-

tion is the water portion of the grain.

2) All the water, which can be removed in the standard oven-heating

moisture content determination method (103°C, 72 hours for corn),



69

has the same capability of absorbing ammonia (no matter in what

form the water exists).

The ammonia concentration in corn can be expressed as:

at =x2 y Mdb (3.14)

where,

x2* = percentage ammonia concentration in corn, dry basis

Mdb = moisture content of corn, dry basis, decimal.

The isotherm equation for ammonia in corn at low relative pressures

can then be obtained by substituting Equation 3.13 into Equation 3.14:

x2* = M A(T) x301.)db (3.15)

for cereal grains at temperatures between 0 and 322°C. An example of

the isotherm curves for corn at different moisture contents at 4.4’C

is shown in Figure 3.6. The figure demonstrates the influence of

moisture content and ammonia pressure on the ammonia concentration in

shelled corn.

Equation 3.15 is semi-empirical. The data for ammonia concentra—

tion in aqueous solutions and the ammonia partial pressures has been

tabulated by Liley and Gambill (1973) from several sources. The ammonia

isotherms for corn are derived based on these empirical results and the

assumptions described previously.

4-D. Hysteresis and Residuals

When the multilayer adsorption on the surface of a non-porous

solid (Types II and III) becomes indefinitely thick, it is a 'sign of

condensation. If, however, the solid adsorbent is porous, the thickness

of the adsorbed layer on the internal surfaces of the pores is limited

by the width of the pores. The shape of the isotherm is modified
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correspondingly: a Type II changes to a Type IV isotherm and a Type

III to a Type V isotherm. The specific surface and the pore size

distribution of the porous adsorbent can thus be determined by consider-

ing isotherm Type IV and Type V characteristics (Greg and Sing, 1967).

Hysteresis is one phenomenon of porous adsorbents closely related to

the size and configuration of pores.

4-D.l. Hysteresis

The hysteresis loop happens when there are two values of concentra-

tion of adsorbate in the solid (x2*) for any given value of relative

partial pressure of the adsorbate (x). The value of x2* is always

higher for the desorption than for the adsorption branch in portion

of the sorption isotherm curves.

The cause for hysteresis has been hypothesized as a capillary

condensation phenomenon in "ink bottle" shaped pores by Kramer (1931) ,

McBain (1935) and others (Rao, 1941; Katz, 1949). When the desorption

branch is traversed, evaporation cannot occur according to the adsorp-

tion curve since the neck of the pore is blocked by a meniscus which

can only be evaporated at lower pressures depending on the contact

angle in the meniscus; the entire pore then empties at once. It is

a common practice for most researchers to assume the adsorption, rather

than the desorption, branch to represent equilibrium (Gregg and Sing,

1967) . The degree of departure of the desorption curve from the adsorp-

tion curve under equilibrium conditions for a given terperature depends

on the pore size, distribution, and characteristics.

The "ink bottle" hypothesis has led to the investigation of the

so—called scanning phenomenon of the hysteresis loop (Rao, 1941).

It was established that the loop may be crossed by moving from the
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adsorption to the desorption branch but not vice versa. The results

in Figure 3.7a show the crossing of loops on the desorption curves

when the desorptions happened at different pressures. As the pressure

was increased during the desorption process, readsorption occurred

and followed different paths under different pressures within the

hysteresis loop. The readsorption paths do not cross each other as

shown in Figure 3.7b.

4—D.2. Residuals

In a purely physical adsorption model for porous biological

products , the chemical reactions between the adsorbate and the components

in the solid adsorbent are not considered. However, in the case of

ammonia treatment for corn, browning of ammonia-treated corn has been

reported (Lancaster et al., 1975). The browning reaction is similar

to that of the browning of aged corn where it is interpreted as an

example of the classical nonenzymatic browning reaction (Reynolds, 1963).

The browning reaction involves the reaction between an aldose

(a sugar) and an amine through a series of chemical transformations

producing pigmented and sometimes highly flavored compounds. Certain

kinds of nitrogen containing compounds, such as guanidine and pyridine,

may be formed by the browning reaction of corn with ammonia (lancaster

et a1., 1975).

The chemical reactions and their reaction mechanisms between

ammonia and certain corn components are not fully understood. It

has been known that the ammonia "adsorbed" by com (referred -to as

the total ammonia) contains both volatile (free) and nonvolatile

(fixed) ammonia. Free ammonia is water extractable and the amount can

be easily determined by a titration method. The gaseous amronia diffuses
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into the pores of corn surface which composes most of the free ammonia

and will eventually become either fixed or lost.

During the desorption process of ammonia-treated corn, only the

free ammonia portion is removed. The free ammonia in the pores and

on the surfaces of corn is being dissolved in the water portion of

corn. The free ammonia, in the pores and in the corn, reacts chemically

with certain corn components continuously and becomes the fixed ammonia

and is referred to as "residuals". The residuals are dynamic quantities

and they are temperature and concentration dependent .

4-D.3. The Combined Effects of Hysteresis and Residuals on the

Desorption Process

Experimental results of the desorption of ammonia in corn are

not available in the literature. Thus the formulation of a desorption

isotherm has to be based on certain assumptions:

1) Corn is a porous medium and the sorption of ammonia displays

hysteresis above certain ammonia partial pressures in the air.

2) The chemical reactions between corn components and ammonia censure

ammonia in an irreversible manner; the reactions may take place

both on the pore walls and in the solid.

3) The free ammonia in the pores is considered the adsorbed ammonia

which is dissolving into and reacting continuously with water and

other components in the corn .

4) The fixed ammonia (or residual) is counted as part of the total

ammonia adsorbed in the corn but only the free ammonia is responsible

for the physical adsorption and desorption processes.

5) The amount of residual is assumed to be a known and fixed percentage

of the highest free ammonia concentration (x2f*) the solid
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ever possessed.

The proposed adsorption and desorption models for ammonia in a

pore on the corn surface are shown graphically in Figure 3.8. The

corresponding isotherm curves are shown in Figure 3.9 where the

approximate positions corresponding to the intermediate steps in

adsorption and desorption are indicated.

The adsorption of ammonia in an ammonia-free "ink bottle" pore

(A1) at low pressures starts with an even coverage of free amrenia on

the pore wall (A2). The free amronia on the pore surface builds up

and at the same time is dissolving into the water portion of solid corn

as free ammonia. Meanwhile, the dynamic processes of chemical reaction

between free ammonia and certain corn components both on the pore wall

and in the solid are progressing. As the above processes continue, the

depth of the deposit of free ammonia becomes deeper (A3). More free

ammonia is dissolving into the solid. The entire pore volume is

finally filled with adsorbed free armmnia (A4) and saturation is reached.

As the ammonia pressure in the air is reduced, the originally

saturated pore (D1) starts losing free ammonia. The bottle neck of the

pore resists evaporation of free ammonia in the pore (D2). The solution

of free ammonia from the pore to the solid is stopped and may revert

its direction - the free ammonia in the solid may enter the pore again

due to reduced pressure. The "ink bottle” is suddenly emptied at once

(D3) when the partial pressure of ammonia is low enough. There is a

very small amoLmt of free amrenia in the pore then; the free ammonia

in the solid starts evaporating into the pore and leaving the pore.

The equilibrium amount of the free ammonia in the solid depends on

the partial pressure of ammonia in the air. At the end of desorption
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process, as the ammonia supply is carpletely stopped, there is no

free ammonia in the entire system under equilibrium. However, the

fixed ammonia (residual) is accumulated in the solid and becomes a

permanent part of the solid (D4).

Due to the variations of size and shape of the pores and other

adsorption sites, e.g. tip of corn, cracks, etc., the sorption process

is not exactly the same for all the adsorption sites. Therefore,

the changes. shown in Figure 3. 9 for the adsorption and desorption pro—-

cesses are not as dramatic as those in Figure 3.8.

The effect of hysteresis is not seen until the ammonia concentra-

tion in the air reaches a certain level xh (Figure 3.9) when some

pores start being filled up. Since the residual is a dynamic quantity

and cannot be indicated on the sorption isotherm curve, residuals do

not play a direct role in the ammonia sorption isotherms which are

purely physical adsorption and desorption processes . However, the

equilibrium amount of residuals does depend on the free ammonia con-

centration .

4—E. Proposed Sorption Isotherme in the Armonia-Corn System at low

Ammonia Pressures

In the previous discussion, the partial pressure range of ammnia

in the air varied from 0 to 1 atmosphere. As was mentioned previously

(Section 4—B), in the practical applications of armenia in grain drying

in a fixed-bed system, the inlet concentrations of ammonia in the air

seldom exceed 20 percent. Equation 3.15 for the equilibrium ammonia

content in corn may be applied to the adsorption in this pressure

range. It has been shown by Ngoddy (1969) that at relative pressure

of 20 percent, the adsorption of water vapor on corn is still monolayer
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for moisture isotherms. Thus one would assume that the hysteresis

loop does not exist below the ammonia concentration of 20 percent in

the air. Thus the effect of hysteresis can be neglected.

Therefore, the adsorption and desorption isotherms for the ammonia-

corn system at lower ammonia pressures are identical. The adsorbed

amount of amrenia in the solid for these physical adsorption processes

refers to the free ammonia content only. The isotherm equation for

free ammonia in corn at lower ammonia pressure x can thus be expressed

as:

XE (T)
* = Mdb A(T) (3.16)

x2f

According to assurption 5 (Section 4—D.3) the equilibrium ammonia

residual value (XZR) is a known and fixed fraction (6) of the maximum

free ammonia concentration in corn (x2f*) . The value of 6 is dependent

on the temperature, relative partial pressure of ammonia (x) in the air,

and the length of time the adsorbent is exposed to the ammonia pressures.

If a rapid equilibrium state would be reached in practical dynamic

problems, 6 is only a function of temperature. In the ambient air

drying system, which is the case in this investigation, the temperature

changes will not be too big to influence 6 significantly, 6 can be

assumed to be constant. The value of 6 can be determined experimentally.

The total ammonia in corn (x2*) can be expressed as the surmation

of free ammonia and fixed ammonia (residuals):

x2* = x2f* + XZR = (1+6) x2f* (3.17)

In the physical sorption processes, only the free ammonia content,

X213“, is considered while the ammonia depletion due to chemical reactions

is lumped in the residuals term, XZR.



CHAPTER4

GENERALSORPI‘IQ‘IANDDRYINGMODEIS INAFIm-BEDSYSIEW

1. Introduction

Grain drying in a fixedebed system is a batch drying process.

The grain drying in a bin implies several different drying systems,

among themnare natural air drying, lowetemperature drying, layer

drying, solar heated air drying, dehydrated air drying, etc. Although

the fixedebed drying systems are different in performance, they can

be described by the same~simulation equations.

The proposed model equations for a fixed bed grain drying system:

have been part of the results of a series of grain drying simulation

research efforts performed at Michigan State University (MSU) by

Bakker—Arkema and Bickert (1966, 1967) and Bakker-Arkema et al. (1968,

1970, 1974, 1977, 1978). The following assumptions have been made in

the development of the MSU grain dryer models (Brooker et a1. , 1974):

1) no appreciable volume shrinkage occurs during the drying process,

2) the temperature gradients within the individual particle are

negligible,

3) the particle—to—particle conduction is negligible,

4) the airflow in the bin is plug-flow,

5) the 8T/8t and BH/at terms are negligible compared to the 8T/az

and BH/Bz terms,

6) the bin walls are adiabatic with negligible heat capacity,

80
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7) the heat capacities of the drying air and the grain are constant

during short time period, and

8) the equilibrium moisture isotherm and thin-layer drying equations

are known for the grain to be dried.

Based on heat and mass balances and above assurptions, the fixed-

bed drying model equations are written as (Bakker—Arkema et al. , 1974):

.42.: ~ha
 

  

32 CM) (4.1)

Ga ca + Ga cv H

h + c (H) 3H

_a_ez_=p c +hoac M (T'e) 79f: +: c M Gal-52— (4'2)
p p p w p p p w

.311... -3214.
32" G at (4'3)a

.335: an appropriate thin-layer drying equation (4 . 4)

The appropriate thin-layer equation can be chosen for the proper

grain and air temperature, humidity, and grain moisture ranges.

There are four unknowns in the above model equations: air

temperature (T), grain temperature (6), absolute humidity (H), and

grain moisture content (M). Accordingly, the above four equations

must be independent in order to solve them. The best way to solve

these sirmrltaneous differential equations with variable coefficients

is by numerical methods and digital computers.

According to the CRC Handbook (1976), the term ”adsorption" is

defined as the condensation of gases, liquids, or dissolved substances

on the surfaces of solids. Sorption, as defined by Vermeulen et a1.

(1973), involves "contacting a free fluid phase (gas or liquid) with

a rigid and durable particulate phase which has the property of selec-

tively taking up and storing one or more solute species originally
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contained in the fluid". Furthermore, in general sorption processes,

"it is usually necessary to recover the solute or to purify and reuse

the sorbent, and then conditions for desorption must also exist".

Fixed-bed adsorption processes are applied in the areas of chromato—

graphy, ion exchange, heterogeneous catalysis , and other separation

processes in chemical engineering. To formulate the theory of fixed-

bed phenomena requires the knowledge of phase equilibria and interphase

mass transfer rates. The fluid-solid equilibria have been discussed

in the previous chapter for ammonia-corn systems. Interphase mass

transfer rates and other sorption characteristics will be the subject

of this chapter.

Ammonia drying systems differ from ordinary sorption processes

in the following aspects (summarized from the previous chapter):

1) In an ammonia drying system, the solids (corn) not only adsorb

ammonia on the surface and in the pores but also diffuse the

adsorbed ammonia into the solid, and

2) the adsorbed ammonia reacts with the solid (corn) components, at

relatively low temperatures (e.g. ambient terperatures), chemically

to form residuals which are not regenerable.

Adsorption usually refers to the physical adsorption process of

a gas—solid system. Adsorption may occur through a chemical bonding

between the adsorbed gas and solid on the adsorbing surface at terpera-

tures usually higher than 204°C (Vermeulen et al. , 1973); it is then

termed Chemisorption. The residuals formed in the amrenia-corn

system are apparently not the result of chenisorption since the corn

temperature is far below 204°C (400°F) throughout the ambient air

drying processes.
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2. General FixedrBed Sorption Models

2-A. The Transport Mechanism

The mechanism of transport consists of several distinctly differ-

ent steps with each step contributing to the overall performance of

the mass transfer process (vermeulen et al., 1973):

1) Mass transfer from the fluid phase to the external surfaces of

the solid particles.

2) Pore diffusion in the fluid phase within the particles.

3) Reaction at the phase boundary of fluid and solid.

4) Internal diffusion in the solid.

In general, systems with a high total solute concentration in the

fluid phase are more likely to have the mass transfer rates controlled

by the internal diffusion (Step 4) while systems with a low total

fluidrphase concentration are more likely to be controlled by fluid

external diffusion (Step 1) or pore diffusion (Step 2). The reaction

at the phase boundary of fluid and solid (Step 3) exerts small resis-

tance to the mass transfer since this process is usually very fast

(Vénmeulen et al., 1973). The boundary resistance is also independent

of the solute concentrations since the concentration effects are

mostly described by Steps 1, 2, and 4.

The major difference between pore diffusion (Step 2) and internal

diffusion (Step 4) is that they happened in different phases: pore

diffusion occurs when the adsorbate is still in the fluid phase while

internal diffusion occurs when the adsorbate has penetrated into the

solid. The two steps are separated by a phase transition step (Step 3).

For non-porous adsorbents, only mechanism 1-3-4 dominates since there

is negligible pore diffusion process. Mechanisms 1-2-3 and 1-3-4 both
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may happen in parallel in porous adsorbents with the faster one of the

two controls the rate of sorption. Mechanism 1-2-3 dominates when the

rate of internal diffusion in the solid is low while mechanism 1-3-4

controls when the rate of pore diffusion in the fluid phase is slow.

2—B. The Equations of Transport

The fixed-bed sorption models are usually analyzed by describing

the mass balances within a control volume of bed. Assume a fixed-bed

system with constant cross sectional area perpendicular to the direc-

tion of airflow which is plug-type. The packed material has a void

volure fraction of s and the bulk density of 68. A mass balance within

the control volume on the fluid and solid phases results in the follow-

ing transport equation (Sherwood, 1975):

is. is. as“
e at +pB8t +sv 3t - 0 (4.5)

where c and q are fluid and solid concentrations of adsorbate in moles

per volume and moles per weight units, respectively. The interstitial

fluid velocity is expressed as v and thus ev becomes the superficial

velocity in an erpty tube. Equation 4.5 must be coupled with another

equation describing the adsorption rate in the solid phase. The

adsorption is assumed to be driven by a driving force function F (C,q)

and the rate equation can be written as

3 ._
033%»- hIn a F(C.q) (4.6)

where hm is the overall mass transfer coefficient and a is the specific

surface area. The driving force function can be expressed in several

forms depending on the dominating transport mechanism.



85

As it was mentioned in Section 2-A that the reaction at the phase

bOImdary (Step 3) is not controlling; the mass transfer rate of mechanism

1-2-3 depends primarily on the mass transport in the fluid side. The

driving force function is thus a function of the fluid concentration

alone (Section 2-C). However, the pore concentration of adsorbate in

the fluid is usually expressed by the equilibrium relationships with

contacting solids and thus the driving force can be expressed by the

adsorbate concentration in the solid phase. Pore diffusion will be

discussed further in Section 2-D. The slower mass transfer rate of

Steps 1 and 2 determines the overall mass transfer rate.

For mechanism 1-3-4, the driving force for Step 1 is a function

of fluid concentration while it is a ftmction of the adsorbate concen-

tration in the solid alone for Step 4. Again, the slower rate of Steps

1 and 4 defines the mass transfer rate for mechanism 1-3-4.

2-C. The External Transport Equation

The rate of mass transport in a solid can be expressed in terms

of the concentration difference in the fluid phase if the transport

rate is assumed to be controlled by external diffusion (Step 1)

(Sherwood, 1975):

93 §%.= kf a (c-c*) (4.7)

where C* is the interface concentration in the fluid in equilibrium

with the outer surface of the solid. The fluid-phase mass transfer

coefficient, kf, which carries the units of cm/hr, may be determined

by general mass transfer correlations (Vermeulen, 1958; Wilke and

Hougen, 1945) and expressed in terms of the fluid properties and the

effective particle diameter.
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The mass transfer coefficient was determined by Wilke and Hougen

(1945) for packed-bed operations under linear-flow gas-solid contact

 

conditions:

k = 10.9 sv(1-s) ( Df )0.51 (Dr of )0.16 (4 9)

f a dp Hp ev 11f °

where ck) is the particle diameter; ev is the superficial velocity or

voluretric flow rate of fluid per unit area of superficial cross

sectional area; Df is the fluid-phase diffusivity; and of and Llf

are the density and viscosity of the fluid respectively.

2-D. The Pore Diffusion Equations

The diffusion rate of adsorbate in the fluid—filled pores inside

the particles for spherical-shaped pores with an internal radius r can

beexpressed as:

%%S._Dpore(1-e) (267“?27..) (4.10)

where the pore concentration C* is determined by the equilibrium rela-

tionship with the contacting solid. The pore diffusivity, Dpore(cm2/hr),

has been solved and summarized for various gases and liquids by Satter-

field (1970) as a function of the internal porosity of the particle,

the average pore radius, the tortuosity (or, winding, twisting) and

the terperature in the pore.

The major disadvantage of the above pore diffusion equation in

the difficulties in the numerical integration of second order differen-

tial equation with a commonly-encountered solution stability* problem.

Vermeulen and Quilia (1970) expressed the pore diffusion equation by a

 

* The stability problem in the solution of differential equations using

numerical integration has been discussed in detail by Nogotov (1978).



87

modified driving force approximation involving the overall particle

 

concentrations:

dq = (p k a q*'q (4 11)
'3? pore pore [l+(R-l)q/q']1/T

with

60 Dpore

kpore a =T-(l-s) (4.12)

P

where R is the separation factor defined by Vermeulen and Hiester (1954)

%}:3% in describing the shape of the isotherm curves and X, Y are

dimensionless concentrations referred to some reference concentrations

C’ and q’, i.e. X = C/C' , Y = q/q' . The separation factor for the

Langmuir adsorption is a constant while other isotherm curves are

expressed by variable separation factors. For the pore diffusion case,

R is equal to (l-Y*)/Y* at X = 0.5. The term up is a correction factor

and equal to 0.548/(1-0452123) for R < 1.

2-E. The Internal Diffusion Equations

The solid-phase diffusion equation expresses the concentration

gradient of adsorbate existed within each individual solid particle.

The solid phase is assured to be homogeneous, isotropic, and permeable.

For spherical particles the rate of internal diffusion can be expressed

by the Fick's second law of diffusion as follows:

_gg_ azr gar ~
at-Dp ( -——2+r5?) (4.13)

3r

where Dp is the diffusivity of solid particles and Y is the dimensionless

solid-phase concentration at an internal radius r and time t..

The theoretical Fquation 4.13 is similar to Equation 4.10 and is

difficult to solve. Solution of Equation 4.13 not only solves the

concentration of adsorbate in the solid as a function of time but
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also shows the concentration gradient within the particle which is

soretimes trivial for small particles or for a macroscopic system. Thus,

Equation 4. 13 is often approximated by the linear-driving—force equation

of Glueckauf (1955):

§1= w k a (q*-q) (4.14)
t P P

where q is the average concentration for the. entire particle. The

specific area a+ can be expressed as 6(l-s)/dp. The mass transfer

coefficient kp has units of cm/hr and was recommended by Vermeulen

et a1. (1973) as:

60 0

kp a =72?- , or (4.15)

p

k " 10 4 16
p (1-6) dp ( ' )

. Equation 4.16 is obtained by substituting a = 6(l-e)/dp into

Equation 4. 15. The correction factor (up which partly corrects the

linear driving force approximation is obtained from the slope of curves

of the particle uptake vs. time with Equation 4.14 at Y = 0.5 (Hall,

1966). The value of up was estimated from:

1P l
p 0.894/(1-0.106 R /4) , for R<1

(4.17)

(p = 1 , for R>l

P

Vermeulen (1953) proposed a quadratic-driving-force equation

which better approximates the behavior of the theoretical equation

(Equation 4.13) than the linear-driving—force equation (Equation 4.14).

The quadratic equation is:

 

2

area = de = 6(l-e)

volume 1 3 d

E "dp / ( 1-5) p

+a=
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2
ch! _ Y* - Y2
--dt (pq kp a (4.18)

where 1 2

(p = 0.590 (1-0.410 R /q ) , when R<l; =1, when R>1 (4.19)

and R = X*/(l-X*) at Y* = 0.5

3. The Local-Equilibrium Theory

The equations for the different stages within the sorption trans-

port mechanisn have been described in the previous section. The solu-

tion of these transport equations requires the knowledge of the isotherm

equation and the dynamic behavior of a number of parameters such as

the mass transfer coefficient and the product properties. Perhaps the

most difficult parameter to determine is the mass transfer coefficient

which has to be calibrated for each experiment under a set of specified

conditions in order to be consistent to the results from the experimental

determinations which are sometimes tedious and time—consuming. A good

estimation of the mass transfer coefficient under a particular set of

experimental conditions can be obtained from a carefully designed and

performed experiment .

3-A. Local-Equilibrium Transport Equations

Consider the case when the mass transfer into and out of the solids

have negligible resistance, i.e. mass transfer coefficient is infinite,

then "local equilibriumH exists at all time and positions between the

solid particles and adjacent fluid. Therefore, q may be replaced by q*

in Equations 4.5 and 4.6 where q* is a frmction of the fluid concentra-

tion, q* = f( C), as specified by the isotherm equations. The mass

balance equation (Equation 4.5) in the gas-solid sorption system is

then simplified to the following equation (Sherwood, 1975):
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p

[1+—-’E3-£'(C) 1%+v§%=0 (4.20)

where f' represents the first time derivative of the function. The

solution of C is not straightforward since a variable coefficient f'(C)

is involved. The term x in this chapter refers to the bed position.

If a solution C(x,t) exists and has been solved, an additional

equation involving the partial derivatives of C can be formulated

according to the ”method of characteristics” (Aris and Amundsen, 1973):

3C BC __

('5'?) (111+ (.33?) dX-dC (4.21)

The solution is expressed by two equations for (BC/ 3t) and (BC/3x):

 

 

8C __ v dC

'3'?" g(C) dx - v dt (4°22a)

.32.- g(C) dC

3x - g(C) dx - v dt (4°22b)

where,

g(C) = l + f' (C) DE /s (4.22c)

Certain characteristic directions in the xt plane (dx/dt) will make

the denominator equal to zero. The nurerator, and accordingly dc

must also be zero if the solutions are to be finite. Therefore, C is

constant along the "characteristic lines" (Sherwood, 1975) which are

expressed as:

_d_X._.__V_..

dt g(C)

(4.23)

Since C is a constant, the slopes of the characteristic lines (dx/dt)

are also constant. Thus, the characteristic lines are straight lines

on the xt plane. An example of this graphical presentation for the

solution of a fixed-bed adsorption and desorption problem is presented

by Sherwood (1975) using the Langmuir isotherm.
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The slope of characteristic lines implies an important property

in a fixedebed systemn the speed of penetration. The penetration

property is described by the concentration wave velocity, dx/dt, which

is the velocity of the initial concentration wave front moving through

a packed bed.

3—B. The Break-Through Curve

In order to investigate the break-through characteristics of an

adsorption wave, consider a colum adsorber (i.e. a deep bed of adsorbent)

and a solution containing a strongly adsorbed solute at concentration Co

as shown in Figure 4.1. As the adsorbent is at first contact with the

solution, the solid adsorbs solute very rapidly; very little solute is

left in the solution. The effluent concentration of solute is prac-

tically zero until the adsorption zone starts breaking through —- Cc is

the break point. After the break point, the concentration of solute

in effluent rises very rapidly until the adsorption zone almost reaches

the exit of the bed (Cd). The concentration of solute in the effluent

becomes saturated to the input concentration asymptotically. The break-

through characteristics are usually investigated using constant input

adsorption process. The steepness of the breakethrough curve depends

on the sharpness of the adsorption zone in the packed bed which is in

turn influenced.by the solution feed rate, packedébed.properties, mass

transfer rate, etc.

The adsorption and desorption curves derived fromlthe local-

equilibrium theory are shown as solid line segments in Figure 4.2.

Bring the time required for the wave to emerge from the bed of depth

x, the total amount of solute flowing into the bed is'vaet; none

flows out. The amount of accumulated solute in the bed is eCOx + quO*x.
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Figure 4.1. The adsorption wave (Treybal, 1968) .
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Equating the two and solving for the break-through time, tb, gives:

9 q *
_ x B 0

In the case of k-wo which is implied in local equilibrium theory, the

concentration of the effluent is a step output at a discontinuous point

of tb. For points between A and B in the desorption curve (Figure 4.2b),

the concentration in the effluent can be obtained from the following

equation by solving C contained in the ftmction f' (C):

 25.:
t l + (OB >23) 9755'

Actual breakthrough curves are affected by mass transfer resistance

and by the longitudinal dispersion effect. As a result, sharp corners

are rounded off. Corparing two sorption systers Lmder exactly the same

conditions, e.g. fluid flow rate, interstitial velocity, feed concentra-

tion, isotherm curves, terperature, etc., except the mass transfer

coefficient, one of the round—off curves (dotted lines) closer to the

local—equilibrium theory line has a larger mass transfer coefficient.

A sharper breakthrough curve is acknowledged as a result of a larger

mass transfer coefficient during adsorption. Consider the same bed

(adsorption) capacity for these different sorption systers, the area

below each adsorption curve ought to be the same. In other words,

the integral JCdt is constant if integrated over the entire adsorption

process. Similar cases can be expected for desorption processes with

different mass transfer coefficients.

The effect of the mass transfer resistance between the fluid and

solid phases on the breakthrough curve was deronstrated by Sherwood

(1975). The slope of the breakthrough curve at the midpoint (where
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C =Co/2) is:

d(C/C ) = hm a x . evCO . KApo/4 (4.25)

t 0/2 a v quox 1+KApo/2

using a linear function (C—C*) as the driving force and C* computed from

 

the Langmuir isotherm. The factor (hmax/Ev) is defined as the nurber

of transfer units (M0) in the bed and (quOx/e v Co) is the time

required for the input flow to supply the bed with an amount of adsorbate

equal to the bed capacity (TBC). A larger value of NTU and a sraller

TBC value will contribute to a steeper slope of the breakthrough curve.

Weyde and Wicke (1940) observed a bed of carbon particles in

adsorbing carbon dioxide from nitrogen. The effect of depth of packing

on adsorption and desorption is shown in Figure 4.3 using a superficial

fluid velocity (CV) of 4.26 (rm/sec. The breakthrough adsorption curves

showed a virtually constant pattern after a bed depth of about 18 cm.

However, the slope of these curves at the midpoint C = CO/2 is decreasing

as the bed depth increases which is consistent with the results from

Equation 4.25. Similar arguments can be stated for desorption.

4. The Thomas Solution of Break-Through Curves

Thomas (1944) derived the driving force function from the

stoichiometry of the monovalent ion-exchange reaction and defined

the so-called "kinetic driving force":

F'(c.q) = C‘l‘q/qm’ «Ii-(ere) q/qm (4.26)

where K is the equilibrium reaction constant which can be calculated

when the driving force is zero, or

- (C -C)
K “37W (4.27)



The transport equation becoIes

3 .
png= K a F (C,q) - (4.23)

The mass transfer coefficient hm in Equation 4.6 becomes K (kappa), the

kinetic coefficient which can also be shown to be related to the mass

transfer coefficient which represents the diffusional resistance in

the fluid and solid phases (Sherwood, 1975). Thomas (1944) also

recognized that the rate aq/at includes the specific area since the

actual rate is almost always diffusion-controlled and depends on the

surface area available for interphase transfer.

Redefining the time scale as "the elapsed time" at a point after

the fluid has arrived at the point: t = t-x/v, the transport equations

(Equations 4.5, 4.28) are then simplified to:

9 3C1
.39... 30 ..
8 3‘6 + V 56.— 0 (4.29)

o -3—q-= K a F" (Qq) (4.30)

B at

Introducing a transformation of the dependent variables , Thomas

(1944) solved these equations by reduction to a linear equation. With,

the boundary conditions C(o,t) = Co = constant and q(x,0) = O, the

concentrations are solved as:

C‘,/Co = J( n/K, n Tr )/ H' (4.31a)

ci/qm = [ 1-J( n Tr' n/K )1/ H' (4.3110)

where

H' = J(n/K, n Tr) + [l-J(n, nTr/1<)]exp[(1—-K'1) (n-nTrH (4.32)

 n = Keavx = dimensionless distance or NTU (4.33).

T=eant ___t
(4.34)

r gm pr if
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n T =K—-a—E-9-—t—= dimensionless time (4.35)

r qm pa

J(o,B)= 1 - e8 (065142ng ) as; (4.36)

low/85) is the modified Bessel function of order zero of the first

kind (Ozisik, 1968). The values of the J function are shown graphically

in Figure 4.4 (Vermeulen et al. , 1973). Approximation equations have

been developed by Thomas ( 1944) for large 018 values:

2

t "0‘ 4?) 1 (4.37)(Ho 8) 2—[1- erf*(r -/5-)]+

2 [(oB)17‘in/8'

The error is less than one percent when 018 > 36. Ledoux's

( 1948) approximation further neglects the second term on the right hand

side of Equation 4.37 when 018 > 3600:

05erfc(/E-/8—) ,ifB<0t

J(e,e) = { ° (4.38)

05 [1+ erf(/' -/E‘)] , if 8>a

In the case that both concentrations in the fluid and solid or the

change in concentration of fluid, are stall enough, the equilibrium

between the gas and solid phases behaves according to Henry's law:

C = (Co/gm) q = (const.) q _ (4.39)

The above relationship makes the equilibrium reaction constant , K,

equal to unity. The driving force becores a linear expression:

5" (C,q) = C - (C°/qm) q (4.40)

The solution of Equations 4.29 and 4.30 is thus simplified to:

 

2

* The error function is defined as: erf x =/?'_2 3etdt and can be

3 5 X7

approximated by an infinite series: erf x =72: (x-1:15.53? -74- ' ')

m

l-erxfThe complementary error function is defined as: erfc x=
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C/c,

q/qm

J (n,nTr) (4.4la)

l - J(Tr,n) (4.41.13)

If the number of transfer units (n) is large enough and the

Ledoux's (1948) approximation (Equation 4.38) is used, it is found

that:

C/Co 2' 0.5 erfc ( V6.- /fi"f;) (4.42)

The slope of the breakthrough curve at any position on the curve

is found by differentiating Equation 4.42:

 

2n 5‘)
3(C/C9) __ n Tr -n(T+l) I1‘ r

r

The above equation can be approximated using the asymptotic

series for the Bessel function when n is sufficiently 1arge*:

1(2nfir‘)=-l—- emfi; (444)

1 r 2/1'r'(n2'rr)l’4

and Equation 4.43 becomes,

 

 

 

nT e—( /n'- fir—)2

3.191931 = _1__£. r (4.45)
at 2/1? E (nzTr3) 1/4

or simply,

2
3(C/C) ___ 1 5T 1/4 e'( 5' “ET-P (4.46)
5‘: 2/fi't“: r

The slope at the midpoint C = Co/Z on the break-through curve is

when Tr = l (or t = qmpr/evco) and can be expressed as:

 

 

 

___—4.3;?”> = _1 .4; (4.47)
Tr=l 2/1? t

z 3 105

* I .z) .4 e [1 -—- 4L2“ ————-—1 for z>lO.
l( a; 5 8 Z 128 z 1024 Z3 '-

If 2 is lar e enou h, I 2 -—£2— from Ozisik, 1968).g g 1(2) 5&— (
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Upon substitution of n and t, Equation 4.47 becomes,

3(C/C) ._ 1 C
W—J— T =1 - —-L— EZVKa x (4.48)

. “27,—ng



CHAPTER 5

DESIGN OF AN AMMONIA AIBORPTION AND DRYING MERIMENT

l. The Grain - Yellow Corn

The grain for the experimental phase was chosen to be yellow dent

corn since Michigan is one of the corn-producing states. One hundred

and twenty bushels of sample of the variety XL-12 was used. The corn

was grown at a farm at Bellaire (25 miles NE of Traverse City), Michigan,

and harvested on Nbvember 20, 1978.

The initial moisture content of the corn was 25.6 percent wzb.

‘with a test weight of 53.0 lb/bu. The percentage of BCFM was 0.2

percent and the loo—kernel weight was 31.8 grams. A sample of 100

gram1(dried in ambient air to 15.7 percent wub.) was tested with the

Stein breakage tester for 2 unnumes, 2.7 gram.of the sample passed

through the 12/64 sieve. The initial grain depth in the bin was 183 cm

(6 ft). The mold counts for freshly-harvested.samples were very low

and were assured to be negligible. The sample in the bin was assumed

to be homogeneous and isotropic with respect to the heat and mass

transfer processes.

The initial viability of the sample was found to be 90 percent

by the tetrazoliun (T'Z) solution test. The tetrazoliun test 'is widely

recognized as an accurate means of estimating seed viability (Copeland,

1976). The TZ test distinguishes between viable and dead tissues of

101
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the embryo on the basis of respiration rate in the hydrated state.

The test utilizes the activity of dehydrogenase enzymes as an index

to the respiration rate and seed viability. The colorless tetrazolium

salt solution in the soaked corn is oxidized into red formazan which is

examined visually .

2. Experimental System

In order to investigate the ammonia adsorption behavior in a fixed

bed of corn, an experimental system (Figure 5.1) was constructed which

includes the following subsystems:

2-A. The Bin Structure

A 174 cm (5.7 ft) diameter bin with a capacity of 4.23 m3 (120 bu)

was used. A special bin roof was constructed to confine the airflow

of the exhaust stream. A regular 4-inch house dryer hose was employed

as the exhaust pipe. The bin height is 183 an (6.0 ft) and the cross

sectional area of the bin is 2.38 m2 (25.6 ftz).

The interior of the bin was painted with ”oleum" paint to prevent

possible corrosion of the galvanized steel by ammonia. Nofsinger

et a1. (1976) found that ammonia at concentrations under 0. 1 percent

in the air was not corrosive to unprotected galvanized bin surfaces.

The entire structure was caulked to prevent leakage of ammonia from

the bin. The bin is located inside a metal-structure shelter in which

the auxiliary equipment is located.

2-B. The Fan

A 37.3 w (1/20 hp) tubaxial fan (blower) was employed. The static

pressures throughout the bin were determined using a manometer. The

pressure drop was 22.07 N/m2 per meter (0.027 inches of water per foot)
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of grain which converted to 1.43 aim/m2 (4.70 cfm/ftz) from Shedd's

curve (Shedd, 1953) for 12.4 percent w.b. moisture shelled corn.

ThLIS, the total airflow rate was about 3.4 m3/mn (120 cfm) or close

to 1.13 cmm/ton (1.0 cfm/bu). The temperature rise due to the motor

heat of the running fan was less than 1°C.

2—C. The Ammonia Application System

2-C.1. Armenia Tank

A 15—gallon anhydrous ammonia tank was used. The ammonia tank

was placed on a scale with 4—ounce divisions which allowed a weight

estimation to an accuracy of :1 ounce. The ammonia tank is a regular

farm—type anhydrous ammonia tank.

2—C.2. Ammonia Flow Controlling System

The most important component in controlling ammonia flow is a

stainless steel needle valve. The desired ammonia flow rate in the

experiment of 0.23 kg/hr is too low to be regulated by the crude evapor-

ation valve normally attached to an ammonia tank. At a flow rate of

0.23 kg of ammonia per hour, the flow rate must be measured in gaseous

form. Therefore, a miniature needle valve was used to control the

gaseous ammonia flow rate.

The flow was indicated by a rotometer attached to the needle

valve. The needle valve is made of stainless steel to prevent ammonia

corrosion. The valve has a teflon packing, is operable between ~54 °C

and 232°C and can withstand a pressure up to 5000 psig (Linde, Specialty

Gaseous and Equipment, Vol. IV, Union Carbide, 1977). The liquid

anhydrous ammonia in the tank vaporizes and escapes through the pressure

valve at the top of the tank. The rotometer also has a needle valve,
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but it proved to be too crude and not sufficiently stable to control

the ammonia flow. The stainless steel needle valve constitutes the

main controlling valve to limit the flow.

During operation, the openings of both the pressure valve on the

ammonia tank and the needle valve on the rotometer were kept as small

as possible to prevent excess leakage of ammonia. The rotareter was

calibrated at constant flow rates to indicate the true ammonia flow

rate. There are ten divisions on the rotometer scale. It was found

that at scale 8, the ammonia flow rate is 0.23 kg/hr. The ammonia flow

rate was found to be proportional to the scale number.

2-C. 3. Temperature Recording System

The terperature recording system consists of a Esterline Angus

(An Fsterline Company) digital thermocouple recorder (Model PD2064,

Key programmable data system) and a paper tape puncher. The recorder

can register up to 60 thermocouples with special attachments. Normally,

24 points are registered and programmed.

The recorder can be used with different kinds of thermocouple

wires by changing the correction factors. The results for each indivi-

dual channel can be programmed to display in degrees Centigrade, Fahren-

heit or in millivolts. The recording time interval and channel scanning

interval can be programmed and an ID umber can be assigned to any

special alteration in operation during the experiment . If the channel

scanning interval is set to zero, the temperatures at all the thermo-

couples are recorded at the same moment and printed accordingly on the

printer . The conventional thermocouple recorder equipped with a mech-

anical moving pen is unable to do this.
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The paper tape punching machine punches the results in black

paper tape in computer coding which can be transferred and stored

directly in any computer system.

3. Sampling Systems

3—A. Grain Sampling

A grain sampling probe with ten compartments was used to collect

samples from one to five feet levels at one foot interval as shown in

Figure 5.2. Each grain sample was assigned to two compartments.

Besides these five samples, the top level sample was gathered by hand

and the bottom level sample was probed from side holes. This was found

to be the most efficient way of collecting samples for each foot level

and also minimize the disturbance and mising of the grain in bin. The

major disadvantage is the closing of the 10 holes manually while the

probe is in the bin not only breaks corn but also needs strength to

handle it. The grain samples were transported as soon as possible to

the laboratory for immediate treatments.

3-B. Air Sampling

To gather air samples is always a problem since it is difficult

to contain the air in a container for further treatments without induc-

ing experimental errors. The most direct way of analyzing air samples

is gas chromatography (GC) (Lancaster et al. , 1975).

In the GC method, the air samples are collected Lsing an air-tight

syringe and injected into a GC machine equipped with a specified colum

(Porapak Q, N, or S, suggested by USDA Laboratory, Peoria). Helium is

suggested as the carrier gas. This method is one of the most accurate

methods. However, there are disadvantages: (l) the GC method requires
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sam-l-

__g/

/g 4%

EW//

(7,1?

4%

Aerforated floor

  
Corn

sample

     

   

   

 
 

.83 m(6 ft)

1.52 m(5 ft)

1.22 m(4 ft)

.92 m(3 ft)

.6l m(2 ft)

.31 m(l ft)

0 m(0 ft)

Figure 5.2. The position of a lO-compartment grain sampler in the grain

bin during sampling. Samples from l to S-ft levels are

collected in the grain sampling probe while the G-ft level

sample is collected from the top of the grain mass manually

and the bottom level sample is collected by side-probing.
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a reliable, accurate, and precisely calibrated GC instrument equipped

with a thermoconductivity detector (most of the camonly used GC instru-

ments in biological laboratories are equipped with flame ionization

detectors), (2) the column needs special packing instructions with

respect to packing material, packing density, length and size of column,

in order to effectively separate the components in air samples,

(3) the operation requires constant attention, and (4) the method can

only analyze one sample at a time, since the next sample has to wait

until the previous one has run through the entire GC colum. The

throughput time ranges from several minutes to one hour depending on

the sample type and the helium flow rate. Due to the mavailability

of a reliable and properly equipped GC instrurent, an alternative way

of collecting air samples was developed. '

The problem to be solved was how to collect a known air sample

at six different depths in the bin at the same time. A miniature purp

was used to purp the air out of the bin for a fixed period of time.

Each air outlet of the purp was submerged in a bottle with a measured

amount of distilled water. Since ammonia is the only component in which

the concentration is concerend and ammonia dissolves readily in water,

the ammonia concentration can be determined by direct titration using

a standard acidic solution and a pH meter. The major advantages of

this method are: ( 1) only inexpensive, easy to install, unsophisticated

instruments are needed, (2) al six samples from the different levels can

be collected at the same time, (3) it is realtively easy to collect

samples, (4) the method is reasonably accurate if carefully calibrated,

and (5) the final titration determination method is straightforward.
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The miniature pumps used in this experiment were commercial fish-

tank purps. The pumps had to be modified since a regular fish—tank pump

does not have a fixed inlet air source. The purps were sealed externally

except for the outlet air opening. An inlet hole for air was drilled on

the opposite side of the plastic wall of the purp. The air inlet to

the pump was connected with a piece of tycon tube placed in the bin

horizontally and tied to the cable support for thermocouple wires to

hold the tubes in position. The portion of tycon tubes in the bin

was drilled with holes to minimize the pressure gradient during the

air intake. The fish-tank puxps were tested in the laboratory and

found by the water displacement method to pump an average of 1.4 liters

of air per minute.

A standard procedure employed throughout the experiment consisted

of using 100 ml distilled water for ammonia collection and aerate for

10 minutes. Thus 14 liters of air passed through water. This procedure

was calibrated with a known concentration of air samples. The correc-

tion factor is assumed to be the same for all stations.

4. Weather Conditions During the Experiment

The tests are split into two parts because the severe 1979 winter

weather in Michigan interrupted the experiment. The first part was

extended from November 13, 1978, to January 10, 1979. The average air

temperatures, relative humidities, and the measured average grain

temperatures are shown in Figure 5.3. The measurement of relative

humidity was interrupted when the air terperature dropped below freezing.

An average relative humidity was assured to be 70 percent for this period

in the simulation. On January 10, the ambient air temperature decreased

to below -12°C as did the average grain temperature. The fan was
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turned off and was not turned back on until April 4, 1979, when the

ambient temperature had reached 4.5°C. The second part of the test

was conducted between April 4 and April 24, 1979. The average ambient

air temperatures, relative humidities, and the measured average grain

temperatures during the experiment are shown in Figure 5.4. The average

grain temperatures follow the ambient air temperatures very closely

throughout the test periods. The local amplitudes of the variation of

grain temperatures are less significant than those of the ambient air

temperatures as indicated in Figure 5.4.

5. Timetable of Fan Qaeration and Ammonia Application

5-A. Part I. Trial Period (ll/13/78-1/10/79)

The fan was started at 8:30 a.m. , November 13, 1978, immediately

after the bin had been loaded. The anhydrous ammonia was applied at

the rate of 0.23 kg/hr (0.5 lb/hr) (a rate suggested by the researchers

in North Regional Research Laboratory at Peoria, Illinois , Eckhoff and

Bothast, 1978). Although 0.05 percent* ammonia is sufficient to kill

microorganisms in 27 percent moisture (w.b.) corn, it takes about 0.5

percent ammonia to control molding during long-time preservation and

in-bin natural air drying (Bothast et al. , 1975). Thus, for 4.23 m3

(120 bu) of corn, 12.9 kg (28.4 lb) (4.23 m3 x 609.3 kg—dry corn/m3

x 0.5% = 12.9 kg-NH3) of anhydrous ammonia should be adsorbed by com

during the entire treatment.

The amount of ammonia actually adsorbed by the corn permanently

and the amount of ammonia applied through inlet air duct can 'be very

different. The difference depends on the following factors:

 

* All the ammonia concentrations referred to in this thesis are based

on the dry weight of corn unless otherwise mentioned.
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( 1) the rate of amnonia application, (2) the rate of amnonia diffusion

into the micropores on the surface of the corn kernels, (3) the rate of

adsorption of ammonia in the pores and surface area of the corn kernels,

(4) the amount of amnonia loss in the exhaust air and, (5) the rate of

ammonia leakage of the tank and the hook-up jimctions.

The above factors are not totally independent. The rate of amnonia

supply in the inlet air determines the ammonia concentration for diffu-

sion into the micropores and the rate of adsorption. The losses of

amnonia in the-exhaust air increase with the increase of rate of amnonia

application. Although the decrease of the ammonia application rate

reduces the losses of ammonia, the effectiveness of ammonia in prevent-

ing molds depends on the adsorption of a sufficient amount of anmonia

'within a limited period.of time. The deterioration of biological

products is a continuous process. Thus, there is a trade—off between

increasing molding risks and increasing amnonia losses.

The timetable for ammonia application and the anbient air

temperatures in the first part of the experiment is shown in Figure 5.5.

The ammonia was applied at a rate of 0.23 kg/hr for 8 hours after which

the rate was changed to 0.057 kg/hr (1/8 lb/hr). A strong amnonia

odor could be smelled at the top of the bin after about six hours of

amnonia treatment at 0.23 kg/hr. The reason for the rate change was

to reduce the rate of ammonia sorption and the losses to the environment.

This high-rate initial injection of anhydrous ammonia to a batch of

freshly harvested corn is important in reducing or eliminating the

initial population of contannnants, e.g. bacteria, fungi, and other

:mdcroorganisms, and in preventing further development of contaminants.

This ”dying" process for the entire grain mss, especially the top
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portion of the grain, is very effective if it can be done before signi—

ficant deterioration occurs. The rate of 0.057 kg/hr is to maintain

up the ammonia concentration while ammonia is being adsorbed by the

corn. The ammonia flow was stopped after five hours at the rate of

0.057 kg/hr because some mistakes were identified in the procedure of

determining total ammonia. It was not until 36 hours later that the

ammonia flow was resumed at the rate of 0.057 kg/hr. This ammonia

flow was continued for 31.5 hours. When the ambient temperatures at

night in mid-November dropped to aromd —6.7°C (20°F), the ammonia

application was stopped since the adsorption behavior of ammonia in

corn at temperatures below the freezing point of corn is unknown.

However, the fan kept on running to dry the corn while the corn was

”protected" by a ammonia coating and low temperature. At the end of

this part of the experiment, 3.89 kg of ammonia had been applied and

the fan had been blowing for 56 days and 16 hours.

5-B. Part II. Constant Rate Periods (4/4/79-4/24/79)

Throughout the entire period of this part of the experiment , the

ammonia flow rate was fixed at .113 kg/hr as shown in Figure 5.6 in

order to study the constant ammonia flow sorption processes.

The fan was started at 11:30 a.m. , April 4, 1979, when the ambient

temperature had climbed to 4.5°C. The ammonia was applied four hours

later. Visible mold was seen on the surface of the corn kernels at

15-30 cm depth below the top bin surface. The molding was not serious

since the grain temperatures seldom had exceeded 4. 5°C throughout the

"cold storage" period when the fan was off. However, the molding is

expected since the top layers received the least amount of ammonia and

remained at the highest moisture content (about 25% w.b.) all the time.
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After 36 hours of ammonia flow, the application of ammonia was

interrupted because of renewed cold weather. Five hours later, it was

determined to shut off the fan because the ambient temperature had

dropped to about —6.7°C.

It is assured that no moisture migration and ammonia transfer in

the bin occurred while the fan was turned off. The fan was not turned

on until 4:30 p.m. , April 9, when the ambient temperature had reached

around 0°C. The amrenia flow was resumed at 10:00 a.m., April 12.

A series of adsorption tests were performed to determine the ammonia

profiles in the air at different levels of the bin. The tests were

performed by taking air samples continuosuly from six different levels

in the bin.

Each sampling process took 10 minutes; ten sets of samples (six

samples per set) were collected. The ammonia was applied at the rate

of 0.113 kg/hr (0.25 1b/hr) for another 46 hours immediately after

these tests. The ammonia treatment was then discontinued for about

three days because of illness of the technician in charge of the

chemical analysis.

The ammonia test was completed at 11:00 a.m. , April 19, 1979,

after an additional 44 hours of ammonia application. A series of

desorption tests similar to the adsorption tests were performed

immediately after the ammonia flow was shut off. The fan was turned

off at 12:00 noon, April 24, after the final samples were taken.

The purpose of these desorption tests was to study the rate of

ammonia removal in the air from the bin.

In this second part of the experiment 14.51 kg of ammonia was

applied at the rate of 0.113 kg/hr; the fan was operated for 384 hours.
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6. Procedures of Sample Analyses

6—A. Determination of Free Ammonia (Black, 1978)

1)

2)

3)

4)

Place approximately 20 g of whole kernel corn in a 500-ml

glass bottle containing 300 ml of distilled water.

Cover the bottle, let it stand overnight.

Titrate a portion (known amount) of the solution with standard

sulfuric acid (0.02NI-12804) to a pH of 5.6 using a pH meter.

Method of Calculation:

or - LAml) (N) (MW) (100%) 300 ml

0° free m3) ‘ (1000) (g) (l-MC) b ml

where, Aml (ml 0.02N H2804 needed for sample) -(m1 0.02N H280

4

needed for blank corn sample)

N contration in normality of standard acid

g = sample weight, grams

MC = moisture content of sample, decimal, dry basis

b = portion of the solution using in titration.

6—B. Determination of Total Ammonia (Black, 1978)

1)

2)

3)

Put the whole kernel corn sample in a 65 ml bottle, fill to

the top to reduce headspace (about 25—30 g), add 1-2 ml of

concentrated hydrochloric acid. Shake the bottle, allow to

stand for an hour and then spread the sample on a paper towel

for air drying ovemight .

The dried sample is ground; arOImd 5 g is ground (or chopped)

for Kjedahl distillation. .

Place the ground sample in a Kjedahl distillation flask, add

200-250 ml distilled water, more than 2 g carbonate free

magnesium oxide and 2 or 3 drops of defoamer (Titon X-100).
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5)

6)

119

Distill about 150 ml water into the distillate receiving bottle

with 100 ml of 2 percent boric acid (mixed with indicator,

as described in Step 5) .

Titrate with 0.1 N HCl until the solution turns from blue to

red. *

Preparation of Boric Acid Mixed with Indicator

Dissolve 2 g of Bromocresol green and 0.4 g of methyl red

indicators in one liter 95% ethanol. Mix 4 ml of the above

indicator for every one liter of 2% boric acid solution. The

mixed solution is red colored.

Method of Calculation

(0.1N)[(ml 0.1 N HCl in sample)-(ml HCl Blank)]xl7x100%

(1000) (sample wt. in g) (I’Mcd.b.)

 Total % NH3 =

6-C. Determination of Mold Count (Speck, 1976)

l)

2)

3)

4)

5)

Weigh 25 g (220.1 g) of a representative portion of the corn

kernels aseptically into a tared sterile blender cup.

Add 225 ml of sterile dilutant (phosphate buffered) and blend

2 minutes at low speed or until well blended.

Plate 0.1 ml of this solution (or 10'2 g sample) on acidified

potato dextrose agar (PH=3.510.1).

Dilute 1 ml of the blended solution to 100 ml and plate 0.1 ml

of the diluted solution (or 10"4 g sample) on acidified potato

dextrose agar.

Repeat Step 4 and further dilute the solution to l/100 sample

concentration, or 10.6 g sample per plate.

 

* It takes 0.1 to 0.2 ml of 0.1 N HCl to titrate from blue to red for

a blank corn sample.
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6) Incubate for 5 days at 20°C and count colonies.



CHAPTERS

DEVELOPMEqu OF A SIMULATION MODEL

FOR AMNH‘IIA AIBORP‘I‘ICN IN FIXED—BED DRYING SYSTEhB

1. Introduction

The treatment of grain using anhydrous ammonia in a fixed-bed drying

system is a unique problem in the area of sorption processes. According

to the previous discussions , the ammonia sorption process in a packed

bed of grain is not the same as any of the existing sorption systems

encountered in chemical engineering. The ammonia-corn system cannot be

explained by a single engineering process such as ion exchange, binary

separation, chromatography, heterogeneous catalysis, or chenisorption.

Biological products are usually complex in composition and are

"alive” since respiration and other biological, biochemical processes

are still taking place. The composition of a biological product is

thus changing continuously as a result of physical and chemical reac-

tions occurring within the product. These unavoidable deteriorations

of biological products are usually lumped into several macroscopic

phenomena by assuming a black box model for the system and Just consider-

ing the inputs and outputs. The input elements for the deterioration

of corn are wet corn, oxygen, and environmental conditions such as

terperature, humidity, and microbiological contamination, while the

output elements involve carbon dioxide, water, and energy production

which favors microbial growth.
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The fixed—bed grain drying model developed by Bakker-Arkema et a1 .

(1974, 1977) at Michigan State University (MSU) is a dynamic and

iterative model that allows calculation of grain temperature, air

teIperature, absolute humidity, and grain moisture content for every

specified bed location and time step employing the finite differences

method for solving the simultaneous partial differential equations.

The MSU numerical model can be applied to any fixed-bed grain drying

system: high-temperature, natural air, low-temperature, and solar

energy drying. Any type of inlet, initial, and boundary conditions

can be modeled.

The four-equation fixed-bed grain drying model (Bakker—Arkema et a1 . ,

1974) as described in Chapter 4 predicts both air and grain temperatures

along with the air absolute humidity and grain moisture content.

Very small computing time steps have to be used in order to avoid

instability in the numerical solution. The four-equation model was

found to be very inefficient in computing slow drying processes such

as natural air and low-temperature drying; it would have been advanta-

geous if a larger computing time step could have been used. In order

to overcome the stability problem encountered in a four-equation model

using larger time steps, Bakker-Arkema et al. (1977) reduced the system

to a three—equation model by assuming no difference in temperature for

air and grain throughout the entire drying processes. This assumption

is justified for slow grain drying processes. The major advantage of

the three-equation model is the very stable characteristics of the

model with respect to nurerical integration. larger computing time

steps can thus be used in the three-equation than in the four-equation

model . The three-equation model has also been proved to be reasonably
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accurate in the simulation of fixed-bed drying processes. The three-

equation model described by Bakker—Arkena et al. (1977) is expressed as

follows :

pp (op+Mcwa)—+ Ga (ca+ Hcv)3—-+ Ga [(cW-cV)(100-T)+hfg]----:2 =0 (6.1)

8M _3_H
pp at + Ga—32 =0 (6.2)

pg_I;.- rmMMM,s (6.3)

where rm is the proper thin-layer drying or absorption function . Never—

theless, the author believes that the first term in the bracket of

Equation 6.1 should be Cv(T-e) instead of (CW-CV)(100—T). No significant

difference is anticipated since both terms are very small compared to

the latent heat of evaporation, hfg'

2. Assumptions

are of the characteristics in developing a nurerical simulation

model for a complicated dynamic system is that the model must be based

on some assumptions which idealize the system to a more "solvable"

problem. The roles of assumptions cannot be overlooked in the derivation

of model equations since they link the real and cerplicated world to

the simplified interpretations of the numerical equations model.

For the ammonia sorption and drying model in a fixed bed of grain,

the following groups of assumptions are made for the different components

of the system:

Group A —- The Bin Structure

1. The grain bin is part of a perfect infinite hollow cylinder

with a constant diameter.
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The bin walls are adiabatic with negligible heat capacities

and have negligible effect on the airflow.

Group B - The Grain

3.

4.

The corn kernels can be represented by uniform spheres.

The grain sample in the bin is homogeneous and isotropic.

The volume shrinkage due to loss of moisture and settling are

negligible.

The dry matter change during the drying process is negligible.

Accurate thin-layer drying-absorption equations and equilibrium

moisture isotherms are available within the temperature and

humidity ranges under investigation.

The density, specific heat, and thermal conductivity do not vary

significantly with terperature over the range of interest.

Group C - Heat and Mass Transfer

9.

10.

11.

12.

13.

14.

15.

Heat conduction due to particle-to-particle contact is negligible.

Heat transfer in the radial direction is negligible.

Heat conduction within the bulk stream is negligible, i.e.

heat transfer by convection only in the bulk stream.

The aT/Bt and aH/Bt terms are negligible compared to the aT/az

and SH/az terms.

No significant temperature and moisture gradients exist within

an individual corn kernel.

The surface heat and mass transfer coefficients are constant

over the corn kernel surface.

No surface condensation of liquid water or ammonia solution;

any condensed liquid is restored as part of the average moisture

content of the grain.
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Group D - Airflow

16.

17.

18.

19.

The bulk air stream behaves as an incompressible fluid.

Dry air, water vapor, and amronia are assured to be ideal

gases and behave independently , in other words , the air bulk

stream is an ideal mixture.

Dry air is considered inert, i.e. dry air is not involved in

any mass transfer processes except acting as a carrier.

The generation and transport of gases other than water vapor

and ammonia are negligible, e.g. CD2 generation from dry

matter loss is neglected.

Group E - Ammonia

20.

21.

22.

23.

24.

The ammonia and water vapor are in constant thermal and

concentration equilibrium with the dry air, i.e. no gradients

exist in the bulk stream except in the z-direction.

The heat of adsorption of ammonia is constant within the terp-

erature and concentration ranges considered.

The driving force of ammonia adsorption is linear and can be

expressed as the concentration difference between the equili-

brium value and the current value in the grain.

The ammonia sorption isotherm is known.

Part of the adsorbed ammonia remains in the grain as a residual

during desorption and the amount of residuals is a fixed

ratio (6) of the free ammonia content.

The ammonia adsorption model in a fixed-bed drying system is com—

posed of two major parts: the drying model and the ammonia sorption

model . The two models are not independent since ammonia coexists with

water vapor as a major transport species. Because of the assumptions,
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the ammonia sorption model and the drying model can be simplified to a

one-dimensional, spherical—particle packed-bed problem.

The transport phenomena of water vapor and ammonia are similar in

the following aspects: (1) both processes involved the same solid

particles (corn), (2) both processes are diffusion-controlled, and

(3) water (H20) and armonia (Mia) molecules have the same molecular

weight and approximately the same molecular size. The chemical proper—

ties of 320 and NH3 are not very different either.

Unlike water, ammonia reacts chemically with the corn components

to form residuals. The diffusion rate of ammonia and water in corn

can be very different. The affinity of ammonia for water is much higher

than of water to itself. Hence, the ammonia isotherms do not relate

to and cannot be derived from water moisture isotherms and thus must

be developed separately as shown in Chapter 3.

3. Derivation of Model Equations

The derivation of model equations generally involves the following

sequence:

1) Identify the components and subsysters according to the structure

and nature of the system. There is no unique way of doing this,

all the unrelated inert components in the same phase can be lumped

in a component, such as dry air and dry matter of corn.

2) Identify the state variables based upon the characteristics of the

problem involved. Very frequently, an imknown variable is also a

state variable. Terperature and concentration are identified as

state variables in the heat and mass transfer problems. The

complexity of the problem, roughly speaking, depends on the nurber

of independent state variables and their relationships to each
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other and to other dependent and independent variables .

3) Identify the independent variables. Independent variables of a

system refer to the variables which do not vary with the performance

of the system. For most engineering problers, time and position

are the most commonly identified independent variables.

4) Formulate the equations of conservation. For each independent

state variable (i.e.unknown) one independent equation must be

obtained . The equations describe the conservation of independent

state variables for the bulk system or individual components.

The conservation of heat and mass transfer is usually expressed

by the differential change with respect to time and/or position.

The formulation of model equations must be based on a series of

assurptions as described in the previous section.

The following components can be identified in the ammonia sorption

and drying model: (1) dry air, (2) dry corn, (3) liquid water in corn,

(4) water vapor in the air, (5) ammonia in corn, and (6) ammonia gas

in the air. The model to be presented results from mass balances on

ammonia both in the air and in the corn and on moisture in the corn and

in the air. Also included are energy balances on the solid and fluid

phases. The state variables in the armonia sorption model and the drying

model are: (l) ammonia concentration in the air, x1, (2) absolute

humidity in the air, H, (3) ammonia concentration in corn, x2, (4) average

moisture content of the product, M, (5) air temperature, T, and

(6) product teIperature, e.

The model equations can be derived frem a control-volume analysis

by considering the heat and mass balances within a differential volume

representative of the entire system. The control volume in the case
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of a grain bin can be described by a differential height (dz) of the

grain bin with constant cross sectional area (S) perpendicular to the

direction of airflow as shown in Figure 6.1. The balance usually takes

the following form:

(flow in) + (generation) = (flow out) + (accumulation)

In the case of depletion instead of generation, such as the consurp-

tion of free ammonia in corn as a result of the formation of residuals,

the generation term becomes negative. The accumulation term expresses

the internal energy change or concentration change in the solid or

fluid phase. The heat and mass transfer between the solid and bulk

stream is considered the accumulation change.

3-A. Mass Balance of Ammonia in Bulk Stream

According to assurptions l7 and 20, ammonia in the bulk stream is

perfectly mixed with dry air and water vapor. The mass balance on the

control volume is made for a very shortperiod of time, dt. It should

be noted that the definition of all the terms related to concentration,

density, flow rate are expressed on a dry basis, i.e. the amount of

dry matter of corn or the amount of dry air. The formulation of

equations is thus simplified. The ammonia flow is expressed as the

product of the dry air flow rate per unit area (G3), the ammonia concen-

tration (x1), the cross sectional area of the bin (S), and time, dt.

Thus, the amount of amrenia flowing into the control volume during

time dt is:

Ga x1 8 dt

The amount of ammonia flowing out of the element in the same time

period (it is:



Figure 6.1.

 

 

 

 

Air : xl'H'T'Ca'Ga' Fa

The graphical presentation of the control volume

in a grain drying bin in the simulation model.

Related parameters are stown for the air and the

product.
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3x1

Ga(x1+-3-z—dz)Sdt

since Ga is assumed to rerain constant. The amount of amronia accumu-

lated in the air within the control volume during time dt is:

e pa-:-t—dt S dz

where e is the void fraction and eSdz is the void volume of the cOntrol

elerent.

Besides the accumulation of ammonia in the air, accumulation of

ammonia also occurs in the corn through interphase mass transfer. The

accumulation in corn is expressed by the rate of the ammonia concentra-

tion change in the corn:

3x

__2.

where pp is the dry matter density (solid, no void) or the corn, x2 is

the free ammonia concentration in the corn, and 6x2 is the amount of

residuals. The amount of residuals is assured to be a fixed ratio of

the free armronia content.

The mass balance of ammonia in the bulk stream can then be expressed

as:

ammonia armonia

,/ ammonia _ ammonia accumulation + accumulation

‘, outflow outflow in air in com
|

Or simply,

a so 3 p 8x

___= -.___a ___.x1 -_P___2. (1+5) (6.4)
32 G at G at

a a
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Equation 6.4 implies that the concentration gradient of the ammonia

in the bulk stream decreases as the rates of ammonia accumrlation in

the air and in the corn increase. Comparing the absolute value of the

two terms on the right hand side of Equation 6.4, it is obvious that

the coefficient of the second term is much larger than that of the

second term since the density of dry corn is much bigger than the bulk

density of air in the void fraction. The influence of ammonia accumu-

lation in the ammonia concentration gradient is thus more significant

than that in the air.

However, the values of coefficient do not illustrate the ertire

picture; the rate of concentration changes also plays an important role.

In practical ammonia adsorption system it is predictable that the rate

of concentration change in the air (axl/at) is faster than that in

corn (axz/ 3t) during the early stages of adsorption since air has very

limited capacity to hold ammonia and gets saturated sooner than the

product . Although the rate of ammonia accumulation in corn decreases as

time progresses under constant feed conditions, the higher rate of accumu-

lation will maintain much longer than that in air due to the tremendously

larger holding capacity for ammonia in the corn compared to that in air.

In short, the ammonia concentration gradient in the bin depends

mostly on the rate of ammonia accumulation in the corn most of the time.

Nevertheless, the rate of ammonia accumulation in the bulk stream does

play a significant role in the early stages of adsorption. Thus, the

3x1/ at term is remained in the equation.

3-B. Mass Balance of Water Vapor in Bulk Stream

The behaviors of water vapor are analogous to those of ammonia in

the air. Similar analyses on mass balance can be made using the following
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analogies: H (absolute humidity)+—> x1; M (average grain moisture con-

tent)H x2. The mass balance of water vapor in bulk stream is thus

 

written as:

i: -332.l- 6 pa fl (6 5)

32 Ga 3t Ga 3t °

Despite the similarities of Equation 6.5 to Equation 6.4, the

grain drying process is basically a water desorption process which is

corresponding to the ammonia desorption process . Even though both

Equations 6.4 and 6.5 can represent adsorption as well as desorption

processes, the significance of the 3H/ at term in Equation 6.5 is much

less than theaxl/at term in Equation 6.4 for ammonia adsorption.

Hence, 3H/8t term is ignored and Equation 6.5 becomes

3H

'5“:-

m
:
l
m
o

a-g-M— (6.6)

3-C. Ammonia Sorption Rate in Corn

The amount of ammonia accumulated in corn within the control volume

during time dt is expressed as the product of the rate of ammonia

concentration change (rate of sorption) in corn and the mass of dry

matter of corn (pp S dz) in the differential elerent:

3x

ppjaf-s dz dt= N 5 dz dt (6.7)

The interphase transport phenomena of armronia from the gas phase to

the solid phase or vice versa were discussed in detail in Chapters 3

and 4. The rate of ammonia accumulation (N) is a function of the

specific surface area and the driving force (E) which is a function
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of both amrenia concentrations in the air and in the corn.

N = hm a F(xl, x2) (6.8)

where hm is the mass transfer coefficient. The evaluation of hm will

be presented in Section 6. The driving force function is often approxi—

mated by the linear-driving-force function which is nondimensionalized as:

*-

x2 x2
2) =W (6.9)F(xl, x

where xz° is the initial ammonia concentration in corn; x2*, the equil-

ibrium concentration, is a function of x1 and can be calculated by the

ammonia sorption isotherm equation (Equation 3. 16) .

In Chapter 3, the ammonia concentration in the air was expressed

as the partial pressure which is based on the total bulk air stream

consisting of dry air, water vapor, and ammonia. Thus, the ammonia

isotherm equation can be rewritten in terms of x1 which is the concen—

tration based on dry air:

* = A(T) M x1 Em
db(l+H+xl)

x2 (6.10)

Combining Equations 6.7, 6.8, and 6.9, the rate of ammonia adsorption is

obtained:

* -

3x2 hm a x2 x2

_ = * - O

at pp X2 X2

 

(6.11)

Equations 6.10 and 6.11 describe the ammonia concentration changes in

corn kernels, in other words, the rate of ammonia adsorption depends

on both x1 and x2.
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3-D. Changes of Moisture Content in Corn Kernel - Thin-layer Drying

Equations

The moisture reroval rate in a deep-bed system is usually investi—

gated using a thin layer of grain which is dried under specified air

temperature and humidity for a certain period of time. The drying rate

is then determined and the results are formulated as a thin-layer drying

equation. Results of thin-layer experiment are applied to a deepébed

system based on the assumption that a deep bed is composed of layers

of homogeneous grain and the airflow is a plug-type without concentra-

tion, temperature, and flow rate gradients in the radial direction.

Several thin-layer equations, both theoretical and.ampirical,

were proposed for various grain products at different temperature ranges

(BakkerbArkema et al., 1978). ‘Due to the difficulties in Obtaining the

diffusion coefficients for different products under some conditions,

empirical or semiempirical thin-layer grain drying equations are fre—

quently used in modeling.

Sabbah (1968) proposed an empirical thin-layer (one kernel deep)

drying equation for corn at temperatures ranging fromI2.2 to 21.1°C an

22 to 80 percent relative humidity:

M - M* 0.664
M; M* = exp ( -k' t ) (6.12)

where

, 'v
k=exp(-Ut) .(6.12a)

U = [6.0142 + 1.453x10’4(rh)2]°'5-(1.8 e + 32) -

[3.353x10'4 + 3.0x10'8(rh)2]°'5 (6.12b)

V'= 0.1245 - 2.197x10'3(rh) + 2.3x10-5(rh)(l.8 e +32) -

5.8x10’5(1.8 e + 32) (6.12c)
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A uniform airflow of approximately 15.24 cmmI/m2 (50 cfm/ftz) was used.

The diffusion coefficient k' is a complicated function of relative

humidity (decimal), grain temperature (°C), and drying time. Constants

are derived from experimental thin-layer drying results. The left term

in Equation 6.12 is called the moisture ratio (MR); M* is the equilibrium

moisture content (EMC), and Mo is the initial moisture content. In

the case of average grain moisture. content (dry basis) is higher than

M*, drying is taking place. Drying is essentially a moisture desorp-

tion process. Reabsorption of water in grain would occur if M is less .

than M*. This rewetting process was. described by a "thin-layer rewetting

equation" (del Giudice, 1959) as follows:

0.466 rh 3.0
MR = exp[ - 0.625 (ps) (rh) t] (6.13)

Tests were run over a dry bulb terperature range of 15.6 to 40.6°C and

a relative humidity range of 60 to 100 percent. Air velocities were

3.05 m/min. The saturation vapor pressure at the dry bulb terperature

of product is expressed as pS . The water sorption processes possess

hysteresis and reabsorption curves are similar to those shown in

Figure 3.7b.

3—E. Enthalpy Balance of the Bulk Air Stream

To analyze the energy balance in the bulk stream, the three

components in the bulk stream, dry air, water vapor, and ammonia, are

assumed to behave independently (assumption l7) . The total amount of

bulk stream flowing through the control volume is expressed as:



136

Ga(l+ H + x1) S dt

and the enthalpy of the inflowing air is:

Ga(ca + H cv + X1 cg) 'I‘ 5 dt

where cg is the specific heat of gaseous ammonia. The enthalpy of the

outflowing air is obtained by assuming the heat capacities of all

carponents and their composition remain the same with respect to z in

the control element and is expressed as:

3T
Ga(ca + H cV + x1 cg) (T +-5;dz) S dt

Thus, the enthalpy change with respect to bed depth 2 is:

8T
Gama + H cV + x1 cg) Edz 8 dt

The change in the amount of sensible heat stored in the fluid phase

during time dt is:

3T
pp(ca+HcV+x1cg) e-a-Eszdt

and the total change in sensible heat is obtained by surming up the

above two terms:

3T 3T

(ca + H cv + x1 cg) (GEE-i. e: pal-75E) S dz dt

On the other hand, the convective heat transfer is taking place

between the bulk stream and solid. The amount of energy transferred

from the air to the product is:

ha(T-6)Sdzdt
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where h is the convective heat transfer coefficient which will be

discussed later in Section 5. Since the sensible heat change is

resulted from the convective heat transfer due to temperature difference,

the last two terms must add up to zero according to the conservation of

energy. The enthalpy balance equation in the air is then written as:

3T 3T __ - h a

+€pa3?-ca+Hcv+xlcg
Ga '5-2- (T-G) (6.14)
 

3-F. Enthalpy Balance in Corn

Corn is assumed to be composed of dry matter, water, and ammonia.

Ammonia is dissolved in water as a solution. The aqueous solution can

be considered as ideal binary solution in the case of low ammonia con—

centration which is held by the practical application of ammonia grain

drying.

The total mass of corn within the control volume is expressed as

the summation of individual components:

op(l+ M + x2) S dz

and the change of enthalpy during time dt is:

36

C>p(cp + cwM + cl x2) 8 dz 8t dt

where c1 is the specific heat of liquid ammonia. This change of enthalpy

is resulted from two sources: moisture loss and ammonia adsorption.

The amormt of moisture evaporated during time dt is indicated by the

change of absolute humidity in the air, or

3H
Ga 32 Sdz dt
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The latent heat required to evaporate this amount of water is

expressed as:

8H
hfg Ga 32 S dz dt

The evaporation involves phase change as well as sensible heat change

which is expressed as:

8H
CV (T 6) Ga 32 S dz dt

The total energy change (decrease) due to drying is:

3H

[hfg '1' CV (T-GH Ga-a-E-S dz dt

The heat of evaporation of water from the corn differs from free water

evaporation and was formd to be a function of grain temperature and

moisture content (Rodriguez-Arias, 1956):

hfg = (2502.10 - 2.386 9) [1.0 + 4.349 exp(-28.25 M” (6.15)

for moisture content in the range of 0.0870-0.3514 d.b. and terperatures

in the range of 5-40‘C; h = 2326 KJ/kg (1000 BTU/lb) otherwise.

f8

The amount of ammonia adsorbed during time dt is equivalent to the.

change of ammonia concentration in the air and is written as:

3

G fiSdz dt

aaz

Similar to the drying process, the total enthalpy change (increase) due

to exothermic ammonia adsorption process is:

3x1
[Had + cg (T-e)] Ga'EZ—S dz dt
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where Had is the heat of adsorption* and cg(T-6) is the sensible heat

term.

The heat*of adsorption differs from heat of vaporization for

ammonia (1370 J/g at b.p. from Table 3.1 or 518.1 BTU/lb at 60°F) since

ammonia is dissolved in water solution rather than condensing into liquid

ammonia.Heat of solution for ammonia in water is given as 35.4 KJ/mole-NH:3

(or, 897 BTU/lb—NI-Ia) in very dilute (0.005 M+ solution (Lancaster

et al. , 1975). Heat of ammonia adsorption, although it is not directly

measured, is suggested to be approximated by the heat of solution of

ammonia in water.

The latent heat expression for water (Equation 6.15) indicates

that the heat of evaporation increases with lower temperature and lower

moisture content. It is also comprehensible to state that heat of

ammonia adsorption increases with lower temperatures. However, experi-

mental results for Had in the corn similar to Equation 6.15 are not

available, it is assured that the heat of adsorption rerains constant

throughout the adsorption process. Since the solution of ammonia in

water is a reversible physical process, ammonia desorption is expected

to absorb the same amount of heat as in the adsorption process. Heat

of desorption is thus of the same magnitude as Had but different sign.

Besides the enthalpy changes due to mass transfer, convective heat

transfer between the product and air stream is taking place at the same

time. The amount of heat transfer is

h a (T-e) S dz dt

 

* Note that all the heat expressions are taken as absolute values,

appropriate sigrs are attached based on physical interpretation.

i M, a commonly used concentration unit for solution, stands for moles

of solute per liter of solution.
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The enthalpy balance in corn can be surmarized as:

change in energy . ammonia

internal = transferred - (evznpgration) + adsorption

product energy by convection rgy energy

and is formulated as:

ppp(c +cW M+c1x2)‘§%=ha(T-6)-[hfg +cV (T-6)]GGa-g%

.331
+ [Had + cg ('r-em 'Ga 32 ) (6.16)

where hfg and Had are positive numbers. During drying, aH/az is

positive (since aM/Bt < 0) which tends to reduce the internal product

energy (Be/3t term); while Bxl/Bz is negative (since aleat > 0) during

ammonia adsorption which tends to add heat to the product .

It is interesting to know that the effects of drying and adsorption

on the heat content of the corn are counteractive and tend to dampen

the terperature change of grain in the bin. The sensible heat changes

for water and ammonia during interphase mass transfer is very small

compared to the latent heat terms if the air and product terperatures

are not far apart.

3—G. The Model Equations

In surmary , six independent model equations were developed in order

to solve six unknown variables. Model equations are listed below in

terms of their differential changes with respect to the independent

variables:

3x 6: p a _P_3 '

32 .. G 31: "EP— (1+6) (6.4)

a a

0

_1H___. __2. __3M
32 G at (6.6)
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-—2-= m -— (6.11)

) . (6.12)

36 _ _ _ __ 3H
Dp(cp+cwM+clx2)-a-E-—ha(T0) [hfg+cv(Te)]Ga.5?

3x1

+ [ Had + Cg (T-G) ]( - Ga-a-g-o (6.16)

together with the following auxiliary equations: Equations 6.10,

6.12a, b, c, and 6.15 to evaluate parameters used in model equations and

Equation 6.13 replaces Equation 6.12 during rewetting process.

4 . The Combined-Temperature Equation

The six-equation model described in the previous section is similar

to the four-equation fixed-bed drying model (Bakker-Arkema et al. , 1974).

It was mentioned in the beginning of this chapter that in a slow drying

process, such as ambient air drying, air and product terperatures could

be considered equal without significant error. This assumption not

only simplifies the computation but also helps to stabilize the nurer-

ical solution. The following method is expected to impose an insignifi-

cant error while combining the two terperature equations.
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Equations 6.14 and 6.16 can be written as:

60

Ga cpa (-§-§-+E—i 3%) =-ha (T-e) (6.17)
a .

36
pp opp fi= h a (T-e) - Ga L (6.18)

with,

Cpa = ca + Hev + xlcg = apparent specific heat of bulk a1r stream

opp = CD + Mow + x2621 = apparent specific heat for ammonia-treated

corn

ax

- 135 1

L - hfg 32 + Had .52—

by assuming negligible sensible heat changes compared to the latent heat

terms, i.e. cV(T-6) = cg(T-9) = 0. 0n the other hand, the error due to

neglecting the convective heat transfer terrm, h a(T-6), could be signi-

ficant. However, Equations 6.17 and 6.18 are combined in such a way

to cancel the convective heat transfer term. The combined equation is

thus obtained by further assuming 36/3t = Hr/Bt:

ED 0 C

11'. __a. _E 22.—___}—

32+( G “‘90 > t- c (6.19)

a a pa

Equation 6.19 is therefore replacing Equations 6.14 and 6.16 and consti-

tuting the five-equation model for ammonia adsorption and drying in a

fixed-bed of grain.

5. Heat and Mass Transfer Coefficient for Forced Convection through

Packed Beds '

5-A. Forced Convection for a Single Sphere

The forced-convection heat transfer for a single sphere in an

infinite fluid was described by Ranz and Marshall (1952) by plotting
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1/2 1/3.
the average Nusselt nurber versus Re . Pr The relation was then

determined as:

1/2 1/3
Nu = 2.0 + 0.60 Re Pr (6.20)

where the Nusselt number (Nu), Reynolds number (Re), and Prandtl nurber

(Pr) are dimensionless numbers frequently used in heat transfer problers,

they are defined as follows:

Nu = h D / k (6.21)

Re = D Ga / u (6.22)

Pr=cpu/k (6.23)

where h represents the average surface heat transfer coefficient over

the entire spherical surface and Nu signifies a dimensionless terperature

gradient in the fluid adjacent to the wall; D is the diameter or charac—

teristic length; p, u, k, CD are fluid properties and stand for density,

viscosity, thermal conductivity, and specific heat respectively.

Strictly speaking, all the thermal properties of fluid should be eval-

uated at the film terperature: T1, = %— (Tw + Tea), which is the average

value of the solid surface and bulk stream terperatures. In a slow

heat transfer process (i.e. small terperature difference) T1, may be

estimated by Too.

Equation 6.20 indicates a minimum value for convective heat transfer

coefficient when Nu = 2.0 for motionless fluid due to heat conduction.

This limiting value of Nu for heat transfer from spheres at low Re or

Gr (Grashof number, used in free convection) can be theoretically

derived by solving the following spherical steady state heat conduction

equation :
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_l_.Ji_
12$:

with the boundary conditions that T = Tw on the spherical boundary r = R

and T = Tm as r approaches infinity. The terperature of fluid is then

solved as inversely proportionally to r when r _>_ R:

T-T
Q

T-T=
woo

The surface heat transfer rate is equal to the heat conducted from

.3.

r

inside the sphere to the surface, or

8T

h(Tw-Too)=-k(8r )
r-=R

Solving for h and substituting in Equation 6.21 gives Nu = 2. The

minimum value of convective heat transfer coefficient for a single corn

kernel in air is thus estimated as 1.82 x 10-4 J/(hr-m2-°C) or 0.89

EWMfi%meD=Oflw8mm£&2fi)mrwmkmmlwdk=wd

J/(hrom-°C) or 0.0143 BTU/hrft°F for air at 10°C.

5—B. Evaluation of Heat Transfer Coefficients in Packed Beds

Unfortunately, heat transfer relationships for flow through a

packed bed cannot be derived by extending those for a single sphere

since the bed porosity is more important than the individual particle

diameter in a packed-bed system. The following equation was derived

experimentally by Yoshida et al. (1962), Hougen et al. (1960), and

Bird et al. (1960) for a packed bed of spherical particles:

. 0.91 ne'0'51 , when Re<50
J =

H { 0.41 (6°24)
0.61 Re“ , when Re>50
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where the Colburn factor, jH’ is defined by:

(St) (Pr) ”3 , and (6.25)

Nu h
St = Stanton number = = (6.26)

(Re) (Pr) c Ca

In the case of a packed-bed system, the characteristic length is

represented by the inverse of specific surface area (a) and Re becomes:

 

a 11 (6.27)

Solving for the convective heat transfer coefficient by substituting

Equations 6.25, 6.26, and 6.27 into Equation 6.24 yields:

0.51 0.493

(aua) GaPr'z/ , when Re<500.91

h = 693
(6.28)

-2/3 0.41 0.59 -

0.61 Cpa Pr ( a pa) Ga , when Re>50

By substituting the properties of air at 10°C: cpa = 1005 J/kg°C,

ka = 0.0248 W/m K, pa = 0.06354 kg/m hr, Pr = 0.7167 and a = 784 mz/m3

(239 ftz/fts) the above expressions are simplified to:

049
{2.3278 Ga ° , when Ga< 2400 kg/hr/m2

h .—

(6.29)

059
. 1.0556 ca ' , when GE? 2400 kg/hr/mz

where h has the units of W/m‘?‘ K and air properties are assured to rerain

constant and are approximated by the values at 10°C. Equation 6.29

indicates that the convective heat transfer coefficient is only a

function of the flow rate.
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5—C. Estimation of Mass-Transfer Coefficients at Low Mass-Transfer Rates

5—C.l. Ratio of Mass and Heat Transfer Coefficients

The determination of mass transfer or diffusion coefficients are

usually more difficult than the heat transfer coefficients since solute

concentrations are not like terperatures which can be easily recorded

continuously for a number of measuring points at any specified scanning

periods. Nevertheless , the solutions of many mass-transfer problers at

low mass-transfer rates may be obtained by analogy with corresponding

problers in heat transfer. The sorption processes in most biological

products are relatively slow compared to other chemical-based sorption

processes. A process with slower rate of mass transfer is expected

to be solved with less error using this analogy.

(he of the Chilton-Colburn (1934) analogies states that Colburn

factors for heat and mass transfer are identical and are a function of

Reynolds nurber, or

3D = 3H = a frmction of Re (530)

and the Colburn factor for mass transfer, jD’ is expressed by,

 

 

iD =(StD) (Sc) 2/3 (6.31)

where

Sh

Si;D = W (6.32)

_ - = M
Sc — Schmudt number p 01D (6.33)

D

Sh = Sherwood number = OLD (6.34)

(ID = mass diffusivity (mz/hr)

hD = mass transfer coefficient (In/hr)



147

and So corresponds to Pr in heat transfer; Sh is in analogy with Nu

and represents a dimensionless concentration gradient at the wall.

Equation 6.30 implies that,

Sh Nu (6. 35)

(Re) (Sc) ”3 (Re) (Pr) V37

or by substituting the original forrm for dimensionless numbers,

Equation 6 . 35 becomes:

“0 0‘0 d 1/3

hI3 l ‘10 2/3

_h = 36:?) (Ii-37’

The mass transfer coefficient, hm’ used in the model equation

(Equation 6.11) is related to hD by:

hm = o hD (6.38)

where hm has the units of kg/(hr-mz) while it is m/hr for hD. Replacing

hD by Ir" 1n Equation 6.37 glves:

h

712:};— (—:2.)2/3 (6.39)

P

5-C.2. Estimation of the Mass Diffusivity

The only unknown parameter in computing the mass transfer coefficent

frorm Equation 6.39 for armonia diffusion problem is the mass diffusivity,

OD The experimental values of “D for ammonia sorption processes in

corn or other grain products have not been acknowledged in the litera-

ture. Unlike the determination of moisture diffusion constants in which

moisture contents are easily determined by standard air oven method
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(103 °C for 72 hours), chemical procedures in quantitizing the ammonia

concentrations in the corn (as described in Chapter 5) are rather.

complicated and time consuming.

Chu and Hustrulid (1968) developed the following erpirical equation

for moisture diffusion coefficient of the corn kernel:

4 2513. 00
Oh = 1.513 x 10 eXp[(0.045 6 + 6.806) M - 6 + 273. 1 (6.40)

where 6 is the grain terperature in °C and M is the average corn moisture

content in decimal d.b. The above equation was derived from the experi-

mental results of the following test conditions -- grain terperature

49—71°C, relative humidity 12-70 percent, and corn moisture content

25-35 percent d.b.

Equation 6.37 indicates that the values of water diffusion coeffi-

cient range from 5.89 x 10.7 (for 25 percent m.c. at 49°C) to 3.38 x

lo'6 mz/hr (for 35 percent m.c. at 71°C) under the above-specified

conditions. A product with higher moisture contents at higher tempera-

tures has a higher diffusion coefficient.

0n the other hand, the experimental value of self-diffusion

coefficient for water is 8.78 x 10’6 [112/hr at 25°C (Robinson and

Stokes, 1959). (he would assure moisture in the corn as "free water",

01D should be equal to the self—diffusion coefficient of water. Comparing

these two quantities, it is fould that they are in the same order of

magnitude and the self-diffusion coefficient is higher. This is an

indication of extra diffusion resistances exerted by the solid portion

of the product which hinders water from diffusing freely.

The experimental value of diffusion coefficient for ammonia gas

at very low concentrations in liquid water was measured as 5.90 x 10-6
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mz/hr at 12°C (Sherwood, 1975). This value may be considered as the

maximum possible diffusion coefficient for ammonia diffusion in the

corn at 12°C since in most cases the moisture content of shelled corn

seldom exceeds 35 percent w.b. The value of 61D also varies with grain

temperature besides the moisture content. As a matter of convenience,

the diffusion coefficient (mass diffusivity) of ammonia in corn is

assumed to be a constant of 5.90 x 10'6 mZ/hr throughout this investi-

gation.

The ratio of mass transfer to heat transfer coefficient can thus be

approximated by substituting or = k/pcp = 0.0473 mZ/hr and cp = 2161

J/kg°C at 10°C (Table 3.1) in Equation 6.39 as follows:

h l(_o_‘g_)2/3 6

0.

Kb ”59"" C = 1.156 x 10' kg °C/J (6.41)

9

Thus, the mass transfer coefficient for ammonia is estimated as:

6
hm = Kh h = 1.156 x 10 h (6.42)

6. Dry Matter Decomposition

The deterioration of grain was indexed by the measurerent of carbon

dioxide production generated from both grain respiration and fngi growth

(Steele and Saul, 1962). The measured amount of carbon dioxide is then

translated into dry matter loss of grain. Saul and Steele (1966)

suggested an allowable dry matter losslof 0.5 percent for field-shelled

corn without a reduction in grade.

The percent dry matter decomposition was given by Thompson (1972)

as follows:

[14 = 0.0884 I exp(0.006 te) - 1 ] + 0.00102 te (6.43)
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where te = equivalent storage time at the reference conditions of

15.6°C, 25 percent m.c. (w.b. ), and 30 percent mechanical damage. The

relationship between the equivalent storage time and the actual storage

time Imder specified conditions was described by Steele et al. (1969) as:

t =___1=__

e “MMTMD

where MM' MT" and MD stand for moisture, temperature, and mechanical

(6.44)

damage multipliers respectively. These multipliers were detennined

experimentally by Steele (1967) and Saul (1970) as follows:

(a) Moisture Multiplier (MM)

_ 1.53 _
MM - 0.103 [ exp( 455mdb ) 0.00845 Mdb + 1.558 ]

for 15_<_Mdb<54 (6.45)

(b) Temperature Multiplier (MT)

MI, = 128.76 exp( -2.592 - 0.146 T ) , T:l$.6°C (6.46a)

MT = 32.3 exp( -l.856 - 0.1044 T ), T'>15.6°C and Mwb<_l9 (6.461))

MT = 32.3 exp( -l.856 - 0.1044 T) + [( Mwb - 19 )/100]

exp( -0.2847 + 0.0183 T ) , T>15.6°C and l9<Mwb<28 (6.46c)

MT = 32.3 exp( -l.856 - 0.1044 T) + 0.09 exp( -0.2847 +

0.0183 T ) , T>15.6 and Mwb>28 . (6.46d)
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(c) Mechanical Damage Multiplier (MD)

Values for MD at various levels of mechanical damage

were given by Steele et al. (1969) as shown in Table 6.1.

Ammonia has been known as a very effective mold and bacteria inhibi-

tor for stored grain. The dry matter loss is partly due to the micro-

organism growth which might overwhelm the effects of grain respiration

under storage conditions favorable for molds and bacteria growth. The

primary function of ammonia in ammonia-treated corn is to wipe out the

initial or field contamination of microorganism and further slow down

or inhibit the growth of storage fungi and other microorganism; “the

dry matter loss is thus reduced. The evidence of this ”killing effect"

on storage microorganism (Bothast et al. , 1973) due to proper ammonia

treatment leads to the definition of an Armonia Multiplier, or M .
A

Equation 6.44 can therefore be expanded to:

t
t =

e “u “r MD “a

The values for MA is not presently available and it is only known

that MA > 1 with ammonia treatment and equals unity when no ammonia is

 

(6. 47)

applied. Experimental correlations must be established in order to

determine the values of MA in Equation 6. 47. The experimental determina-

tion of MA will not be performed in this investigation, however, it is

suggested to take the following precautions:

1) The primary inhibitory function is due to free ammonia concentra-

tion both surrounding corn kernels and dissolved in corn' (Lancaster

et a1., 1975).

2) The value of MA is a function of the total amount of amrenia applied

as well as the rate of amrenia application. The diffusion of ammonia
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TableGSLI. The mechanical damage multipliers.

 

Percent Mechanical

 

Damage MD

2 3.22

S 2.90

10 2.41

15 1.98

20 1.60

25 1.29

30 1.00

35 0.76

40 0.55

 

Fromm Steele et al. (1969).
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into the pores and dissolved in corn is a slow process. The faster

the application rate is, the more ammonia is lost in the air.

7. Equilibrium Moisture Content

The experimental values and model equations of equilibrium moisture

content (EMC) for various cereal grains were reviewed and summarized by

a nuxber of researchers: Brooker et al. (1974), Pfost et a1. (1976),

and Bakker-Arkena et al. (1978). Bakker-Arkema et al. (1974) analyzed

the EMC data of Rodriguez-Arias (1956) for shelled corn and developed the

following empirical equations:

S rh3 r

M = 1 + —1—-— 0.028333 51) rh , 0.0 S rh< 0.17 (6.48a)

e 1.02 0.17

 

  

 

 

s (0.34-rh)3 82(rh - 0.17)3 ( r2
4.

  

 

 

  

 

 

 

M = .1 + - 0.028333 52) (rh-0.l7)+

e 1.02 1.02 0.17

J"‘1
(——-- 0.028333 51) (0.34-rh) . 0.17 s rh < 0.34 (6,4313)

0.17

s (0.51-rh)3 F3 32

M = —r + (rh-0.34)+( - 0.028333 52) (0.51-rh) ,

e 1.02 0.17 0.17

0.34 5, rh S 0.50 (6.48c)

530314.49)3 r5 r4

M =- -— + - 0.028333 53) (rh-0.49)+ (0.66-rh) ,

e 1.02 0.17 0.17

0.50 < rh < 0.66 (5.43.3)

$3 (0.83-rh) 3 S‘1(1:'h-0.66)3 r

M = + + —L- 0.028333 84) (rh-0.66)+

e 1.02 1.02 0.17

F5
( - 0.028333 6 ) , 0.665 rb< 0.83 - (6,439,)

0.17 3

34(1.00-srb)3 r7 r6

M = + (ash-0.83) +(

e 1.02 0.17 0.17

0.835 rhé 1.00 (6.48f)

 
  - 0.028333 54) (1.00-r11).
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where:

F1: -0.0007060 T + 0.0874 Sf 13.83(-9F1+6F2-F3)

r2: -0.0007835 T + 0.1189 32: l3.83(4F3-9F2+6F1)

r3= -0.0009646 T + 0.1475 $3= 13.83(4F4-9F5+6F6-F7)

r4= -0.0009675 T + 0.1452 s4= 13.83(4F7-9F6+6F5-F4)

r = —0.0012735 T + 0.1849

5 T = °c
r6= -0.0013408 T + 0.2294 M deem d b

r7= -0.0019278 T + 0.3588 e’ ' ' °

Pfost et al. (1976) gathered EMC data for various grain from several

sources and developed the well—known equilibrium relative humidity-

moisture content equations . They concluded that Henderson-Thompson and

Chung-Pfost equations give results nearly as good as the other more

complex equations . The Henderson-Thompson equation of desorption BIC

for yellow dent corn is:

1n(1-rh) l
M = [ _ ]—

-8.6541 x 10 3(T + 49.81) “3634
e

(6.49)

and the corresponding (hug-Pfost equation is:

Me = 0.379212 - 0.058970 1n[ -R'(T + 30.205) ln(rh) ] (6.50)

where R'is the gas constant, T is in °C, and Me in dry basis decimal.

As it was indicated by all the EMC equations that EMC depends only

on temperature and humidity for a particular kind of grain. The air

humidity in equilibrium with a certain moisture content of grain is

referred to as equilibrium relative humidity (ERH) which can be solved

explicitly only by simplified EMC equations such as Equations 6.49 and

6.50.
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8. The Finite Difference Method

8—A. Finite Difference Formulation

The finite difference approximation method is a.powerful technique

in solving partial differential equations. The formulation of finite

difference equations is based on the Taylor's Series expansion which

approximates the value of a function by its neighboring point and an

infinite series of derivatives of such function. Basically, there are

three ways of expressing the derivative functions: ferward difference

(implicit), bankward difference (explicit), and.central difference.

For example, the first derivative of T(z,t) can be expressed by:

 

 

 

'+l,j - ',j

T2 = Tl Az Tl (implicit) (6.51a)

. [j - 1.1,].

T2 = T1 A: (explicit) (6.51b)

Ti+1,j _ Ti-1,j .

T2 = 2Az (central difference) (6.51c)

where superscripts i and j stand.for position and.time indices respectively.

The indices (iil), (jil) represent forward and badkward positions and

times relative to (i,j). Similar equations for 8T/3t can be formulated.

The finite difference equations for state variables x1(z,t),

H(z,t), x2(z,t), M(z,t), and T(z,t) (Equations 6.4, 6.6, 6.11, 6.12,

and 6.19) are formulated by explicit differences as follows by assuming

xé°= O in Equation 6.11:

1 l i,j-l _'- .j i j- i j-1
i,j = Ga At x1 + 6 pa Az x1 (x2 ' x2 ' )ppAz(l+6)

 

X1
Ga At + a pa A2

(6.52)
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. . ._ . 0 AZ - - - -_HI") = H1 1;] __éLA?( M11] _ Ml'j 1) (6.53)

a

. . h a At

lelj-l +£1.7—

i .

X2 I] = 1‘“ a Atp
(6.54)

l + i’j“
* I

Dp'xz

M1,] = fr]! ( T1,]: Hl'JI Mel-,3! t)
(6°55)

i,j _ 1 1-1 1 in-l _
T "At+PAz [AtT ’ +PAZT

hf At ( Hilj _ Hi-l'j ) - Had At ( i,j - i-l'j )] (6.56)

-—Jl--
X1 X1C

C

pa
Pa

€ 9 D C

where P = G a.+7§i7§31.

a a Pa

8-B. Solution of Finite Difference Equations

The solution of the above finite difference equations are not

straightforward since the values of these state variables at (i,j) are

interrelated. Their relationships are shown as follows in functions

which contains state variables only:

i,j .. i,j
x1 .. f1(x2 ) (6.57)

HI”) = f2( 141'] ) (6.58)

i,j _ i,j .
x2 _ f3( x2* ) . (6.59)

i,j ._ i,j
x2* - f4( x1 ) (6.60)

Ml'J = £5( Hl'J, Tl’j ) (6.61)
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Ti'j = f6( Hi'j, xli'j ) (6.62)

where the specific heats of both bulk stream (cpa) and product (cpp)

are assumed to be constant in Equation 6.61 within the finite difference

grid. It is apparent that x1 and x2 must be solved simultaneously.

Equations 6.57, 6.59, and 6.60 may be written as follows in accordance

with Equations 6.52, 6.54, and 6.10:

 

 

i,j _ ilj
x1 - Al + A2 x2 (6.63)

. . A x *i’j

X2113 = 4 2 i’j
(6.64)

A3 + "2*

. . xli'j

x2*l’3 =A5 ( - . )A7 (6.65)

A6 + x11":l

where, assuming I-Ii’j can be approximated by Ill-1"], the absolute humidity

at the previous node, and the following coefficients are known:

 

 

i'lrj i,j-1 i,j-1
A1 2 Ga At x1 + spa Az x1 + pp Az x2 (1+0)

Ga At + spa A2

0 A2 (1+0)

A2 = - P

G At + 60 A2

a a

A3==100hmaAt/0p

= i,j-l = i-l,j
A4 A3 + x2 , A6 1+ H

A5 = A(T) Mdb , A7 = B(T)
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Equations 6.63, 6.64, and 6.65 can be solved by iteration or they may

be combined into a single equation with one unknown variable; e.g.

substituting Equation 6.65 in Equation 6.64 which is then substituted

in Equation 6.63 yields:

i,j

A2 A4 A5 ("in )A7

i,j

A3 + A5 “‘13 ’17

where lel’J=xli’J/(A6 + xll’J). The value of x11"J is solved by trial

and error using the subroutine ZEROJN. Qlce x11"j is known, )C2*i"j can

= 0 (6.66)g(xli’j ) =A1+

be calculated from Equation 6.65 and x21"j from Equation 6.64. The

model equations are left with three equations, 6.58, 6.61, 6.62, for

H, M, and T which must be solved by a search algorithm. The general

order of the computation in the search algorithm is outlined below:

1) Guess 111’j = 111'”, i.e. take the humidity of the previous position

as a guess.

2) Calculate ’I‘i’j from Equation 6.56.

3) If RI-Ii"j < 100 percent, go to 5 .

4) Simulate condensation and find Ti’j, mi’j. Set flag.

5) Calculate Mi’j from Equation 6.55.

6) If condensation flag is set, exit.

7) Calculate (EMC)i"j from Equation 6.48.

8) Estimate new mi'j from (£14ch - 111:3.

9) If AH < 0.0001, go to the next node.

Subroutine ZEROIN is utilized to perform the search for an acceptable

H value. Condensation occurs whenever the temperature is below the

dew point. The condensed water is assured to be added to the grain

moisture according to Equation 6.6 and the estimation of EMC is skipped
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because it is not applicable.

8-C. Temperature condensation Simulator

During the solution of temperature and absolute humidity, the

corresponding relative humidity is also Checked for condensation. If

the relative humidity exceeds 100 percent in which the psychrometric

chart does not apply, H must be readjusted. The new value for H is

computed along the constant enthalpy line. The intersection point with

the saturation line gives the desired temperature and absolute humidity.

The grain moisture content must be reevaluated because of the assumption

that any condensed.water be restored.to the grain moisture content.

The search for a new T‘and H in this temperature condensation

simulator is illustrated in Figure 6.2. The temperature at the inter-

section can be solved from the simultaneous equations for the constant

enthalpy line and for the saturation curve which is approximated by a

straight line. The temperature equation (Equation 6.56) can be written

 

as follows:

i,j _ l '-l,j i,j-l _ _
T -————At+PAZ(AtT1 +PAzT 01 02) (6.67)

where

h At . . ._ .

01: f9 (H‘l’J-Hl 1’3)

c

Pa

H At . . . .

_ ad 1,] _ l-l,j

02‘ c (X1 X1 )
Pa

A saturation point (TS, HS) can be located by assuming Hl’J = Hid"J

and TS lies between T and T':

T = ___];_( At 'I'J'ml’:J + P Az Tl'j-l - Q
5 At + P Az (6'68)

2)
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Temperature

Figure 6 . 2 . Graphical presentation of the condensation simulator .
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and HS is known once Ts is solved on saturation line. The slope of

the line which approximates the local saturation line is then,

%= HS - HS' (6.69)

where Hs' is evaluated at terperature (TS-l) on saturation line.

The equation for the constant enthalpy line with respect to (T,H)

and (T',H') is:

(At+PAz)(T'-T)+QB(H'-H)=0 (6.70)

where Q3 = hngt/cpa and the superscripts on T and H are omitted.

The equation for the satln'ation line with respect to (TS, HS) and

(T', H') canbe expressed as:

AH '
' - ' - —

Substituting Equation 6.71 into Equation 6.70, the readjusted temperature

T and humidity H are:

(At+PAz)T+Q3(AH/AT)T -Q3(HS-H)

T'= S (6.72)

At+PAz+Q3 (AH/AT)

 

AH
Hs+(T-TS) — (6.73)

I

H AT

9. The Flowcharts

The flowchart analysis is a very important and powerful step in

solving the complicated differential equations and numerical logic by

digital computers. The most important matter in using a digital

computer to solve nurerical problem is the solution sequence which

can be easily followed by a flowchart. The flowchart is essentially

a detailed algorithm.
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The corputer program for ammonia adsorption and drying in a fixed-

bed system consists of a main program (ADSFIX) which serves as a skeleton

for the entire computation (Figure 6.3). The main program is corposed

of a depth loop enclosed by a time loop. The depth loop computes the

results of state variables in each node at the same instant while the

time loop performs the calculations in the depth loop at each specified

computing time increment throughout the entire process .

The computing and print time scheme in the main program is flexible

and has the capability of handling irregular input and output time

intervals (Figure 6.4). The input conditions can be from any irregular

time interval but corputes at a constant and specified computing time

interval. The printed outputs are controlled by either a fixed value

of print time increment (TB'EPR) or at each time the new input conditions

are read.

The major subroutines used in the main program are as follows:

1) mm: finds the grain moisture content by a thin-layer drying

equation (6.12) and a rewetting equation (6.13).

2) SOLVE: computes temperature, moisture content, and relative humidity

by given absolute humidity, also perform the condensation simulation

described in Section 8—C.

3) ZEROIN: solves an equation by guessing a high and low limit for

the unknown variable and narrowing the range for the solution within

an acceptable error.

4) ADSPT (Figure 6.5): computes the amrenia concentrations in the air

as well as in the corn by solving Equation 6.66 using ZERDIN. The

solution for x 1’3 must lie between the guessed high and low values.

1

If multiple solutions occur, the solution range should be narrowed.
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I READ input informationsand initial conditions I
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Figure 6.3 . The flowchart presentation of the main program ADSFIX.
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Figure 6.3. continued
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Figure 6.4. The computing and print time scheme in the main program

ADSFIX.
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Figure 6.5. The flowchart presentation of the subroutine ADSPT.
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The maxinmm possible value for xli'j will not exceed the mam’mrn

values of: (1) inlet x1 concentration, (2) x1 concentration of the

previous position at the same time, and (3) x1 concentration in the

previous computing time interval.

During the anmonia desorption processes, the total anmonia

concentration in the corn, xzi’j , cannot be lower than the residual

concentration (XZR) which is not removable by aeration. Another

precaution in subroutine ADSPT is trade that the anmonia concentra-

tion in corn does not increase with time if there is no anmonia

in the air.

ADSPTl (Figure 6.6): calculates the ammonia concentrations for the

first inner node by further dividing the conputing time interval

into NI‘ intervals. By doing so, the errors due to discontinuities

of boundary and initial conditions are reduced and the numerical

solution stability is improved. In other words, the effects of a

step input on the evaluation of x at the first time step will be
1

damped. The rate of sorption is taken at the first subdivided

computing time increment (At/NT) for the first computing time

interval;

EMC: calculates the equilibriun moisture content of the corn

according to Equation 6.48.

Psychrcmetric package: includes several subroutines to estinate

all of the air properties related to psychrometrics. It serves

as a psychrometric chart for digital canputers.
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ammonia sorption at the first inner node in the first

computing time interval.



CHAPTER 7

REULTS AND DISCUSSICN

1. Introduction

The results presented in this chapter consist of three major

parts:

1) 'lhe accuracy tests of the ammnia sorption and drying model. These

tests concentrate on the analysis of the accuracy of the predicted

ammonia concentrations both in the air and in the grain. 'Ihe

finite difference method is inbedded with errors in the computa-

tion due to the nature of nodal definition and computational grid

sizes.

Only the grid sizes of the independent variables (time and

position) are investigated. The conputing time and depth intervals

will be varied to observe the changes in the predicted results of

the amnonia concentrations. The numerical calculations should

be performed at the computing time and computing depth intervals

approaching zero; this can be obtained by extrapolation since it

is impossible to perform computation at the zero computing interval.

After the acceptable values for the computing time (At) and depth

intervals (Az) have been determined with reasonable accuracy (:10

percent) by the accuracy tests, the values of At and Az can be

fixed in the tests thereafter.
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2) The sensitivity tests of important parameters. The sensitivity

tests are designed to determine the influence of each individual

parameter on the ammonia sorption characteristics of the ammonia

drying process.

3) Comparison of the predicted results with the experimental results.

The predicted results generated by the computer simulation of the

ammonia sorption and drying model are compared with the experimental

results obtained in the model bin test performed at Michigan State

University .

2. Definition of the Standard Conditions

The standard conditions referred to in this chapter are defined as

a set of selected parameters under which the accuracy and sensitivity

tests are performed.

The parameters in the standard conditions were chosen as close as

possible to those to be expected in practical ammonia drying installations.

All the results in the accuracy and sensitivity tests are obtained under

standard conditions imless otherwise mentioned in the text.

The standard conditions are listed below (the notations in the

parenthesis are the variable names used in the simulation program):

1) Grain depth (DEPTH) = 183 an (6.0 ft)

2) Airflow rate (CFM) = 1.43 arm/m2 (4.7 cfm/ftz)

3) Initial grain moisture (XMOWB) = 0.25 w.b.

4) Initial grain temperature (THIN) = 10°C (50°F)

5) Inlet air temperatures = 10°C (50°F) for the dry bulb temperature

(TIN) and 8.3°C (47°F) for the wet bulb temperature (WTIN). The

corresponding relative humidity is 80 percent .

6) Inlet ammonia concentration in the air (XlIN) = 0.05 percent d.b.
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for ammoniation, zero for aeration.

7) Ratio of mass/heat transfer coefficients (KH) = 1.156 x 10—6 Kg°C/J

(0.00484 lb°F/BT‘U).

8) Fraction of residuals (RC) = 0.3

9) The division factor, or the number of intervals the first computing

increment is sub-divided into for the first inside node (NT) = l.

The first inside node is located at the position of one computing

depth interval from the bottom (inlet) node.

3. The Accuracy Tests of the Ammonia Sorption and Drying Model

The accuracy tests are designed to determine the true numerical

solutions of the state variables. The tests concentrated on the accuracy

of the predicted ammonia concentrations in the air and grain (both of the

average ammonia concentrations and of the concentration profiles in

the grain bed).

The following values of the independent variables were tested:

(1) computing time increment (At): 0.05, 0.1, 0.25, 0.5, 0.1, and 2.0

hours, and (2) computing depth interval (AZ): 3.05 cm (0.1 ft), 7.62 cm

(0.25 ft), 15.24 cm (0.5 ft), 30.48 cm (1 ft), 60.96 cm (2 ft), and

91.44 cm (3 ft).

3-A. The Accuracy of the Average Ammonia Concentrations

A set of results was generated for different At values at each

specified A2 for the test of the average ammonia concentration in the

air after two hours of ammoniation. Six sets of results wereobtained

for six Az values as shown in Figure 7 .1. It is surprising to find

that different computing schemes give such different results (from

1.28 x 10-4 to 2.52 x 10"4 kg—amnonia/kg—dry air) under standard
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conditions. Generally speaking, a larger AZ and a smaller At predict

larger'ammonia concentrations. The smallest At used in the test was

0.05 hr which is the best estimate without usingtoo much canputing

time. The CP (central processor) time was 59.6 seconds for At = 0.05 hr,

A2 = 3.05»cmn and two hours of'ammomiation.

The average ammonia concentrations in the air as the computing

time increment approaches zero were obtained by a straight-line extra-

polation of the two smallest At values (0.05 and 0.1 hr). A similar

analysis was performed for the average ammonia content in corn lmder

the same conditions (Figure 7.2). Similar shapes of curves were Obtained

for the free ammonia content. The variation of free ammonia concentra-

tions ranged from 0.44 x 10'4 to 0.82 x 10’4 kg—amnonia/kg—dry corn.

The values of the extrapolated results of the free ammonia and the

ammonia in the air for different AZ are plotted in Figure 7.3. The

true numerical results for the average ammonia concentrations were

Obtained by the straight-line approximation of the two smallest Az

values (3.05 and 7.62 cmo. The intercepts at At = A2 = 0 are 1.38

x 10"4 kg-amronia/kg—dry air for the average ammonia concentration in

the air and 0.49 x 10'4 kgbammonia/kgbdry corn for the average free

ammonia content in the corn after two hours of ammoniation under

standard conditions.

The relative percentage error in the computation of the average

ammonia concentrations using various time and depth intervals was

estimated by comparing them with the true numerical solutions (Table

7.1). The results in Table 7.1 demonstrate an important phenomenon:

the zero-error line is expected to pass through the point where At =

A2 = 0 and run diagonally. The zero error is expected to occur at a

larger At when a larger Az is used. In other words, to accurately
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predict the average ammonia concentrations in a long-time simulation,

a larger computing time increment has to be accompanied by a larger

computing depth interval. Nevertheless, the average ammonia concentra-

tions alone do not describe the entire nature of the accuracy in the

prediction model. Other important results which may indicate the accu-

racy of the prediction model are the ammonia concentration profiles in

the grain bed which will be discussed in the next section.

In general, larger Az and smaller At values create larger predic-

tion errors on the right—hand side of the zero-error line in Table 7.1.

However, on the left-hand side of the zero-error line, a smaller Az and

a larger At impose a larger error. This phenomenon is evidenced by the

sharp upward turn of the curves close to the zero computing time incre-

ment in Figures 7.1 and 7.2.

The error in the prediction of the ammonia concentrations in the air

and in the corn decreases as the ammoniation time increases up to about

five hours as shown in Figures 7.4 and 7.5. After five hours of ammoni-

ation, the variation in errors are not as significant as at smaller

times. The reason for choosing two hours of ammoniation time in the

analysis of relative errors in Table 7.1 is that the error at thO"

hours ammoniation seems to be at the position which imposes an average

amount of error.

The rate of ammonia adsorption also afffects the prediction error.

Generally speaking, as the adsorption rate decreases a smaller error

is found in the amputation of the average ammonia concentrations.
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3-B. The Ammonia Concentration Profiles in the Air as Influenced

by the Computing Scheme

The ammonia concentration profiles can give another view of the

accuracy of the prediction model as influenced by a different computing

time and/or depth interval. Comparison of the concentration profiles

using various computing schemes are shown in Figures 7.6, 7.7, and 7.8

for A2 = 3.05, 15.24, and 30.48 cm, respectively.

In general , the model predicts higher concentrations at the lower

portion of the bed as a smaller Az is used. The variations in the

prediction of the concentration profiles are less significant for the

results using different computing time increments when a larger com—

puting depth interval is employed. Thus , even though a larger At

accompanied by a larger Az predicts the average concentrations more

accurately than using a smaller Az, the deviations in the prediction of

ammonia concentration profiles are larger.

3—C. The Selection of a Proper Combination of the Qoerating Time and

Depth Increments

The influence of computing intervals on the estimation of the

prediction error is mixed according to the above discussion. In

summary, a smaller Az predicts more accurately both the average concen-

trations and the concentration profiles when the computing time increment

is fixed. On the other hand, a smaller At predicts the concentration

profiles more accurately but the results of the average ammonia concen-

trations deviate further from the true numerical results for the same

computing depth interval .

The selection of the proper computing time and depth interval

depends on the following factors: (1) the time of ammoniation, (2) the
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total simulation time, (3) if accuracy is required in either the

concentration profile or the average concentration, (4) the tolerable

errors, (5) the inlet ammonia concentration, and (6) the initial grain

moisture content.

As the time of ammoniation increases, the error in the concentra-

tion profile and the average concentration decreases. In the practical

application of the ammonia sorption and drying model, a long-time simu-

lation process is usually encountered, Tb avoid using an excess amount

of carputing time it is advisable to employ the largest At and Az values

possible within the acceptable range of error. A larger computing

time increment can be applied if the average ammonia concentrations are

.more important than the concentration profiles in the analysis. The

computing depth interval is chosen depending on the physical dimensions

of the system and the sensitivity of grain depth interval in the analysis.

Values of A2 = 15.24 cm and At = 1 hr were chosen in the simulation

of the ammonia grain drying process. The ammonia-supplemented.ambient

air drying requires several months before the grain has dried to 15.5

percent w.b. The total time to be simulated for the experimental test

was 1744 hours. With such a long-time test and the main concern being

the average ammonia concentrations, it seems appropriate to use one

hour as the computing time increment.

The total grain depth of the experimental test bin was 183 an (6 ft).

Thirteen nodes within the grain bed were assigned by using 15.24 cm

(0.5 ft) as the computing depth interval. The prediction errors due

to using At=1 hr and A2 = 15.24 cm are 6.5 percent in the average

ammonia concentration in the air and 2.0 percent in the average ammonia

content in the corn (Table 7.1). There errors are considered tolerable
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in this investigation.

Even though the inlet ammonia concentration and the grain moisture

content influence the selection of At and Az, their variations in

practical application are usually very small and do not significantly

alter the selection criteria for At and Az.

4. The Ammonia Breakthrough Characteristics

4-A. The Adsorption Concentration Profiles

The analysis of the ammonia concentration profiles is one of the

methods of investigating the breakthrough characteristics. The concen-

tration profiles of ammonia in the air in the experimental bin are

shown in Figure 7.9. The applied ammonia is completely adsorbed before

one hour of ammoniation and no ammonia is found in the exhaust air. As

time progresses, the adsorption of ammonia in the corn cannot keep up

with the amount of ammonia applied, and this more armenia is exhausted

in the air. After about 15 hours of ammoniation under the standard

conditions, the corn in the bin is almost completely saturated with

ammonia and thus the amount of ammonia applied equals the amount of

ammonia lost in the exhaust air.

The ammonia adsorption profile of free ammonia at different times

in the corn is shown in Figure 7.10. The shape of the curves is similar

to the ammonia concentration profiles in the air except that the curves

are shifted upwards beginning at a lower portion of the grain bed. The

free ammonia content at positions very close to the air inlet decreases

with time due to the drying of corn. As the grain loses moisture, the

free ammonia content also decreases since the water moisture in corn

is the only active component in the grain holding the free amrenia.
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The free ammonia holding capacity of the corn becomes larger as

time progresses. The free ammonia concentration profiles are shifted

toward the right-hand side (higher concentration) in Figure 7.10 due

to the combination of the following effects:

1) Changes in grain moisture content: Some drying is taking place

2)

near the bottom of the grain bed (the relative humidity of the inlet

air is 80 percent). The inlet air soon becomes saturated with

moisture as it travels through the grain bed. The grain moisture

content is not significantly changed at bed positions higher than

61 cm (2 ft) at the end of the 20-hour treatment. Thus the drying

effect only influences the portion of the grain below 61 cm.

Changes in grain temperature: The drying of grain tends to decrease

the grain temperature due to evaporative cooling. (11 the other

hand ammonia adsorption tends to increase the grain temperature

due to the release of adsorption heat. The combined effects was

found to decrease the grain temperature under the standard conditions.

Thus, the heat of adsorption is not large enough to compensate

for the evaporative cooling of the grain. The air temperature,

and accordingly the grain temperature, is lowered as the air passes

through the drying zone. It is this cooling effect which increases

the free ammonia-holding capacity of the grain since cooler grain

can adsorb a larger amount of free ammonia (see the ammonia adsorp-

tion isotherm in Figure 3.5).

At grain positions closer to the bottom more drying takes place

and the free amrenia adsorbing capacities are reduced due to lower

grain moisture content . However, the reduction is not large enough to

compensate for the increase in the ammonia-holding capacity due to the
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terperature decrease .

4-B. The Desorption Concentration Profiles

The desorption concentration profiles were also calculated for

the standard conditions except for the initial and inlet ammonia condi-

tions. The initial amrenia concentration in the air in the him was

0.05 percent. The free ammonia concentration in the corn was calculated

and defined as the equilibrium ammonia content at 10°C. The inlet air

was ammonia-free.

The desorption profiles for the amrenia in the air (Figure 7.11)

are similar, but not identical, to the mirror image of the adsorption

profiles. This is due to the difference between the desorption profiles

for the free ammonia in corn (Figure 7.12) and the desorption profiles

(Figure 7.10). The lower portion of the curves in Figure 7.12 is differ-

ent from that in Figure 7 .10. Despite more significant drying in the

portion of the grain closer to the bin bottom, the desorption process

reroves the ammonia from the air in the void spaces and the corn in

those positions very rapidly. Therefore, the shifting of desorption

curves is not apparelt (Figure 7.12) due to changes in the grain moisture

content , terperature, and accordingly, the holding capacities of free

ammonia in corn close to the bin bottom. Nonetheless, the decrease in

the grain temperature is more pronounced in the desorption than in the

adsorption process. The combination of the evaporative cooling due to

drying in parallel with desorption cooling of ammonia is expected to

further decrease the grain temperatures. As a result, the prbcess of

free ammonia desorption in corn is slowed down.
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4-C. 'Ihe Amnonia Adsorption and Desorption Rates

The rates of ammonia adsorption at different levels in the grain

bin under standard amnoniation conditions are shown in Figure 7.13.

The adsorption rate is the highest when the ammonia-free corn first

encounters ammonia in the air. This is expected since there are more

vacant "adsorption sites" available. The adsorption rate drops rapidly

as fewer vacant adsorption sites become available and approaches zero

asymptotically.

At higher bed levels in the bin, less ammonia is left in the air

stream since most of the ammonia applied has already been adsorbed by

the corn at the lower bed levels. The adsorption rate reaches a anxi-

mum value of hm a (from Equations 6.8 and 6.9), or 0.0937 kg-NH3/(hr m2)

under standard conditions, as soon as the armenia-free corn (x2" = x2 = 0

in Equation 6.9) first encounters amnonia.

The amnonia desorption rates are shown in Figure 7.14. The shape of

the curves resembles the rate of drying curves. The absolute values of

the amnonia desorption rate increase as the aeration time increases.

In the beginning of the desorption process, the desorption is not

significant at the upper grain levels. The inlet amrenia-free air

mixes with the amnonia "saturated" air and corn (saturated at 0.05

percent anmonia concentration in the air) and soon becomes saturated

in the air; no more desorption occurs once the amnonia concentration

reaches 0.05 percent in the air. As more and more ammonia is removed,

the air in the bin becomes more unsaturated. The absolute value of

the desorption rate increases as shown in Figure 7 . l4 . The desorption

rate at the lower bin level decreases rapidly and the corn at that level

soon becomes practically ammonia-free; the desorption zone thus moves
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forward.

4-D. 'Ihe Breakthrough Curves

The breakthrough curves mder standard conditions are shown in

Figure 7.15 for the adsorption and Figure 7.16 for the desorption. The

smaller the grain depth the steeper is the breakthrough curve. It

requires 34 hours to reach a 90 percent breakthrough for 6.1 m of grain.

Thus, the ammonia concentration in the air will reach 90 percent of that

of the inlet air after 34 hours of ammoniation. (h the other hand, it

takes about four hours for 0.31 m of grain to reach 90 percent break-

through. The shape of the breakthrough curves is greatly influenced

by the following factors: ( 1) the airflow rate (larger airflow will

shorten the breakthrough times), (2) the mass transfer rate (larger mass

transfer rates will generate steeper breakthrough curves), (3) the

grain moisture content (larger grain moisture contents will adsorb more

ammonia and thus prolong the breakthrough time), and (4) the grain

temperature (grain at lower temperature tends to prolong the breakthrough

time since the cooler grain has higher ammonia-holding capacities).

The desorption breakthrough curves (Figure 7.16) are also influenced

by the above factors in parallel to the adsorption process. The 90

percent desorption breakthrough time is about 38 hours for 6. l m of

grain which is longer than that in the adsorption process . The desorp—

tion process lowers the grain temperatures and increases the breakthrough

time.

5. The Sensitivity Tests of the Important Parameters

The purpose of the sensitivity tests was to investigate the influence

of certain parameters in the simulation model on the predicted ammonia
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concentrations. The investigated parameters included are: (l) the

initial grain moisture content, (2) the initial grain temperature,

(3) the airflow rate, (4) the ratio of the mass/heat transfer coefficients

(KI-I), and (5) the division factor (NF), i.e. the nmber of time intervals

in which the first inside node is subdivided at the first computing

time interval.

5—A. The Initial Grain Moisture Content

The influence of grain moisture content on the ammonia adsorption

process is rather straightforward since water in the corn is assumed

to be the only active component in holding the free ammonia. The more

ammonia is adsorbed by the com, the less ammonia is left in the air

under the same inlet conditions.

The average ammonia concentration for different grain moisture

content is shown in Figure 7.17. The range of grain moisture content

tested is from 15 to 36 percent, w.b. It shows that the higher the

grain moisture content, the longer time the ammonia takes to break

through the bed. This is further evidenced by the difference in the

ammonia concentration profiles in the air after three hours of ammonia-

tion at different grain moisture contents (Figure 7.18). The correspond-

ing concentration profiles for free ammonia in the corn (shown in Figure

7.19) demonstrate an interesting variation at the lower portion of the

gain bed. At grain” moisture contents higher than 20 percent (w.b. ),

the S-shaped curves are due to the evaporative cooling effect . However,

the concentration profiles at 15 percent moisture are shifted'to the

left at the lower bed positions. This is the result of moisture read-

sorption instead of drying since the grain moisture content is lower

than the corresponding equilibrium moisture content. The combined
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effect of ammonia adsorption and gain rewetting increases the grain

temperatures which subsequently results in a decrease of the free

ammonia contents in the corn. As the moisture content is lowered, the

free ammonia is more evenly distributed throughout the bed in the first

few hours of the ammoniation process.

The lower the gain moisture content, the more ammonia is left in

the gain void fraction and more ammonia is thus lost in the exhaust air

(see Figure (7.18). Knowing that gain at a lower moisture content

adsorbs ammonia at a slower rate, it is advisable to apply a smaller

inlet ammonia concentration or use an air recycling system in the ammonia

grain drying process. An air recycling system will not only reduce the

ammonia loss but also reduce the possibility of gain rewetting.

5-B. The Initial Grain Temperature

The initial grain temperature was varied from -l.l to 32.2°C. This

range covers the temperature for most ambient air drying conditions in

the U.S. The variation of ammonia concentration in the air with the

initial grain temperature is not large as shown in Figure 7.20. The

average ammonia concentration in the air is slightly higher for a higher

initial gain temperature in the first few hours (about nine hours under

standard conditions) of ammoniation. The buildup of free ammonia in

the corn at a lower gain temperature is faster than at a higher gain

temperature as a result of the changes of the equilibrium ammonia content

with temperature (Figure 7.21).

The average ammonia adsorption rate is proportional to the slope

of the average free ammonia concentration curve in Figure 7.21. The

adsorption rate of the gain with a lower initial gain temperature is

faster in the beginning but slower after about nine hours of ammoniation.
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This result is consistent with that of the average ammonia concentra-

tions in the air (Figure 7.20) as the curves cross and switch relative

positions at about nine hours.

The upper group of curves in Figure 7.21 indicates convergence of

the average gain temperatures as time increases. The inlet air tempera-

ture and humidity remain the same for differeit initial gain tempera-

tures. The two groups of curves for the gain terperature and the free

ammonia content in Figure 7.21 are expected to converge into two’separate

fixed values after a long-time treatment . The telperature curve at

10°C initial gain temperature drops slightly with time because the

drying-cooling effect is larger than the ammonia adsorption heating

effect.

5-C. The Airflow Rate

The airflow rate is one of the most important parameters in all

types of gain drying problems. The unsaturated air humidity (RH < 1.0)

is the driving force for the drying process in the case of ambient

air gain drying. The drying rate of the total gain bed depends on

the degee of unsaturation of the inlet air as well as the rate of the

supply of the unsaturated air.

Analogously, the ammonia adsorption rate is determined by a driving

force and the airflow rate. The range of airflows investigated falls

between 0.305 cum/m2 (1.0 cfm/ftz) to 6.096 can/m2 (20 cfln/ftz). It

should be noted that as the airflow rate increases, the rate of ammonia

input (kg/hr) increases proportionally if the inlet ammonia concentration

(in percentage) remains the same . Thus, more ammonia is applied at

larger airflow rates during the same period of ammoniation.
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More ammonia is lost in the exhaust air after three hours of ammonia-

tion when a higher airflow rate is used as shown in Figure 7.22. The

buildup of ammonia in the air is faster at a higher airflow rate after

the same period of ammoniation tmder standard conditions.

Unlike the influence of the initial grain temperature and moisture

content on the ammonia concentrations, the rate of accumulation of both

ammonia in the air and in the corn is increased by a larger airflow

rate as shown in Figures 7.23 and 7.24. This is an indication of larger

amoimts of ammonia being supplied when larger airflow rates are used.

The sensitivity of ammonia accumulation to the airflow is more

significant at smaller airflow rates. At an airflow rate larger than

2.29 arm/m2 (7.5 cfm/ftz), the increase in the speed of ammonia penetra-

tion is less sensitive than that of smaller airflow rates. Further

increase in the airflow rate (larger than 6.10 arm/m2) will not only

increase the ammonia loss in the exhaust air but also do very little in

improving the ammonia breakthrough time.

Similar shapes for the curves were found in the penetration curves

for the free ammonia concentration in the corn (Figure 7.24) and the

ammonia concentration in the air (Figure 7 .23). This conclusion is based

on the fact that a larger airflow rate will not only increase the ammonia

concentration in the air but also will increase the mass transfer rate

(Equations 6.29 and 6.42).

5-D. The Ratio of the Mass/Heat Transfer Coefficients

The estimation of the value of the heat transfer coefficient has

been presented in Chapter 6 . Assuming constant thermal properties for

the air, the heat transfer coefficient is solely dependent on the airflow

rate as shown in Equation 6.29. Thus, the mass transfer rate is determined
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by the airflow rate and the specified ratio for mass/heat coefficients

(KH). This section focuses on the investigation of the influence of

the ICE ratio on the ammonia adsorption process. At constant airflow

rate the mass transfer coefficient is proportional to the KH ratio which

is assumed constant.

The influence of the ICE ratio on the free ammonia concentration

profile is shown in Figure 7.25. The test range of the KH ratio was

3 —6
between 1.0 x 10‘ and 1.0 x 10 . As the KH ratio is higher than 1.0

x 10"3 , the mess transfer coefficient is almost large enoug to have

instant equilibrium between the ammonia in the air and in the corn.

The crossover of the curves in Figure 7.25 is due to the higher

ammonia concentration in the air at the upper portion of the bed when

a smaller mass transfer coefficient is used. In other words, more

ammonia is left in the air and carried to the upper levels when the

mass transfer rate is lower.

An extreme slow adsorption process is found at the smallest KH

ratio. The free ammonia content remains almost constant at bed levels

higher than 15 an after three hours of ammoniation as indicated in

Figure 7.25. This is because the adsorption rate is so small that most

of the ammonia in the inlet air is carried through the bed with only a

smll amouit transferred to the corn. The entire gain bed encounters

about the same ammonia concentration in the air and adsorbs ammonia

at the same rate. The bottom level was assumed to reach equilibrium

with the inlet ammonia instantaneously no matter how small the mass

transfer rate is. The free ammonia concentration after the inlet node

drops considerably and remains essentially constant throughout the bed

for the smallest KH ratio.
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after 3 hours of ammoniation .



213

The ammonia concentration profiles in the air are expected to be

of similar shape to the mirror image of Figure 7 .25.

The penetration curves of the average ammonia concentration are

presented in Figure 7.26 for different KH ratios. The accumulation of

ammonia is more sensitive to the mass transfer coefficient when a smaller

ratio is used as indicated by the shape of curves using KH 8 1.0 x 10"6

in Figure 7 .26. The crossover phenomenon of the ammonia penetration

curves in, the air in Figure 7.26 can be explained by considering the

value of the KH ratio. After about eight hours of ammonia treatment

urder the standard conditions, the concentration curves for KH = 1.0 x 10-5

or higher are getting closer to the saturation. The adsorption is thus

reduced considerably. On the other hand, the free ammonia contents

in corn are still far from saturation for values of KH = 1.0 x 10.6,

and also the reduction in the adsorption rate is less significant. The

"delayed" adsorption at small m-I ratios explains a lower ammonia concen-

tration in the air after the crossover region in Figure 7.26.

5-E. The Inlet Ammonia Concentrations

The sensitivity test of the inlet ammonia concentration was designed

to investigate its effect on the change in the ammonia concentration

profiles. Cue of the major problems in applying ammonia gain drying

on a practical basis is the selection of a proper ammonia flow rate to

utilize the ammonia efficiently by reducing the ammonia loss in the

exhaust air to a minimum.

The ammonia concentration profile in the air is shown in Figure 7.27

for various levels of inlet ammonia concentration. At the end of a three-

hour ammoniation, the ammonia concentration gadient across the bed is

larger as a higher inlet ammonia concentration is applied. The amount
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of ammonia lost in the air is not significant after three hours of

ammonia application even at an ammonia concentration in the inlet air

of as high as 0.5 percent.

The comparison between the fraction of ammonia loss at different

ammonia inlet levels in the exhaust air is presented in Figure 7.28 for

different inlet ammonia levels. It is surprising to find that the

relative concentrations (based on their corresponding inlet concentrar

tions) of ammonia.in the exhaust air are nearly independent of the

applied ammonia concentrations. About half of the ammonia is lost in

the air after eight hours of ammonia treatment at a constant inlet

ammonia level. Despite the similarities of the relative amount of

ammonia loss, the results in Figure 7.28 still imply that a larger

(absolute) amount of ammonia is lost in the air at the higher inlet

ammonia concentrations. The ammonia loss will increase as the ammonia-

tion time increases. This is the reason why the inlet ammonia concentra-

tion should.be maintained at a lower level in order to reduce the ammonia

loss. Although a smaller inlet ammonia concentration has the advantages

of reduced ammonia loss and an even distribution of ammonia during the

early stages of ammoniation, the maximum level of free ammonia adsorp—

tion in the corn is limited by the ammonia concentration levels in the

air. There exists a minimum inlet ammonia level in order to maintain

a minimum level of free amrenia content in the corn to be able to

effectively inhibit microbiological activities. The determination of

a minimum level of inlet ammonia depends on the terperature, humidity,

grain moisture content, and.the physical condition of the grain.

The corresponding profiles of the free ammonia content for differ-

ent amrenia inlet concentrations are compared in Figure 7.29 after
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three hours of ammonia treatment. The shape of the curves reserbles

that of the ammonia concentration profiles in the air (Figure 7.27)

except that the lower portion of the curves is slightly shifted in the

direction of the higher concentration. The 0. 5 percent concentration

curves in Figure 7 .29 indicate that even at 0.5 percent inlet ammonia

concentration, the amount of adsorption heat released due to ammonia

adsorption is still less than the latent heat loss due to the drying

process and therefore the gain terperature decreases .

5-F. The Division Factor

The division factor in the simulation model was designed to over—

come instability often encomtered in numerical integation processes

using finite difference methods. Unexpectedly, the instability did not

occur throughout the entire tests.

The significance of using the division factor (NT) is shown in

Figures 7.30 and 7.31. The following three computing scheres are

compared: (1) At = 0.1 hour, NT = 1, (2) At = 1.0 hour, NT = 10, and

(3) At = 1.0 hour, NT = 1. '

The ammonia concentration profile in the air after two hours of

ammoniation are compared in Figure 7.30 using the above NT values. Even

though the division factor was only applied once in the computation at

the first inside node and the first computing time increment, signifi-

cantly different results are obtained. The computation using At = 0.1

hour gives a more accurate numerical result than a At = 1.0 hour.

The computing schere using At = 1.0 hour and NT = 10 predicts a

more accurate result at the lower portion of the bed (Figure 7.30) but

not as good as using At = 1.0 hour and NT = 1 at the upper levels.

The improverent in the computational accuracy closer to the bed bottom
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is expected since that is where the division factor functions.

The results of the average ammonia concentration in the air and in

the corn (Figure 7.31) show the same trend in improving the accuracy

close to the bed bottom for the computation using NI‘ = 10. After the

first hour of carputation, the division factor is no longer operative

and the second and third computing scheres using At = 1.0 hr predict

parallel results. Nevertheless, the residual effect of the division

factor indicates a slightly better accuracy at a value of NT = 10 at

prolonged treatment. Both results using the second and third cmputing

schemes are farther apart from the results using At = 0.1 hour after

four hours of ammoniation.

6. Experimental Verification of the Ammonia Sorption and Drying Model

The experimental results presented in this section were obtained

from the bin tests performed at Michigan State University.

The tests were designed to verify the simulation model as well

as to gain practical ammonia-assisted ambient air gain drying experience.

The sampling frequency was limited due to the long-time nature of the

test and the lack of sufficient manpower to perform the necessary

chemical analyses regularly as would have been desired.

6-A. The Ammonia Concentration in the Air during Adsorption

(mice the ammonia treatment has been started, the residuals built

up in the corn. The residuals are assured to be a permanent part of

the armronia—treated corn. Further aeration can only remove the free

ammonia in the corn and the ammonia in the void spaces. The major

concern in this part of the experiment was the change of the ammonia

concentration in the air.
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Before the adsorption test began, the corn was aerated with ammonia-

free ambient air for about three days. The purpose of this process

was to make sure that there was no free ammonia within the system.

Each air sampling period lasted 10 minutes; a set of six samples from

six levels in the him was taken at the same time as described in Chapter 5.

The samples were taken continuously for about two hours. The measured

average ammonia concentration values in the air are shown in Figure 7.32

along with the simulation model results predicted by the simulation model.

The predicted curves were generated by defining the initial condi-

tions as the experimentally measured conditions at the start of the ammonia

treatment. The measured initial conditions include the gain moisture

content and the terperature.

The predicted results in Figure 7.32 are found to have satisfactory

correlation with the experiment results. The correlation coefficient

between the experimental and the predicted results is 0.918. The model

predicts lower values in the early stages of the test but higher values

after about one hour of ammoniation. The reason for this deviation can

be explained by either of the following factors or their combined effect:

(1) an incorrect value of the mass transfer coefficient, (2) the error

in the measurerent of the airflow rate and the deviation of the airflow

from ideal plug-type in the actual bin system, and (3) the error in the

prediction of the gain and air temperatures. The results in Figure

7.26 imply that a curve with a smaller slope can be obtained by using

a smaller mass transfer coefficient which would have reduced the predic-

tion errors. The airflow deviates somewhat from the ideal plug-type.

In addition, the uneven distribution of ammonia at the same depth level

will create significant errors in the experimentally determined ammonia
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concentrations. The error in the prediction of the gain terperatures

is less significant since the ammoniation tests lasted less than two

hours during which the temperature fluctuations were small.

The comparison between the experimental concentration profiles in

the air and the predicted profiles is presented in Figure 7.33. Even

though the experimental results for the concentration profiles at a

specific ammoniation time do not form a s1ooth curve, the relative

positions of the measured results agree reasonably well with the pre-

dicted results throughout the entire bed. The measured ammonia concen-

trations in the air at a specific bed level, in general, increase with

time within the prediction range.

6-B. The Ammonia Concentration in the Air during Desorption

The desorption tests are similar to the adsorption tests except

for the initial and inlet conditions. The entire gain sample in the

bin was treated with a constant ammonia flow for an extended period of

time (about two days) to guarantee an amrenia-corn equilibrium condition

before the desorption tests began. The profiles of gain terperature,

moisture content, and free ammonia content at the start of the ammonia

desorption tests are shown in Figure 7.34. The ammonia concentration

in the air was 0.0475 percent throughout the bed before the tests

started. The initial free ammonia concentration at the different bin

levels is different even in equilibrium with a constant ammonia concen—

tration in the air. The difference is attributed to the variations in

the gain moisture content and temperature. The inlet air was the

ambient air free of ammonia.
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The experimental results of the desorption test are compared with

the predicted values in Figure 7.35. The model predicts the average

ammonia concentrations with reasonable accuracy. The deviation between

the predicted and experimental results can be explained by the same

reasoning as for the adsorption process. The correlation coefficient

is 0. 782.

Most of the experimentally determined desorption concentration

values fall within the neighborhood of the predicted values as shown

in Figure 7.36. The experimental results after one hour of desorption

are closer to the predicted results than those at earlier times.

Despite the deviation of experimental results from the predicted

values, it is encouraging to have such a close comparison between the

experimental results with the "ideal" model with so many assurptions

and necessary guesses of some Imknown parameters such as the mass

transfer rate, heat of adsorption, ammonia sorption isotherm, and the

amount of residuals .

6-C. Comparison of the Experimental and Predicted Ammonia Concentration

Profiles

The experimental results which are compared with the predicted

results were obtained from the second part of the experiment - the

constant amnonia application rate (0.0475 percent ammonia) period.

The gain and air sample were obtained at most of the test period.

The selected experimental results were taken at the following times:

10, 22, 140, 161, 242, and 262 hours. The total test period in the

second part of the experiment was 384 hours; the ammonia application

was ended at the 264th hour.
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Theimeasured.ammonia concentration in the air, the total ammonia

content and the free ammonia content in corn were compared with the

predicted results. The ammonia was applied four hours after the fan

had started to stabilize the gain terperature with the ambient air.

At the 10th hour (Figure 7.37), the corn had been treated with ammonia

continuously for six hours . The predicted ammonia concentration pro-

files had not yet completely broken through as indicated by the

unsaturation of ammonia in the air at gain levels higher than one meter.

The experimental results of the ammonia concentration in the air are

lower than the predicted values at the tenth hour. Although the pre-

diction model accepts variations in the inlet conditions at any input

time interval, the prediction of ammonia contents in the corn is compli-

cated'by the constant varying inlet ambient air'temperatures and

humidities as indicated in Figure 5.4.

The corn had been treated with a constant inlet ammonia concentra—

tion continuously for 18 hours in the samples taken at the 22nd hour

(Figure 7.38). The air in the bin was predicted to be completely

saturated with ammonia at the inlet concentration level. However, the

experimental results are lower. Furthermore, the model predicts higher

ammonia.concentrations in the corn at higher levels in the grain bed.due

to higher moisture contents and lower gain temperatures. The experi-

mental results showed a.similar trend in that region. The changes of

grain temperatures lag behind the inlet air temperature which was

constantly changing. The density of the corn is much greater than

that for the air. At higher levels of the gain bin, the time lag

is even greater.
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At the 140th hour, the gain had been treated with ammonia continu-

ously for 27 hours (Figure 7.39) as shown in Figure 5.6. The ammonia

concentrations in the corn were lower than those at the 22nd hour due

to the higher ambient air temperatures and, consequently, the higher

grain temperatures.

The ammonia concentrations were found to be consistently higher

at higher levels in the grain than at the lower portions. This is due

to the higher moisture contents at higher levels. Good agreement was

observed between the experimental and.predicted results at the lGlst

hour of treatment (Figure 7.40) which is at the end of the second

ammonia injection period after 48 hours of ammonia treatment at a

constant inlet ammonia concentration. Air samples were not taken at

the l6lst hour.

The results in Figure 7.41 show the same degree of agreement as

the previous sample at the 242nd.hour which is after 24 hours of

ammoniation in the third ammonia injection period as indicated in

Figure 5.6. The last ammonia samples were analyzed at the 262nd.hour

(Figure 7.42), 44 hours after the ammoniation at constant inlet ammonia

level in the third amronia injection period. Better agreerent between

the experimental and predicted results were found for the ammonia

concentrations in the air at the 262nd hour than for the samples at the

other times. However, the experimental results of ammonia concentra-

tions in the corn failed to show higher concentrations at higher

levels in the gain as did the predicted results.
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6—D. Comparison of the Experimental and Predicted Grain Moisture

Contents and Terperatures

Even though the prediction of the ammonia concentrations is the

major concern in the ammnia sorption and drying model, the simulation

model also predicts the gain moisture content and the teIperature. The

reason for the emphasis on the prediction of ammonia concentrations in

this investigation is that the simulation of the chemical preservation

process in a fixed-bed gain drying system is a new research area.

Fixed—bed gain drying models have been developed, tested, and modified

by various researchers (Roth and Bakker—Arkena, 1977 , and Rugumayo ,

1979). The addition of the ammonia sorption process to the fixed-bed

gain drying model necessitated major modifications in the fixed-bed

gain drying model developed by Roth and Bakker—Arkema (1977) .

The amronia drying model not only describes the amIonia sorption

behavior but also predicts the gain terperature and moisture content

as influenced by the ammonia sorption process. The verification of

the ammonia sorption characteristics has been presented in the previous

sections. This section will cover the verification of the predicted

gain moisture content and temperature.

The ammonia gain drying experiment lasted for 1744 hours. The

experimental values of the gain terperature and moisture content of

the ammonia preservation and drying test were compared at different

bin levels with the predicted results at the following times: 13,

392, 1447, and 1744 hours after the start of the experiment. .

The initial gain moisture content was 25.61 percent w.b. At the

13th hour of the experiment, there was little drying in the gain and

only the portion of the gain near the bottom of the bin was predicted
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to have lost some moisture as shown in Figure 7.43. The thermocouple

readings of the temperature actually read the air temperatures in the

void.spaces. The grain temperature was assumed to be the same as the

air temperature. With varying inlet air temperatures, this assumption

.might be partially responsible for the error in the prediction of grain

temperatures as compared to the experimental results.

Only the latent heat and sensible heat changes are taken into

account in the formulation of the temperature equations (Equations 6.14

and 6.16). In addition, the heat generation due to the dry matter

degradation, and the respiration of grain and of the microorganisms:may

attribute the terperature increase. Still the maximum deviation of the

predicted results from the experimental results was less than 3°C as

shown in Figure 7.43.

After 392 hours of ambient air drying (Figure 7.44), the upper

2/3 of the gain still stayed at the initial moisture content. The

grain was drier as it was closer to the bin bottomIin the lower 1/3

portion of the grain. The predicted grain moisture contents are in

good agreement with the experimental results. The simulation model

predict higher temperatures in most of the grain bin. The shape of

the temperature profile reflects the variations of the inlet air condi—

tions. Theoretically, the inlet air reaches the top of the bin in less

than 30 seconds at an airflow rate of 1.43 m/min in a 1.83 m—high bin

of corn with 38 percent void spaces. The density of corn is approxi-

mately 580 times greater than that of the air while the specific heat

of the air (0.242 cal/g°C) is about the same as that for the corn

(0.268 cal/g°C). In the case of using an infinite heat transfer

coefficient, the temperature variation in the corn at different levels
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will follow the air temperature change at a speed of 1/600 of that in the

air. In other words, it would take five hours for the grain to reach

the same terperature as the inlet air of 1.43 m/min is used and the

terperature change due to mass transfer is neglected.

The results of the above two samples were taken during the first

part of the experiment which lasted 1360 hours. The wet grain was kept

in the bin throughout the winter without aeration due to the severe cold

which lasted about three months.

The drying front had traveled to about 1/3 from the bin top at

the l447th hour of the experiment (Figure 7.45). The model predicts

the grain moisture contents accurately except at the top level. The

temperatures throughout the him were nearly constant and good correlation

was found between the experimental and predicted results in Figure 7.45.

The last set of samples for the grain moisture determination was

taken at the end of the experiment after 1744 hours fan operation

(Figure 7.46). The model predicts higher moisture contents and lower

temperatures than the experimental results thmughout the entire grain

bed. The desirable final average grain moisture content was 15. 5 percent

w.b. Both the experimental and the predicted results showed some over-

drying near the bottom of the bin. The model predicts higher moisture

contents at positions close to the bin top than the experimental values.

A second drying front is predicted at an equilibrium moisture content

of about 13.5 percent moving from the bottom of the him as shown in

Figure 7.46. The experimental results also indicate the existence of

a second drying front. The formation of the new drying front is due to

the warm and dry weather of the spring which is capable of drying the

grain to a moisture content lower than the desired final grain moisture
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content of 15. 5 percent . As more moisture is evaporated near the bottom

of the bin, not much drying takes place at the top of the him since the

air is saturated before it reached the top.

The final average moisture content was determined as 15.61 percent

w.b. while the model predicted a final moisture content of 17.40 percent

w.b. The grain drying rate depends on the ambient air temperatures and

humidities as indicated in Equation 6.12. A higher grain temperature (6)

and a lower relative humidity (RH) in the inlet air will predict a

smaller moisture ratio (MR) and, consequently, a lower moisture content.

If the model predicts lower terperatures in the grain for an extended

period of time, the predicted grain drying rate is decreased and thus

higher grain moisture contents are predicted as shown in Figure 7.46.

6-E. The Experimental Results of Mold Contamination

The mold contamination was determined at various stages of the

corn drying and preservation test . The grain sample taken immediately

after harvest was free of mold contamination. The average mold number

during the test is shown in Figure 7.47 together with the change in

grain moisture content and the amount of ammonia added during the various

test periods. During the first 360 hours of the drying test, the average

mold number increased rapidly despite the addition of ammonia. The

average mold count was less than 10,000/g which is still below the

dangerous level. Still, this is an indication that the ammonia treat-

ment was not sufficient for the wet grain to completely inhibit the

mold growth. Had a higher dosage of amronia been applied, the mold

count would have been lower. After 360 hours, the mold growth leveled

off because of the cold temperatures. Significant mold growth was

found at the top after the 600th hour in spite of the cold ambient
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temperatures. The mold growth at this stage was mostly attributed to

the significant growth at the upper portion of the grain him as shown in

Figure 7 .48. The mold growth at the lower portion of the grain bed

was not obvious during this period even without the ammonia.

The application of ammonia at around the 1400th hour reduced the

mold count significantly at all levels (Figure 7.48). The mold growth

then increases again after the armoniation has been stopped at the 1623rd

hour.

Visible molds were detected at the grain level just below the top

surface at the 1360th hour. The infected portion of the grain was less

than 20 on deep. The visible mold growth was concentrated on the broken

corn kernels and was contained significantly after the ammonia was

applied. The inhibitory effects of ammonia on the grain molds could

readily be observed by the naked eye.

A representative sample of ammonia-treated corn taken at the end of

the experiment was sent to the U. S. Grain Marketing Research Laboratory

(Miller, 1979) for determination of the mold count. One seed in 25

and one seed in 100 were found containing Fusarium in two separate tests.

The ammonia-treated sample was fomd to be cleaner than the regular

commercial samples. No Aspergillus and Penicilliun were found. Thus

no aflatoxin test was performed.

6-F. Energy Consumption in Ammonia Grain Drying

The ammonia grain drying is one of the alternative energy-saving

grain drying techniques. In this particular bin experiment, 3048 kg

(120 bu) of corn was dried from 25.6 percent (w.b.) moisture content to

15.6 percent. The test weight (density) for the wet corn is 682 kg/m3.

Thus, a total amount of 342 kg water was removed throughout the entire
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drying process. The 1/20-hp fan Operated for 1744 hours and the total

amount of ammonia applied was 18.4 kg.

The energy requirement in the ammonia grain drying process consists

of two major parts (excluding loading and unloading): the energy in

producing ammonia and the fan operation energy. The energy required

in the ammonia porduotion is 5.598 x 104 KJ/kg and the total amount of

energy in producing 18.4 kg of ammonia is 1.030 x 106 KJ. The 1/20-hp_

fan consumes energy at a rate of 37.3 watts (1.343 x 102 KJ/hr) and the

total fan energy amounts to 2.342 x 105 KJ. The total amount of energy

required in the ammonia grain drying was 1.264 x 106 KJ, among which

81.47 percent for the production of ammonia and only 18.53 percent for

the fan operation .

The dryer efficiency is 3696 KJ/kg—water (1589 BTU/lb-water)

removed which is a saving of over 50 percent compared to 7500 KJ/kg-water

removed for high-temperature dryer and 33 percent saving compared to

5500 KJ/kg-water for him drying systems.



CHAPTER 8

(INCLUSIONS

A theoretical analysis of the ammonia-assisted grain drying process

has been made, a five-equation model was developed and solved

numerically.

An experimental bin test of ammonia grain drying has been performed

employing 4.35 m3 (120 bu) of com. The 1.83 m deep corn was dried

from 25.6 to 15.6 percent (w.b.) moisture within 72 days and 16

hours of fan operation at 1.43 ohm/m2 (1 cfm/bu) without unacceptable

grain spoilage. The total amount of anhydrous ammonia applied was

18. 3 kg.

The five—equation model solves the dynamic changes of the ammonia

concentration in the air and in the corn with respect to time,

position, temperature, humidity and grain moisture content. A

sensitivity model established the important parameters in the predic-

tion model.

A newly-developed ammonia sorption isotherm, which is approximated

from the ammonia-water solution isotherm, serves as an essential

stepstone in solving the equilibrated condition between the grain

and the ammonia.

The computer simulation program of the five—equation model was

tested and compared with the experimental results. Good agreement

251
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between the experimental and predicted results was obtained.

The prediction model is dynamic and is capable of handling varying

ambient conditions , inlet ammonia concentrations , and other grain

properties at any specified time interval which can be variable.

The ammonia sorption and drying model was tested for numerical

accuracy. A set of values for the computing time and depth intervals

was established at 1.0 hour and 15.3 cm (0.5 ft) which were shown

to have reasonable prediction accuracy and do not consme an excess

amotmt of computing time.

The sensitivity of the important parameters in the prediction model

has been determined. It was fomd that the ammonia adsorption rate

could be significantly increased with a higher grain moisture

content and a lower grain temperature .

The prediction model can be used to simulate a practical-scale

experiment with a set of predetermined initial and operating condi-

tions without actually performing the time—consuming experiment .

cm the other hand, the prediction model enables the design of future

experiments in a more efficient manner and is able to predict the

results of a future experiment .

The general grain drying simulation model using fungicidal chemicals

was established. The general model can easily be made specific to

simulate the treatment of a certain type of grain with a specific

fungicidal chemical by specifying relevant property parameters.



CHAPTER9

SUGGESTICNSFURFUIURERE‘SEARQI

Conduct experiments to determine the following important but unknown

parameters:

(1) the mass transfer coefficient between the ammonia and the grain,

(2) the heat of adsorption and desorption of ammonia in the grain,

(3) the amount of fixed-ammonia (residual) in the grain as a

function of ammonia concentration in the air, free ammonia

content in the corn, airflow rate, grain moisture content ,

temperature and time, and

(4) the ammonia multiplier (MA) in the determination of dry matter

loss and/or mold growth in the grain.

Conduct an experiment to determine the ammonia adsorption and desorp—

tion isotherms and compare with the equations developed in Chapter 3.

Conduct an experiment to establish the dry matter loss or the mold

growth as a function of the terperature and the free ammonia content

in the grain.

Perform experiments with grain samples other than corn, such as

wheat , sorghum, rice, soybeans, barley, peanuts, pea beans, etc. ,

and compare the experimental results with the predicted ones of

the ammonia sorption and drying model.

Perform experiments with frmgicidal chemicals other than anhydrous

ammonia, such as propionic acid, acetic acid, methylene bis-propionate
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(MBP), formalin, sulfur dioxide, etc. , and compare with the pre-

diction model.

Compare the fungicidal effect of the same amount of ammonia in two

identical bins at the same location by using a trickle (intermittent

injection) process and a continuous (at a constant rate) process.
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APPENDIX A

UNIT CUWERSIONS

 

 

Quantity Unit Equivalent

Airflow m3/mrin (cmm) 3.532 x 101 Sfm

dun/m2 3.281 cfm/ft

cmrm/kg 8.971 x 102 cfm/bu

cum/ton 8.830 x 10-1 cfm/bu

Area m2 1.076 x 101 it2

Convective heat W/m2 K 1 . 762 X 1031 BTU ft °C

transfer coefficient 3.600 x 10 J/hr K

Convective mass m/hr 3.281 ft/hr

transfer coefficient

Density kg/m3 6.242 x 10‘: 1b/it3

7.768 x 10" lb/bu (corn)

Diffusivity mZ/hr 1.076 x 101 ft2/hr

Energy J 9.479 x 10:: mm

2.390 x 10 Kcal

Force N 2 .260 x 10"1 1bf

Heat content J/kg 4.299 x 10‘4 BTU/lb

Heat transfer rate W/m3 9.662 x 10"2 BTU/hr ft3

length m 3.281 ft

Mass kg 2.205 lb _3

1.000 x 10_4 tonne

9.843 x 10 ton

Mass transfer rate* kg/hr m2 2.046 x 10':1 lb/hr rt?“

Power W 1.341 x 10.3 hp

3.414 BTU/hr

Pressure N/m2 9. 872 x 10'? atmosphere

 

4.014 x 10:4 in.water

1.450 x 10___3 psi

7.500 x 10 mm Hg

* The mass transfer rate can also represent the mass transfer coefficient

as defined in Equation 6.11.
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APPENDIX A

Quantity Unit Equivalent

Specific heat J/kg‘C 2.388 x 10'4 B'IU/lb°F

Specific surface area m2/m3 3.048 x 10"1 ftZ/ft3

Thermal conductivity W/m K 5.778 BTU/hr ft°F

3.600 x 103 J/hr m K

Velocity m/hr 3.281 ft/hr

Viscosity kg/m hr 6.719 lb/ft hr

Volume m3 3.531 x 101 ft3

2.838 x 101 bu

2.642 x 102 U.S. gal
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