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(ABSTRACT) 

The research reported here explored the flammable range of gasification product 

“producer gas” in a combustion chamber to ensure complete combustion. Rising fuel 

prices has led to increased research in renewable energy sources. Biomass is a renewable 

resource whose use does not result in a net increase of CO, in the atmosphere. Wood 

was selected as the biomass for this research. Applications for wood as a fuel source 

includes crop drying, space heating, and power generation. Flammability limit and 

chemical equilibrium theory were used to model the flammable range of the gasification 

product in a combustion chamber. 

The model predicted an adiabatic flammable zone within an equivalence ratio of 0.56 to 

1.67 for oak with 20 percent moisture content (w.b.), and a maximum adiabatic flame 

temperature of 2025°C for dry oak. Chemical equilibrium theory was used to predict 

gasification-combustion product concentration. 

Based on the analysis of the data, the following conclusions were made: (1) Flammability 

of gas-air mixture is largely determined by the amount of heat loss prior to combustion, 

(2) At equivalence ratios greater than 1.25, CO appears in the combustion products, (3) 

Adiabatic Flame Temperatures are largely influenced by moisture and excess air, (4) 

Combustion temperature is a critical parameter that influences composition distribution of 

the gasification-combustion product. (Product compositions are important to the



designer, for both energy and environmental impact), and (5) Maximum benefit for a 

gasifier-combustor system could be obtained if heat loss, excess air, moisture content, 

mixing effectiveness, and residence time are optimized.
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1.0 INTRODUCTION 

Throughout history, wood fuel has played a fundamental role as an energy supply. Until 

1850, wood was the primary residential and industrial energy source. However, the 

discovery and development of fossil fuel has significantly reduced the importance of wood 

fuel. 

Today, wood fuel does not play a major role in developed nations. Nevertheless, in oil- 

importing developing nations wood accounts for approximately 38 percent of consumed 

energy, and 90 percent of the total energy required in most African nations. For example, 

Ethiopia and Nepal are almost totally dependent on biofuels while Kenya is 75 percent 

dependent on biomass for energy (Tillman, 1991). 

World-wide production of dry biomass is estimated at 170 billion tons per year, and 

current consumption is estimated at 1.3 billion tons per year (International Energy 

Workshop, 1991). There is need to pursue the development of biomass energy systems 

in both developed and developing nations. Researchers have linked global warming to an 

increase of CO? in the atmosphere. Therefore, developed nations need to utilize more 

biomass fuel to reduce the effect of CO release from combustion of fossil fuels. 

Developing nations need to utilize more biomass because of the potential of stimulating 

economic growth. 

Applications of wood as a fuel source range from small to large scale. Examples for 

small-scale applications include on-farm operations that require relatively low 

temperatures (such as drying and space heating). Large-scale applications include district 

heating and power generation. Increases in the cost of fuel for operations such as crop 

drying, tobacco curing, poultry brooding, and peanut drying have stimulated increased 

research on the use of wood as an alternative fuel source. With rising fuel prices, the 
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gasification-combustion process is becoming economically feasible. It may prove 

appropriate for developing countries that are totally dependent on fossil fuel import, such 

as Kenya. 

To be economical, biomass must be used locally; consequently, biomass fuel is most 

competitive in rural areas. This is not a major limitation for the use of biomass, since 

there are many applications in rural areas, specifically crop drying and space heating. 

Lack of clean-burning, inexpensive combustors is a limiting factor in many potential 

applications. If not completely burned, biomass can foul heat exchangers and cause air 

pollution. 

There are two major wood conversion processes: direct combustion and gasification. In 

direct combustion the fuel is burned at high temperatures to achieve clean combustion 

products. Direct combustion is a suitable method for a process where power output 

control is not necessary. However, many processes, crop drying for example, require 

power output control. 

Gasification is the heating of fuels without oxygen to drive off gaseous fuel (producer 

gas), which is then burned to produce energy. Gasification processes were popular at the 

turn of the century, but became uneconomical with the availability of inexpensive fossil 

fuels. Gasification can provide gas for heat and power for domestic or commercial use, 

and is the basis for synthesis of liquid fuels and ammonia. 

A third conversion process combines gasification and combustion, in a two-stage process. 

Initially, wood is gasified in an oxygen-starved environment (primary chamber). Volatiles 

are driven off and char is oxidized to produce gas. This gas exits the primary chamber 

into an adjacent secondary chamber where secondary air is injected to facilitate complete 
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combustion. Depending on the concentration of the combustibles, the mixture may, or 

may not, propagate a flame. 

The research reported here is intended to provide solutions to various technical problems 

experienced by the author while investigating the fuel-feedrate of an updraft gasifier. The 

gasifier-combustor unit is installed in the Bioprocessing laboratory of the Biological 

Systems Engineering Department. The unit heats water at atmospheric pressure to 

provide space heating for the laboratory. Equipment is in place to simulate energy 

demand on the unit. Ultimately, the equipment will be used for research on the 

combustion of wood to meet a typical time-varying heat energy demand for crop drying. 

Moscahlaidis et al. (1989) burned chunkwood in the gasifier-combustor unit (hereafter 

referred to as a "chunkwood combustor"). The unit had a 500 MJ/hr design capacity, 

expected secondary combustion zone temperatures of 1200°C-1800°C, and an expected 

efficiency of 80-90 percent at design temperatures. Moscahlaidis found that for one-hour 

tests, using a 45 kg charge of mill ends, the combustion efficiency ranged from 24.1 to 52 

percent. For a continuous test, efficiencies ranged from 42.2 to 52.3 percent. The 

maximum secondary chamber temperature obtained was 1060 C, with a kerosene flame 

(560 C) used as an ignition source. In all cases, he assumed complete combustion of the 

fuel charge at the end of each gasification-combustion event. 

L.1 Summary of the Preliminary Investigation 

Several trials were conducted using the existing unit burning chunkwood pieces. A 

permanent kerosene flame (500 to 630°C) was used as an ignition source in the 

secondary combustion chamber (SCC). With gasification in progress and the kerosene 

burner operating, SCC temperatures ranged 800 to 900°C, with heat exchanger flue gas 

temperatures as high as 43°C. The preliminary investigation has shown that the flue gas 
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temperature (taken at 12 cm above the base of heat exchanger) was too low to be 

considered as a heat source to preheat the secondary air. The flue gas CO reading 

saturated at 1.6 percent five minutes after each test. The SCC temperature, the exhaust 

gas analysis, and visual examination of the combustor behavior (smoky) implied a major 

operational problem. Three conclusions were made from this result. (1) It was evident 

that the secondary air was cooling the producer gas in the SCC, (2) The secondary air 

inlets were designed to inject air at an angle of 45° towards the exit of the SCC; however, 

some of this air forced its way back to the primary chamber, causing the primary 

chamber to leak; and (3) The rest of the secondary air left the SCC without complete 

combustion as indicated by a low flue gas CO> reading. Low CO> readings implied that 

the O level was high in the flue gas--an unfavorable condition for the combustion 

process (Jaasma, 1994). Appendix Al contains the details of the procedure and results of 

the preliminary experiments. 

Design changes for the existing chunkwood combustor that could be considered are: (1) 

Investigate the effect of secondary air on combustion zone temperature by monitoring 

the secondary air entry temperature and mixing effectiveness, (2) Alternatives for 

preheating the secondary air besides using the flue gas; and (3) Investigate the effect of 

changes in SCC geometry. These design modifications would affect one of the most 

important parameters that control the combustion process, that is, temperature; however, 

these changes may demand additional equipment and cost, defeating the original idea of 

‘simplicity’ at the least cost. 

To understand the cited technical problems, it was found necessary to model the 

gasification-combustion process. It was evident that the flammability limit theory and 

chemical equilibrium model could provide important technical information for the design 

and operation of a gasifier combustor system. 
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1.2 Goal for this Study 

In developing countries, like Kenya, emphasis is now being placed on making maximum 

use of indigenous energy resources in order to minimize the outflow of foreign exchange 

and to ensure energy security. Kenya has abundant waste biomass, 2.7 million tons per 

year (World Bank Report, 1987). Refuse remaining after logging operations is a widely 

available material that could be used to produce chunkwood. It is my hope that this study 

will provide technical information necessary for designing an economical and 

environmentally safe chunkwood combustor for use in rural Kenya. 
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Chapter 2 

REVIEW OF LITERATURE 

2.0 Characteristics of Biomass 

Biomass is any material that was recently a living plant or animal. Compared to coal, the 

characteristics of biomass that are relevant to thermal processing, especially where the 

objective is maximum gasification, are: (1) it contains water and oxygen necessary for 

converting carbon to gaseous fuel; (2) it has a high content of volatiles; (3) generally it 

contains more hydrogen than carbon; and (4) it has a lower sulfur content (White and 

Plaskett, 1981). 

Biomass has a lower energy content than fossil fuels, and often has a high moisture 

content. A high moisture content consumes energy during combustion and also causes 

storage problems. Biomass has a low bulk density, a major factor in design of handling 

equipment and storage facilities. It is rarely homogenous and free flowing, thus automatic 

feeding of the combustor is a challenge. Biomass, however, is a renewable resource and 

its use does not produce a net increase of CO in the atmosphere. Carbon stored in plants 

is released when the plants are burned, but the resulting CO is captured by the next 

generation of plants. 

The behavior of wood as a fuel is influenced by anatomical, physical and chemical 

characteristics. Anatomical characteristics, which include wood fibers and pathways of 

moisture movement, determine the wood-fuel-moisture relationships. Physical 
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characteristics include moisture content, specific gravity, void volume, and thermal 

properties. The relationship between moisture content, specific gravity, void volume, and 

thermal properties is critical because moisture content affects the heat produced by wood. 

Chemical characteristics include proximate analysis, ultimate analysis, and the heating 

value. Proximate analysis defines the fuels as four components--volatile matter, fixed 

carbon, moisture and ash. It is used to measure the volatile matter of a given fuel. 

Ultimate analysis lists fuel composition by chemical elements (Tillman et al. 1981). 

2.1 Conversion of wood to energy 

There are three methods of converting wood to energy: pyrolysis, gasification, and direct 

combustion. Direct combustion is the most widely used of these methods. 

2.2.1 Direct wood combustion 

Direct combustion is the simplest approach of converting biomass to energy. The 

combustion process is a complex series of time and temperature dependent chemical 

reactions. Physically, biomass does not burn directly, rather a two-stage process takes 

place. In the first stage, the fuel is heated to form and drive off combustible gas, a process 

known as pyrolysis. The second stage oxidizes the gas produced by pyrolysis and energy 

is released. The heat released during this stage fuels the pyrolysis process and the cycle 

continues. There are four basic chemical processes involved in wood combustion: (1) 

heating and drying, (2) solid-phase pyrolysis, (3) gasification and (4) char oxidation 

(Tillman, 1991). 
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2.2.1.1 Heating and drying 

Upon exposure to heat, biomass chunkwood pieces are heated via an endothermic 

process. The limiting factor in drying and heating is the initial wood moisture content. 

Energy needed to heat chunkwood to pyrolysis temperature increases with moisture 

content. During this stage, heat is driven into the chunkwood particle from the gasifier 

environment. The moisture in the pores of the particle is vaporized from the surface to the 

center and steam escapes from the particle. Heating of the chunkwood core is achieved 

when all the moisture is vaporized. Also, thermal conductivity increases with an increase 

in moisture content and this increases the heat transfer rate from the chunkwood surface 

to the center. The energy required in this phase is a function of the chunkwood moisture 

content, ash content, dimensions, heat capacity, diffusivity, and thermal conductivity. 

Consequently, the heating and drying phase is limited by the moisture level. This phase 

continues until temperature (350°C) is favorable for pyrolysis to take place (Tillman, 

1981, 1991). 

2.2.1.2 Pyrolysis 

Pyrolysis is the breaking down of a material by heat in the absence of oxygen. Pyrolysis 

produces multiple products, some of which are liquid and can be transported remotely. 

Pyrolysis takes place when the fuel is heated to about 350°C, producing volatiles, tar, and 

charcoal. The volatiles remain in gas phase (CO, CO2, H7, H20, CHy4). Tar is a heavy 

hydrocarbon and can be treated as product of pyrolysis by itself. Char is a carbon-rich 

solid with very little hydrogen and oxygen. Pyrolysis depends on the specific combustor, 

combustor temperature, fuel size, and the way fuel is distributed inside the combustor (pile 
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or continuous flow). Pyrolysis is an endothermic process, which depends on the 

thermodynamic properties of the fuel. 

2.2.2 Gasification 

Gasification, a modification of pyrolysis, is the partial combustion of wood, in an oxygen 

or air- starved (less than stoichiometric) combustor, to produce a mixture of combustible 

gases (Fung, 1982). The result of gasification is partial combustion of biomass fuel, to 

either low-or medium-grade fuel depending on whether air or oxygen is used to activate 

combustion. Unlike pyrolysis, gasification reactions take place at higher temperatures. 

The higher temperatures restrict the production of tars and oil, which can condense and 

cause sticking and other operating problems. 

The product of gasification, commonly known as 'producer gas', is a mixture of gases 

(CO, CO7, Nx, H2, CH4, H7O) and higher hydrocarbons. Unlike pyrolysis, gasification 

yields a single product (gas), which is difficult to transport. It is best used for a close- 

coupled system, where the producer gas is burned as it is generated. The gas quality 

produced by a gasifier depends on the nature of fuel used and the gasifier operating 

conditions (Tillman, 1978). 

Leppa and Saarni (1982) provided a simplified explanation of the gasification process. 

They explained that the process begins with addition of air to the glowing layers of coals 

in a combustor. This initiates a process characterized by the following reactions: 

C + O97 =>CO7 +32.8 MJ/kg of carbon [2.1] 

CO2 + C => 2C0 -12.9 MJ/kg of carbon [2.2] 

H»O + C => CO+ Ho -9.6 MJ/ kg of carbon [2.3] 
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3C +0, ++ H2O0 => 3C0 + Ho + 3.4 MJ/ kg of carbon. [2.4] 

3CO + Hg + 209 => 3CO2 + H20 + 29.4 MJ/kg of carbon. [2.5] 

In reaction 2.1 above, carbon is completely oxidized to CO and heat is released, 

simultaneously, CO> is reduced (reaction 2.2), and some heat is absorbed as CO? flows 

through the charred wood. Steam from the drying wood flows upward, reacting with the 

glowing coals to absorb heat (reaction 2.3). Gasification occurs in the glowing coals and 

heat is released (reaction 2.4). If the products of reaction 2.4 are mixed with air in an 

adjacent combustion chamber, they burn easily producing heat (reaction 2.5). 

There is a wide range given in the literature for the gasification temperature. Desrosiers 

(1981) reported a temperature range of 726-1126°C. Reed and Das (1988) reported a 

gasification temperature range of 700-1000°C. They found that the compositions of 

importance at these temperatures are: C, CO, CO, CHy, H2, and H20. 

There are variations in gasification configurations and systems. Different combustor 

designs, different air flow systems (induction or forced), steam injection, and pressurized 

gasifiers are some of the options that have been investigated. These parameters can be 

controlled to produce a desired product and to optimize the process. 

Several configurations for two-stage combustors for converting biomass into thermal 

energy for crop processing have been investigated (Payne, 1980; Richey and Kutz 1981; 

McCoy, et al. 1981; Morey and Timsen 1981, and others). If properly controlled, two- 

stage combustors can provide both clean gases and output modulation. 
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There are three types of fixed-bed gasifiers: updraft, downdraft, and crossdraft. The 

choice of a gasifier type depends on the use of the producer gas. Updraft gasifiers yield a 

fuel gas appropriate for combustion systems, for example boilers (Reed, 1981). Figure 1 

shows the basic configuration of a two-stage updraft gasifier. Air is introduced at the bed 

of the gasfier, striking the hot charcoal and causing gasification. The hot gases then rise 

up the bed, heating the wood, and causing carbonization. As the gases rise further up, 

they dry the wood before exiting the combustor at the top. Wood is fed at the top of the 

updraft gasifier. The combustible gases contain a high proportion of volatile matter, and 

they are best burned before condensation can occur. Downdraft gasifiers are preferred for 

conversion of biomass to methanol. In a down-draft gasifier, air and wood are both 

introduced at the top and move downward. In a crossdraft gasifier, air is introduced 

perpendicular to the direction of wood flow. 

Payne (1980) investigated gasification-combustion process for drying grain. A two-stage 

updraft gasifier was used with controlled combustion of the producer gas. The products 

of combustion were mixed with ambient air and passed directly through a grain dryer. 

Experimental results indicated that gasification-combustion of corncobs was a feasible 

alternative for drying corn. 
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Figure 1. Basic configuration for a two-stage gasifier 
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2.3 Chemical equilibrium 

Chemical equilibrium exists when there are no changes in the chemical composition of a 

system. At equilibrium the reactants interact to form the products; simultaneously, the 

products interact to form the original reactants. The rates of forward reaction and 

backward reactions are the same. Kuo (1986) stated that for a chemical equilibrium to 

occur the sum of chemical potential of the products must be equal to the sum of chemical 

potential of the reactants, that is, mass is conserved. The criteria for a chemical process to 

be at an equilibrium depends on the condition at which certain thermodynamic properties 

(property) are kept: for example, temperature and pressure could be kept constant. The 

state for chemical equilibrium could be determined by several methods such as: 

minimization of either the Gibbs free energy or the Helmholtz free energy, or the 

maximization of the entropy of the universe. 

For an adiabatic system, chemical equilibrium is reached when the entropy of the reacting 

system reaches a maximum. For a specified temperature and pressure, chemical reactions 

and heat transfer will proceed in the direction of decreasing Gibbs function. The reaction 

attains chemical equilibrium when Gibbs function attains a minimum value. The 

composition of a chemical equilibrium mixture depends upon temperature and pressure 

(Boles, 1989). 

Reynolds (1983) developed a computer program ‘STANJAN’ that applies the chemical 

equilibrium theory to solve for the final equilibrium product composition and the adiabatic 

flame temperature of a combustion system. STANJAN is an interactive program for 

chemical equilibrium analysis by the method of element potentials. It considers a large 

number of possible reaction products, under the constraint of conservation of atomic 

species at an assigned temperature and pressure or total enthalpy, and selects the mix of 

products that minimizes the free energy of the system phases. Each mixture is considered 
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as an ideal gas or ideal solution. The program uses thermochemical data for chemical 

species from the JANNAF tables (Stull and Prophet, 1971). 

2.4 Adiabatic Flame Temperature 

Adiabatic flame temperature is the maximum temperature reached in a combustion process 

taking place adiabatically with no work or changes in kinetic or potential energy. The 

products are assumed to be at a chemical equilibrium. For such a process, all the heat 

evolved during combustion is used up internally to raise the temperature of the 

combustion products. Adiabatic flame temperature depends on the pressure, initial 

temperature, and composition of the reactants. 

Components involved in a combustion process have different chemical composition. For 

example, wood is composed of carbon, hydrogen, and oxygen. The enthalpy of a 

substance at a specified state due to its chemical components is called enthalpy of 

formation. It is the energy released or absorbed during the formation of that compound 

from its stable elements. 

Kuo (1986) provided a detailed methodology for calculation of the adiabatic flame 

temperature. The method is based on knowledge of enthalpy of formation and the 

changes in enthalpies of reactants and products of a combustion process. Adiabatic theory 

is an important engineering tool that can be used to predict real combustion conditions. 

Adiabatic flame temperatures are governed by the first law of thermodynamics: 

Hp=He [2.6] 

j=R 
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Hp = Yinihe; [2.8] 
i=p 

where, 

H p = changes in the enthalpy of combustion of the reactants (kJ/kg), 

Hp= changes in the enthalpy of combustion of the products (kJ/kg), 

n; = the moles of each of the reactants component (kmol), 

n; = the moles of each of the products component (kmol), 

h¢j = heat of formation of each of the reactants component (kJ/kmol), and 

h¢; = heat of formation of each of the products component (kJ/kmol). 

Most actual engineering processes are non-adiabatic and the maximum temperature is less 

than adiabatic flame temperature. This is due to incomplete combustion, heat loss to the 

surroundings, and disassociation of some of the products at high temperatures. These 

events tend to cool the combustion gases. To model a real combustion process, adiabatic 

flame temperature can be converted to the actual temperature by adjusting for heat loss. 

Researchers have provided a first approximation factor of 0.8 implemented by the 

following equation: 

Tactual = Tag x CF [2.9] 

where, 

Tar = adiabatic flame temperature, and 

CF = correction factor. 

In refractory-lined units correction factors vary from 0.9 to 0.95 depending on the type 

and thickness of the refractory material (Tillman, 1991). 

Review of Litrature 15



Proper temperature control in a combustion system allows manipulation of combustion 

mechanisms, control of some pollutants (Nox), and optimization of efficiency and 

performance. Temperature can be controlled by manipulating the following variables: (1) 

air-fuel ratio (by adding more or less combustion air), (2) oxygen enrichment (moles O, 

per mole N2), (3) preheating the oxidant above ambient conditions, (4) calorific value of 

the fuel, HHV or LHV (kJ/kmol), and (5) moisture content of the combustion atmosphere 

governed by either fuel moisture content or by water or steam injection into the system. 

Each of the above parameters can be varied independently. Flame temperature 

calculations can show the influence of these variables (Tillman, 1991). 

2.5 Air supply 

The combustion of solid fuel in air with less or excess air can be described by the general 

hydrocarbon combustion equation: 

CaHpO, +kH20 +m(02 4+3.76N2)= 

C [2.10] 
aCO? +P +4] H120 +3.76 X a # -\N2 +{m —n)O7 

where, 

boc 
m =(1 +e) xf+e-] [2.11] 

a, b, c = the fuel composition coefficient for elemental carbon, hydrogen, and oxygen, 

k =the number of moles of water in the fuel, 

n= the number of moles of oxygen needed for stoichiometric combustion, and 

€ = the amount of excess air used (decimal). 

Air-fuel ratio for complete combustion of biomass fuel is then calculated based on the 

empirical formula (for example, C412 H 6.2 O23 for red oak), and the mass balance of a 

general hydrocarbon combustion equation 3.0. This is the stoichiometric air requirement, 
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S°, defined as the mass of dry air required to burn a unit mass of dry fuel. Stoichiometric 

air requirement varies with the chemical composition of biomass (Tillman, 1991). 

In practice, more air is needed to drive the combustion reactions to completion. Air 

supplied above the stoichiometric requirement is called excess air, and is expressed as a 

percentage of stoichiometric air. In gas combustion, excess air can be varied to maintain a 

desired combustion temperature. Payne and Chandra (1985) reported that for a practical 

gasification-combustion system, a minimum of 10 to 30 percent excess air is required for 

complete combustion of the gasification products. Typical values for excess air range 

from 10 to 150 percent. 

The biomass moisture content controls the excess-air range a combustor can operate 

within. The excess air requirement is inversely proportional to the moisture content of the 

biomass--the greater the biomass moisture content, the more excess air required to 

facilitate complete combustion. Dry biomass burned in a well-insulated combustor would 

require less excess air. Payne and Chandra (1985) concluded that, for design purposes, 0- 

200 percent of excess air is reasonable for a two-stage, steady-state combustor. 

The gasification processes, unlike combustion, require less than stoichiometric air. Payne 

and Chandra (1985) defined the equivalence ratio for gasification $d, as the fraction of 

stoichiometric air that is used to gasify biomass. Their results indicated that, for an 

updraft gasification of wood chips, og, is linearly related to the fraction of the fuel gross 

heat of combustion converted to sensible and latent energy in the gasifier. They concluded 

that gasifier insulation and fuel moisture content are the parameters that control the 

gasification equivalence ratio. 
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2.6 Gas production 

The product of gasification is normally a hot, dirty, anaerobic gas. In a batch-fed 

gasification process, gas production fluctuates with the rate of gasification. The quantity 

and composition of the producer gas varies widely. English (1974) reported that the 

amount of volatiles shortly after a new load can reach 200 percent of the design 

conditions. Payne and Chandra (1985) reported that for a two-stage steady-state gasifier- 

combustor, gas production from the gasification chamber is a function of biomass 

gasification rate, moisture content, ash content, and stoichiometric air requirement. Gas 

production as a function of the aforementioned parameters was thus defined as: 

M, =M, x (I= Xq)X] jak +S%O, - x3 | [2.12] 
m 

where, 

Mg = gas production rate (kg/hr) 

Mp = biomass gasification rate (kg wet biomass/ hr), 

Xm = biomass moisture content (wet basis, decimal), 

S° = stoichiometric air requirement (kg air/kg of dry biomass), 

@®g = equivalent ratio for gasification (fraction of S° used in gasification), and 

X° = mass fraction of ash in biomass (kg ash/ kg dry biomass). 

The gasification product could go through an adiabatic mixing with air in the SCC. The 

flammability of the producer gas depends on the extent of mixing in the SCC. For clean 

burning it is important that the producer gas and air mix well and for the mixture to remain 

in the SCC long enough for a complete burn. The mixing and duration determine whether 

or not the gas will support a pre-mixed flame. Pre-mixed flames are those that have the 
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fuel (producer gas) and the oxidizer (air) mixed before combustion. Alternatively, there 

could be a possibility where the gases could support a diffusion flame. In diffusion flames 

the fuel and the oxidizer are initially separated, for example a lighted candle flame (Kuo, 

1987). 

2.7 Flammability limit 

Flammability is defined as the ability of a mixture of combustible gases to support 

(propagate) a flame freely over a limited range of compositions (Hilado, 1973). Whether 

a gas-air mixture is flammable or not depends on the changes of the fuel-air ratio 

(equivalence ratio), ®, inside the combustion chamber. For a liquid fuel-air combustion 

process, flow of both fuel and air can easily be regulated; therefore, ® can be held 

constant. In a batch-fed solid fuel-air process (for example gasification-combustion), ® 1s 

a variable in the secondary combustion chamber; it depends on the stage of gasification 

and gasification equivalence, Pg. However, for both liquid and solid fuels there exists a 

lower and an upper mixture limit beyond which a gas or vapor-air mixture will not be 

flammable. These mixture ratios fall at the lean (more fuel and less oxidizer) and rich (less 

fuel and more oxidizer) ends of the combustible concentration-range (Glassman, 1987). 

The lean flammability limit (LFL) is the lowest concentration of the combustible gas that 

will give a flammable mixture. The upper flammability limit (UFL) is the highest 

concentration of the combustible gas that will give a flammable mixture. Concentrations 

below the lower limit do not have enough combustibles to maintain a flame. 

Concentrations above the upper limit do not contain enough oxygen to maintain a flame. 

Glassman (1987) stated that flammability limit of a combustible mixture of gases or vapor 

is determined by the competition between the heat generated by the reaction, and the 
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external heat loss by the flame to the surrounding. Consequently, the higher the heat loss 

in a combustor, the less flammable a mixture of gases would be. 

2.7.1 Effects pressure and temperature on flammability limit 

The flammability limits discussed above are based on standard atmospheric temperature 

and pressure. Changes in pressure and temperature have pronounced effects on both 

limits. 

Kuo (1986) explained that flammability limits of premixed laminar flames depend on 

temperature and pressure. He stated that as pressure is increased UFL increases, but the 

LFL is not affected appreciably (especially for hydrocarbon-air mixtures). Raising the 

temperature broadens the flammability range, and experiments have shown that 

flammability limits vary linearly with temperature. 

Zabatakis (1964) obtained flammability limits of several vapor and gas-air mixtures. Using 

the composition of a flammable and a non-flammable limiting mixture, the limits were 

calculated as: 

LTP (Cen +C14) +2 [2.13] 

Urp =(Cgr+Cin) 7? [2.14] 

where, 

L yp = lower flammability limit, at specific temperature and pressure, 

U Tp = upper flammability limit, at specific temperature and pressure, 
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C on = greatest concentration of fuel in oxidant that is non-flammable, 

C |.» = least concentration of fuel in oxidant that 1s non-flammable, 

C 1. = least concentration of fuel in oxidant that is flammable, and 

Cf = greatest concentration of fuel in oxidant that is flammable. 

Zabatakis (1964) observed that flame propagation through a mixture depends on 

temperature, pressure, and mixture composition. The propagation rate is minimum at the 

limits and maximum at or near the stoichiometric mixture. 

A technique for calculating the flammability limits as a function of temperature was 

reported by Bodurtha (1980). He stated that LFLs are decreased 8 percent by a 

temperature rise of 100°C, and UFLs are increased 8 percent by each temperature rise of 

100°C. This relationship is described by: 

Lt = Losec — (0.8 x Losec X 10°) x (t — 25) [2.15] 

Ut =U25°C {0.8 XU 25°C X10 3} x(t -25) [2.16] 

where, 

L, =lower flammability limit at temperature t, 

U, =upper flammability limits at temperature t, 

L 25°c = lower flammability limits at room temperature, 

U 45°c = upper flammability limits at room temperature, and C pp y Pp 

t =the specified temperature. 
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2.7.2 Lower flammability limit and heat of combustion 

The heat of combustion is the amount of heat produced by the complete combustion of a 

unit quantity of a material. Bodurtha (1980) reported that for many hydrocarbon-air 

mixtures the lower flammability limit (volume percent) of a fuel multiplied by its net heat 

of combustion (kJ/mole) was approximately a constant (4350 kJ/mole). This observation 

implies that the flame temperature (Tf ) in a combustion system is a constant for all 

hydrocarbons. Hilado (1973) reported a flame temperature of 1500 K (1227°C); below 

this temperature, a flame will become extinct for hydrocarbon fuels. 

The complete oxidation of CO to CQ) in actual hydrocarbon combustion systems does not 

take place if the temperatures are below 1100 K. Thus, the oxidation temperature of CO 

is 1100 K (826°C) (Glassman, 1987). Therefore, if a flame propagates at 1227°C, ideally 

all CO should be oxidized. However, poor fuel-air mixing, lack of enough combustion air, 

and incorrect residence time in the SCC result in the formation of cold spots. The CO in 

these cold spots is not oxidized, and hence the presence of CO in the combustion 

products. 

2.8 Fuel-Air equivalence ratio 

The equivalence ratio, ®, is defined as the mass ratio of the fuel to oxidant divided by the 

stoichiometric fuel-to-air ratio, S°. Mathematically, ® is expressed as: 

  [2.17] 
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where, 

Mr = mass of the fuel (kg of dry biomass), 

M, = mass of oxidant (kg of air), and 

s = mass of fuel to mass of oxidant ratio for a stoichiometric air mixture. 

When ®© is less than one, there is excess air and the mixture is said to be fuel lean. When 

® is greater than one, there is excess fuel and the mixture is said to be fuel rich. Under 

this latter circumstance, combustion can not be complete. 

2.9 Producer gas composition 

The dirty anaerobic gas resulting from gasification process is mainly composed of No, 

CO2, 02, CO, CH4 and H2. Table | shows gas composition reported by Tillman (1978) 

and Rajvanshi (1986). 
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Table 1. Gasification product composition 

  

  

  

  

  

  

    
  

  

Constituent Percentage 

Reference ; 

Nitrogen (N?) 50 55-60 

Carbon dioxide (CQ) 6 1-2 

Hydrogen (H2) 10 5-10 

Methane (CH4) l ]-2 

Carbon monoxide (CO) 30 28-31 

Oxygen (O07) - - 

' Tillman (1978) 
* Rajvanshi (1986) 
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The composition of the producer gas reflects the composition of fuel and air that has 

reacted in the gasifier. 

The composition and temperature of biomass flames are two important considerations 

when the exhaust products are intended for use as an energy source. To be successful as 

an energy source for applications such as crop drying, it is necessary to understand the 

characteristics of biomass flames to: (1) optimize system efficiency and performance, (2) 

to control airborne emissions of the exhaust products, and (3) to facilitate the design of 

efficient, low-cost gasifier-combustors. 

Thimsen and Morey (1981) performed an exhaust analysis of a two-stage downdraft 

biomass- combustion system. They used an equilibrium model to predict composition for 

fuel lean, rich, and near-stoichiometric mixtures of corn cobs and air. They used 

conservation of mass and the first and second laws of thermodynamics to analyze the 

equilibrium properties of corncob flames. The researchers used a downdraft gasifier to 

verify their model. They observed that the model was reasonably good for equivalence 

ratios of one, but underestimated CO, O2 and hydrocarbons for equivalence ratios greater 

than one. For equivalence ratios less than one, the model was accurate, predicting little or 

no CO or hydrocarbons in the combustion products. 

Desrosiers (1981) presented equilibrium composition calculations of gasification of wood 

in an updraft gasifier. He indicated that gasification occurs at an equivalence ratio of 5- 

2.5. He reported that gasification products have their highest chemical energy within the 

equivalence ratio of 5 to 2.5, and reported an adiabatic flame temperature of 2300 K 

(2026.85 °C) for dry wood at | atm. 
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To the author’s knowledge no work was found linking the flammability limit theory and 

the chemical equilibrium model. These theories can be used to provide operational and 

design characteristics for gasifier-combustor systems. 
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Chapter 3 

OBJECTIVE 

The main focus of this study was to investigate the effect of the flammability range on the 

chemical equilibrium characteristics and their relations to the operational and design 

features of a gasification-combustion process. The specific objectives are: 

1. to use gasification equivalence ®, and characterize the flame temperature as a function 

of fuel-air equivalence ratio, B in the secondary combustion chamber; 

2. to use flammability limit theory and chemical equilibrium theory to predict the amount 

of secondary air required to ensure gases in the SCC are always above the lower 

flammable limit; 

3. to study the effect of heat loss on the flammable limit of the producer gas-air mixture; 

and 

4. to conveniently determine flame temperature of wood fuel at any equivalence ratio. 
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Chapter 4 

MODEL DEVELOPMENT 

4.0 Concept 

The essential parameters for the evaluation of combustion systems are the equilibrium 

products temperature and composition. As explained earlier, if all the heat liberated in a 

chemical reaction is used internally to raise the temperature of the products, then this 

temperature ts called adiabatic flame temperature. 

The average thermodynamic properties of the reactant mixture (wood and air) were 

calculated from knowledge of various thermodynamic properties, for example, 

temperature, pressure, and volume of each of the reactant mixture components. The 

reactants were allowed to react and attain an equilibrium state. The laws of 

thermodynamics were then used to calculate the composition and other properties 

(temperature, internal energy, enthalpy, and entropy) of the final mixture. 

The heat of formation and the lean flammability theory require that the final temperature, 

Thinal, be greater than or equal to 1200°C for the gas mixture to propagate a flame. 

Therefore, this relation was used to check the flammability of the mixture in the SCC. 

Secondary air parameters (mass flow and temperature), and the combustor heat loss are 

the only variables that could be varied to maintain Tyna) greater than 1200°C. To maintain 

‘simplicity’ at the least cost for the existing gasifier-combustor, the option for preheating 
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the secondary air was not feasible. Therefore, the secondary air was considered to be at 

ambient temperature. 

The model developed here provides the two essential parameters: temperature and 

composition. The model also provides other final equilibrium mixture properties as 

outlined above. The gasification process begins with the reactants (wood and air), which 

react to form producer gas as the end product. As discussed earlier, gasification- 

combustion of wood is a complex series of time-and temperature-dependent chemical 

reactions. Heat transfer takes place by conduction, convection, and radiation. The 

chemical reactions take place in solid, liquid, and gas phase, and mass transfer by diffusion 

and convection. A chemical equilibrium code STANJAN was used to model this complex 

combustion process. The following assumptions are made: 

1. The reactants (fuel and air) are both at 25 °C. 

2. The molar composition of air is 79 percent Nz and 21] percent Oz. 

3. Empirical formula for red oak 1s C412 H¢.62 0273. 

4. The product species are CO2, CO, O2, N2, H, H2O, and CHy. 

4.1. Equilibrium calculations 

STANJAN, the equilibrium code, requires the atomic composition of the wood species, 

the air-fuel ratio, and the total enthalpy of the reactants. 

4.1.1 Stoichiometry 
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Table 2 shows the ultimate analysis of red oak, the wood species that was used for the 

model. 

The stoichiometry of wood combustion is described by equation [3.0] and [3.1], based on 

the assumptions listed above. The gasification-combustion of wet wood with excess air 

was thus described as: 

CaHpOc, +kH20 +m(02 43.76N2)= 
4.1 

aCO7 +P + ]H20 +3.76 fa +t }No +{m —n)O7 4 

where, 

bic 
m =(1 +e) x a ty =| [4.2] 

In the above equations a, b, and c are the fuel composition coefficients for elemental 

carbon, hydrogen, and oxygen, k is the number of moles of water, n is the number of 

moles of oxygen needed for stoichiometric combustion, and ¢ 1s the amount of excess air 

used. The above stoichiometry was used to calculate air-fuel ratio for complete 

combustion of oak, and it was found to be 6.10 kg of air per kg of dry fuel. 

  

  

  

Table 2. Ultimate analysis for red oak 

Carbon (C) Hydrogen (H2) Oxygen (O2) Ash 

49.49 6.62 43.74 0.15     
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4.1.2 Enthalpy of formation of the reactants 

The enthalpy of formation of red oak wood was calculated based on equation [2.6], with 

the knowledge of the higher heating value of oak (20 MJ/kg). The heating value of a 

compound is equal to the absolute value of its enthalpy of combustion. Consequently, the 

enthalpy of formation was calculated from the following relations. 

h, =Hp—Ha [4.3] 

H, = Yin, h® (4.4) 
p 

Hp = Yngh [4.5] 
R 

where, 

h, = enthalpy of combustion of wood (J/kg of fuel), 

Hp = enthalpy of the products (J/kg), 

Hr = enthalpy of the reactants (J/kg). 

Np and Np = the mole fraction of each of the product and reactant components 

respectively (mol), and 

he= enthalpy of formation of each of the reactant and product component (J/kmol). 
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The heat of formation for elements in their natural standard state, for example O2 and N2, 

is zero. The heat of formation of wood was calculated and found to be -5726.65 kJ/kg . 

4.1.3 Enthalpy of the reactants mixture 

The laws of thermodynamics were used to calculate the enthalpy of the reactant mixture. 

Since the reactants were at a standard state (25°C), the enthalpy of formation of wood 

(h¢°) was equal to the enthalpy of wood (hyood) at 25°C. The enthalpy of elements O2 

and N2 were zero. Hence, the enthalpy of the reactant mixture was equal to the enthalpy 

of wood (J/kg of wood) described as: 

Hr =Ynghe [4.6] 
R 

where, 

HR = enthalpy of reactant mixture (J/kg of wood), 

Nr = moles of each reactant component (mole), and 

he = enthalpy of formation of each reactant component (J/kmol). 

A mass balance of equation [4.1] yielded the total mass of the reactants. The total 

enthalpy per kg of mixture was then calculated as: 

M 
H =Hp x— wood [4.7] 

where, 

H = total enthalpy of the reactant mixture (J/kg of reactant mixture), 
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Hr = enthalpy of the reactant mixture (J/kg of wood), 

Mp = total mass of the reactant mixture (kg), 

Mwood= mass of the wood (kg). 

As mentioned previously, the total enthalpy of the reactant mixture is equal to the total 

enthalpy of the final product mixture after the adiabatic steady-flow gasification- 

combustion process. This parameter was necessary for calculation of adiabatic flame 

temperature. 

4.2 Air flow 

A mass balance for equation [4.1] was used to calculate primary and secondary air. 

Gasification equivalence (og) of 0.4, 0.3 and 0.2 were used to yield the amount of primary 

and secondary air for each case. The relationship was expressed by: 

Mp =Mp(1—-Xm)S°® g [4.8] 

Mg =Mp(1—Xm)S*(I +e -# g] [4.9] 

where, 

Mp = mass of the primary air (kg/min.), 

Mp = mass of fuel burned (kg of wet fuel/min.), 

M, = mass of the secondary air (kg/min.), 

Xm = fuel moisture content (decimal), 

S° = stoichiometric air (kg of air/ kg of dry fuel), and 
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oe = fraction of stoichiometric air used for gasification (decimal). 

The program inputs were: (1) atom distribution of reactants, C, H, O, and N (which 

depend on the equivalence ratio), and (2) total enthalpy of the reactants. The program 

then minimized the free energy of the system under constrained pressure and total 

enthalpy. 

4.3 Equivalence ratio 

The producer gas enters the SCC as a rich product. If the gas is properly mixed with 

secondary air, it should sustain a flame inside the SCC even if an ignition source is 

removed. 

The amount of secondary air, used for combustion, was the fraction of stoichiometric air 

that was not injected in the primary chamber, that is, (1-dg)S°. Furthermore, as stated 

earlier, practical combustion systems require excess air for complete combustion. The 

excess air was expressed as a fraction of the stoichiometric air, that is, (€)S°. Equation 

[4.9] was used to calculate the total secondary air required. 

The final equivalence ratio, (after combustion) was calculated from equation[2.10], after 

adjusting for the secondary air. The final equivalence ratio was calculated for gasification 

equivalence, d, of 0.4 and excess air of 0.1 to 2.5 percent of stoichiometry. 

Model Development 34



4.4 Atom balance 

Referring to Figure 2, a mass balance was performed on the control volume, taking into 

account the mass flow crossing the boundary at points 1, 2, and 3. Atom balances of 

carbon, hydrogen and oxygen were calculated based on the stoichiometric equation [4.1]. 

Because of the excess air added in the SCC, atom distribution for the combustion process 

was different from that of gasification. The atom distributions were found to be: 

a, 

b + 2k, 

c+k+2m, and 

2*3.76m 2
0
 

© 

Where a, b, c, k, and m are as defined in equation [4.1]. 
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Figure 2. Control volume for the mixing and secondary combustion chambers 
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Since the combustion products were at equilibrium, their flame temperature was calculated 

from equation[2.6]. Mass was conserved during the combustion process, accordingly, the 

mass and enthalpy of the final product was equal to the enthalpy and mass of the reactants. 

The combustor heat loss decreases the energy of the producer gas. Therefore, it was 

accounted for by estimating 10, 20, and 30 percent combustor heat loss and subtracting it 

from the total enthalpy of reactants (J/kg reactants). 

Adiabatic temperatures were calculated for moisture contents of 0, 25, 35, and 45 percent 

w.b. Equilibrium compositions were calculated at each of these moisture contents. Flame 

temperature was calculated for 10, 20 and 30 percent heat loss. 
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Chapter 5 

RESULTS AND DISCUSSION 

The results are presented in form of plots. Each plot is discussed separately. 

5.1 Adiabatic flame temperature 

Twenty-two calculations for the adiabatic system were done. The curve in Figure 3 

illustrates the adiabatic flame temperature (AFT) as a function of equivalence ratio and 

moisture content. The AFTs are maximum at or near the equivalence ratio of one. AFT 

decreases with either an increase or decrease of air. The adverse effect of moisture 

content is clearly visible. It influences the entire process of gasification-combustion by 

lowering the AFT. This is attributed to the high superheated steam that is evolved in the 

gasification-combustion process that suppress the combustion temperature (AFT). The 

model predicted a maximum flame temperature of 2025°C. This is very close to values 

reported in the literature (2026.85°C) (Desrosiers, 1981). 

5.2. Gasification region 

Referring to Figure 4, as the equivalence ratio decreases from 10 to 3.5, the AFT rises 

gradually from 450 to 600°C for oak with moisture content of 25 percent (w.b). This is 

due to the low amount of air injected into the gasifier. As a result, the rate of carbon 

disappearance is very slow. Pyrolysis (the breaking down of fuel without oxygen) takes 

place in the region above equivalence ratio of 5. The equivalence ratio of 5 to 10 
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corresponds to a gasification equivalence (g) of 0.2 to 0.1, which the percent of 

stoichiometric air supplied in the primary chamber. This range of o, corresponds to 

extremely low air supply to the gasifier, (1.22 to 0.61 kg of air per kg of dry fuel). 

Equivalence ratios ($) of 2.5 to 5 correspond to a gasification equivalence ($,) of 0.4 to 

0.2. Meaning that 40 to 20 percent of primary air was used for gasification. As air 1s 

added beyond an equivalence ratio of 3.5, the increase in AFT is more pronounced. The 

sudden rise in AFT corresponds to the point at which carbon is burned off. The 

gasification region [equivalence ratios (6) of 2.5 to 5] temperatures ranged from 600 to 

900°C for dry wood. As air is added beyond an equivalence ratio of 2.5, AFT increases 

rapidly to the combustion temperature (2000°C). 

The above result was consistent with values reported in literature (700 to 900°C) 

(Desrosier, 1981; Reed and Das, 1988). This temperature range will obviously decrease 

when heat loss and fuel moisture content are considered. For example, oak with 25 

percent (w.b.) moisture content has a temperature range of 580 to 750°C (fig. 4). 
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5.3 Combustion 

The results presented here are for the combustion of the producer gas in the secondary 

combustion chamber. The equivalence ratio (od) of the final mixture in the secondary 

combustion chamber was calculated based on the secondary air mass flow including the 

eXCess air. 

Referring to Figure 5, the model predicted a flammable zone for adiabatic combustion of 

wood as characterized by an equivalence ratio (>) between 0.56 and 1.67. From previous 

calculations, this range of equivalence ratio corresponds to an excess air (€) range of 1.2 

to 0.0 respectively. That is, an equivalence ratio of 0.56 would require 120 percent excess 

air to achieve complete combustion. For a gasification equivalence (,) of 0.4, and an 

excess air (€) range of 1.2 to 0.0, the model predicted SCC total air flow of 13.42 to 6. 10 

kg per kg of dry wood, assuming no heat loss. 

The above result can be used to calculate design air requirement to burn a given charge, 

for example, burning a 45 kg charge of wet wood(m.c 25% w.b.) in one hour. 

Multiplying the dry wood weight by the lower air flow limit (1.67) and dividing by the 

density of wood (1.163 kg/m43) , yields a total air flow of 2.42 cubic meters per minute. 

A similar calculation for the upper air flow limit yields 5.32 cubic meters per minute. 

However, for a batch-fed system, gas production fluctuates due to the non-uniform 

destruction of wood mass. To maintain the correct air-fuel ratio inside the SCC, it would 

be necessary to meter the secondary air flow through a variable control mechanism. 

Temperature could be used as a feedback parameter for a damper-control mechanism to 

regulate the air flow. 
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5.4 Effect of heat loss on flammable zone 

The most likely place for gasifier heat loss is to the surroundings, or to the cold secondary 

air. Figure 6 illustrates the flammability model prediction of the adverse effect of gasifier 

heat loss on the flammable zone . The thirty percent heat loss condition (region D-D) has 

the narrowest flammable zone corresponding to an equivalence ratio of 0.75 to 1.25. The 

adiabatic case (region A-A) has the widest flammable zone corresponding to an 

equivalence ratio of 0.56 to 1.65. Thus, the gasifier heat loss affects the flammability of 

the gas. For example, if the equivalence ratio is 0.56 for an adiabatic case, the excess air 

required (€) was previously calculated as 1.20. If however, 10 percent of the heat 

produced by the gasifier is lost, the gas temperature drops to 1130°C, that is, about 100°C 

below the temperature for the gas-air mixture to support a flame. A 20 percent heat loss 

drops the temperature to 1060°C. Thus, even though the required amount of excess air is 

supplied, the gas-air mixture can not support a flame. 

This result infers that, for a batch-fed system, if a constant volume of secondary air is 

supplied continuously it absorbs heat from the hot gases, thus cooling it. This is critical at 

the beginning and towards the end of the process, due to the fluctuation of gas production 

rate, and hence the equivalence ratio. 

Heat loss for a specific gasifier-combustor system can be calculated based on the materials 

used for construction. To maintain flammability, for a specific heat loss, one remedy 

would be to decrease the secondary air flow. That is, instead of using the calculated air 

flow for an adiabatic case, the secondary air should be reduced proportionately to account 

for the heat loss. For example, for gases in a combustor with a 30 percent heat loss 

(region D-D in fig. 6) to support a flame, the mixture temperature must be above 1200°C. 

This temperature corresponds to an equivalence ratio of 0.75 to 1.25. From previous 

calculations these equivalence ratios corresponds to an excess air (¢) of 0.85 to 0.15 (fig. 
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7). These ratios provide actual secondary air required for complete combustion 

considering a 30 percent heat loss. 

The second alternative would be to pre-heat the secondary air to compensate for the heat 

loss. However, the best remedy would be to insulate the combustor. 

5.5 Effect of excess air 

Figure 7 illustrates the effect of excess air on adiabatic flame temperature. For a 

gasification equivalence, o,, of 0.4, the model predicts an excess air (€) of 0.15 to 0.85 

within which the gas-air- mixture temperature would be above 1200°C (the lower 

flammability limit temperature). The maximum combustion temperature was predicted as 

1600°C with an excess air of 0.38. 
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5.6 Equilibrium Composition 

Figures 8, 9, and 10 illustrate the composition of the combustion products at equivalence 

ratios of 0.25, 0.5, and 1. The composition consists of CO2, H2O, and N2. These results 

are as predicted by the chemical equation used to calculate the stoichiometric air-fuel 

ratio: the products are water vapor, carbon dioxide and nitrogen. There are very small 

amounts of CO, CHy, and Hp» present, but they are less than 0.0007 percent. 

Figures 11 to 14 represent the equilibrium composition of the products at equivalence 

ratios () of 1.25, 2.5, 3.3, and 5 respectively. As equivalence ratio increases, equilibrium 

concentrations for hydrogen and carbon monoxide increase. At an equivalence ratio of 

1.25 and a temperature of 900°C, about 5% carbon monoxide starts to appear in the 

combustion products. Presence of carbon monoxide in combustion product indicates that, 

either enough air is not supplied for combustion, or that air is not completely mixed with 

the fuel. Also, AFT drops to about 1300°C because of lack of air, which results in 

incomplete combustion. Figures 12, 13, and 14 illustrate the effect of insufficient air on 

the AFT and the high concentrations of CO and other gases in the combustion products. 

The advantages of equivalence ratios greater than | are realized during the gasification 

process. The concentrations illustrated in Figures 11 to 14 are the desirable products for 

gasification process. As equivalence ratio increases, equilibrium concentrations of CO and 

other combustible increase within the gasification temperature (600 to 900°C) for wood. 

For example, when @ is 2.5 (fig. 12) the maximum concentration of CO is 20 percent; 

concentrations of CO2, H2, and CHy are less than 20 percent. When 9 is equal to 5 (Fig. 

14), CO maximum concentration is 25 percent, H2 is 33 percent, and CO? is 10 percent. 

High concentrations within the gasification temperature imply that the gases have more 

chemical energy. It is worth noting that @ equal to 5 corresponds to a gasification 

equivalence gg of 0.4 
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Chapter 6.0 

CONCLUSIONS 

Based on the results of this study, the following conclusions were made. 

1. The flammability model developed here can be used to predict the performance of a 

gasifier-combustor. Specifically, the effect of various parameters (moisture, excess 

air, heat loss) on the equivalence ratio, and adiabatic flame temperature can be 

predicted. 

2. Heat lost by the gasifier-combustor system (to the surroundings or absorbed by the 

secondary air) has a critical effect on the performance of the system. 

3. The flammability of the gas-air mixture is largely determined by the amount of heat 

loss prior to combustion. The model predicts an adiabatic flammable zone with an 

equivalence ratio of 0.56 to 1.67 for oak wood with 25% (w.b) moisture content and a 

maximum adiabatic temperature of 2025°C for dry wood. 

4. At equivalence ratios greater than 1.25, carbon monoxide appears in the combustion 

products. Presence of CO in the combustion products is an indication of incomplete 

combustion. 

5. The model predicts a gasification temperature of 580 to 750°C for red oak at 25% 

(w.b.) moisture content and 20% heat loss. 
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6. Adiabatic flame temperatures are largely influenced by moisture and excess air. 

Temperature is a critical parameter that influences composition distribution of the 

gasification-combustion products. Composition distributions are important to the 

designer, for both energy and environmental impact. 

7. Problems with the Bioprocessing laboratory’s chunkwood gasifier-combustor, as 

predicted by the model are: excessive heat loss, poor mixing in the SCC, or a 

combination of the two. With required secondary air supply the combustion 

temperature (without kerosene flame) was always below 300°C. 

8. Optimum performance of a gasifier-combustor system is obtained if heat loss, excess 

air, moisture content, mixing effectiveness, and residence time are optimized. 
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RECOMMENDATIONS 

The model developed in this study was used to provide a solution to the problem 

experienced by the author while studying the fuel feedrate of an updraft gasifier. The 

following are recommended as possible direction for further research for the same gasifier: 

1. The secondary combustion chamber was shown by this research to operate 

inefficiently. A likely solution would be to redesign the SCC. Critical potential areas 

include, provision for a mixing chamber, and redesign of the secondary air passages. 

The secondary air should enter at a low velocity and have ample time to mix with the 

producer gas before combustion. Other areas include increasing the insulation around 

the primary and secondary combustion chambers, including the fuel loading and the 

ash removal doors. 

2. A study of the effect of a secondary air control mechanism should be done. A damper 

control mechanism could be used to regulate air supply to the SCC to maintain the air- 

fuel ratio required for the combustor to operate within the flammable zone. 

3. Improve the way the chunks are distributed in the combustor. Investigate the effect of 

a grate inside the primary chamber. A simple grate positioned above the primary air 

ways would assist in primary air distribution, in addition, as ash is produced it would 

fall through the grate, allowing free air movement within the chunks. 

4. The flammability model provided in this research should be verified to determine its 

ability to predict the flammable zone, equilibrium concentrations, and adiabatic flame 

temperatures. 
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Appendix Al 

PRESENTATION OF EXPERIMENTAL PROCEDURE AND PRELIMINARY RESULTS 

FROM GASIFIER-COMBUSTOR AT THE DEPARTMENT OF 

BIOLOGICAL SYSTEMS ENGINEERING. 

THE RESULTS LEAD TO THE RESEARCH PRESENTED IN THIS STUDY. 
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1.0 INTRODUCTION 

The objective of the original thesis was to investigate the control of chunkwood feedrate 

in the gasifier-combustor system (combustor) at the Department of Biological Systems 

Engineering. To gather the data needed to achieve this objective, the combustor had to 

operate accurately. Chunkwood pieces were introduced into the primary chamber, and 

gasified. The gasification product was expected to burn in an adjacent secondary 

combustion chamber to release thermal energy to be used for crop drying. Charges for 

chunkwood ranged from 35 to 45 kg per batch per hour. At the end of each test period 

the primary chamber contents were removed, and weighted; subtracting this amount from 

the original chunkwood weight yielded wood consumed per given period. 

After several trials it was found that the objective could not be realized with the current ” 

equipment set-up due to inaccurate results. Consequently, a different thesis was selected 

to study the nature of the problems encountered in the preliminary tests. 

The following is a summary of the study that was done in an attempt to achieve the 

original thesis objective. Though many tests were carried out, only three test results are 

presented here with a few details of the experimental procedure. 
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2.0 EXPERIMENTAL EQUIPMENT 

2.1 Overview 

The gasification-combustion equipment was built to supply heated water at low pressure 

for a typical on-farm drying operation. The desired features where the capacity to meet a 

variable demand, and to maintain high conversion efficiency. Figure 16 shows a plan view 

of the chunkwood heating system. Referring to Figure 17, fuel was charged in a batch 

varying from 35 to 45 kg per hour through a rectangular opening at the top left side of the 

primary chamber. Each charge was spread over the floor. Primary air flow was adjusted 

such that the chunkwood was gasified. The gases rose into a refractory-lined tunnel which 

was designed as the secondary combustion chamber. The other side of secondary 

combustion chamber was connected to a triple-pass heat exchanger. Water was circulated 

through the heat exchanger to a storage tank which acted as a 'thermal flywheel’. From 

the storage tank, water was pumped to another heat exchanger simulating demand in a 

crop drying application. 

2.2 Primary combustion chamber construction 

Figure 17 shows the cross-sectional view of the primary combustion chamber. The 

chamber walls were cast using refractory material. It was insulated with 5 cm mineral 

wool and covered with 18-gage sheet metal. The primary air was distributed through 

eight injections ports, 1.9 cm in diameter (fig. 18) located 20.3 cm apart. Figure 18 shows 

the left wall of the chamber, which has two injection ports for introduction of primary air, 

and a 36.8 cm x 62.2 cm rectangular opening where the wood was introduced. The back 

wall of the primary chamber is shown in figure 19. It has two injection ports, 18.4 
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cm from the wall and 40.6 cm apart and a rectangular opening to the secondary 

combustion chamber. Figure 20 shows the right wall of the primary combustion chamber 

where the ash removal door was located. 

Primary air was delivered by a variable-speed back-inclined fan. A 7.6 cm (3 in) diameter 

nozzle was mounted on the supply duct. Total air flow was determined by measuring 

pressure drop across this nozzle. Figure 22 shows the calibration curve of air flow versus 

pressure drop for the primary fun. 

The primary air supplied by the fan flowed through a plenum around the bottom of the 

chamber (Fig. 21). The air split at the left plenum and flows to the front and back 

plenums. It was then injected into the fuel bed through eight air distribution ports. 

Thermocouple probes (chrome Alumel, ANSI Type K) were mounted at two locations in 

the combustion chamber to monitor producer gas temperatures from the primary chamber 

and SCC chamber temperature. A multi-channel digital thermometer (Omega Engineering 

model 2166A) was used to measure the temperatures. 

2.3 Secondary combustion chamber construction 

A 12.5 cm thick refractory-lined tunnel (fig. 16) cast as a single unit connected the back 

of the primary combustion chamber to a triple pass heat exchanger. This is where the 

combustion of gases resulting from wood gasification was expected to take place. To 

ensure a continuous flame in the SCC, a kerosene burner was installed. 

Air into the secondary combustion chamber was supplied by a back-inclined, variable- 

speed fan. A 10.2 cm (4 in) diameter AMCA nozzle was mounted on the duct. Total air 
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flow was determined by measuring pressure drop across this nozzle. Secondary air was 

supplied through 10 injection ports, 1.3 cm in diameter and 6.4 cm apart. The injection 

ports were balanced to give uniform jets of air into the combustion zone. One additional 

port was installed midway each side wall. The injection ports were sloped such that air 

would be injected into the secondary combustion chamber at 45° degrees. The air was 

expected to gain heat from the refractory and therefore, was injected at a higher 

temperature. Consequently, it was not expected to cool the combustion zone. 

A FOTRAN program ‘FANCAL’ included in Appendix A2, was used to calculate the 

secondary and primary air flow. The variables required to run FANCAL were: the fan 

speed in RPM, the inlet and exit nozzle diameters, the static pressure inside the duct, the 

pressure drop across the nozzle, the ambient and dry bulb temperatures, and the 

barometric pressure in inches of mercury. The ambient dry bulb temperature was obtained 

by measuring the resistance (k{2) in the middle of the air stream by a thermistor probe 

connected to an ohmmeter. The ambient wet bulb temperature was obtained by measuring 

the resistance (k{2) in the middle of the air stream by a thermistor probe (covered with a 

wetted wick) connected to an ohmmeter. 
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The pressure drop across the nozzle and static pressure inside the duct were measured 

using a micromanometer (Dyer Microtector) with an accuracy of +0.0254 mm of water. 

A 60 tooth gear was mounted on the fan shaft. Each tooth generated a pulse as it passed 

near a magnetic sensor connected to a frequency counter. The pulses were displayed as 

RPM. The RPM were controlled by the variable speed drive. For a given RPM the flow 

rate through the duct was obtained by running the FANCAI program. Figures 22 and 23 

shows the calibration curves for the primary and secondary fans. 

2.4 Secondary Burner 

A burner designed for a small oil furnace was used for the secondary burner, the burner 

was adjusted such that the flame was blown down stream in the secondary combustion 

chamber. Kerosene with a higher heating value of 29.9 MJ/kg was burned in the oil 

burner. 

2.5 Heat exchanger 

After combustion in the secondary combustion chamber, the hot exhaust gasses passed 

through the triple pass heat exchanger shown on Figure 24. The heat exchanger had 16, 

7.6 cm diameter tubes per pass. The combustion gasses from the secondary combustion 

chamber pass through the tubes, and transfer heat to the water circulating outside of tubes. 

The exhaust gases escape to the atmosphere through a 20 cm diameter stack. 
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3.0 DESCRIPTION OF EXPERIMENTS 

The air-fuel ratio of burning kerosene in air was calculated to be 14.8 kg of air per kg of 

kerosene (C;gH 9). On the basis of the air-fuel ratio and the amount of kerosene 

consumed per hour, the secondary burner requires 0.022 cubic meter of air per minute for 

complete combustion. The kerosene burner was set to introduce 0.076 cubic meters of air 

into the secondary combustion chamber. Therefore, the burner supplied 0.054 cubic meter 

per minute as excess air. The excess air was accounted for in the combustion calculations. 

3.1 Experimental procedure 

Air-fuel ratio for burning Red Oak was calculated based on the empirical formula (C4 | 

He 62 02.73) and Tillman's general hydrocarbon combustion equation (Tillman, 1991). It 

was found to be 6.10 kg of air per kg of dry chunkwood. 

Primary and secondary air supply requirements were calculated based on Payne's model 

of the biomass gasification-combustion process (Payne, 1985). The gasification 

combustion process of 35 kg wet wood with 20.56 percent moisture content (w.t), 40 

percent excess air and a gasification equivalence ratio (P,) of 0.36 required 0.871 cubic 

meters of primary air and 2.517 cubic meters of secondary air, a total of 3.388 cubic 

meters of air per minute. 

A test run based on the above calculations was performed. Percent CO, CQO), and 

combustion temperature in the secondary combustion chamber were monitored. The 

exhaust gases were analyzed using a digital CO/CO, analyzer. Data was collected for a 

period of one hour at a five minute interval. Several tests were done with different 

combinations of primary and secondary air flow. 
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The start-up procedure was as follow: 

1. Ash was removed from the primary combustion chamber bed via the back door. 

Primary and secondary air flow was set to the requirement. 

The gas analyzer, and the temperature sensor were set-up. 

Wood was weighted and introduced into the primary combustion chamber. 

The secondary burner was switched on. 

A
w
 

F
Y
’
 

N 

The fire was started manually. 

Appendix Al 77



4.0 RESULT AND DISCUSSION: 

4.1 Test 35:36:104:140 

The exhaust CO, CO, Oz and temperature measured during test 1, hereafter referred to 

as test 35:0.36:104:140, are given in table 3. The notation 35:36:104:140 referred to: 35 

kg of wet chunkwood with 20.56 percent moisture content, 36 percent of stoichiometric 

air in the primary chamber, 104 percent of stoichiometric air injected in the secondary 

chamber, for a total of 140 percent of stoichiometric air injected in the gasification- 

combustion equipment. 

Referring to table 3, the percent CO started from zero, and increased to 0.45 percent 

within five minutes, and saturated at 1.61 percent (the meter saturation). After 55 

minutes the level dropped to 1.10 percent and then increased to saturation level of 1.61 

after five minutes. Percent CO? started at zero and increased to 4.9 percent within five 

minutes and then fluctuated between 6.1 and 6.7 percent for 45 minutes. CO, percent 

fluctuated between 0.47 and 0.7 percent in the last five minutes. The secondary 

combustion chamber temperature increased steadily from 21 to 273°C by the end of the 

test. Total O2 and CO) concentration was assumed to be 21 percent. Therefore, percent 

O> was estimated by subtracting percent CO reading from 21 (D. Jaasma, 1994 personal 

communication). 

The above results indicate that the exhaust gases contain an average of 15.66 percent 07 

that was not used during gasification-combustion process, as evidenced by an average 

CO> percentage of 5.34. Higher CO> percentages (12 to 15 percent), which would 

indicate clean gasification-combustion process, are preferred (Dr. Jaasma, 1994 personal 

communication). Most of the air (74 percent) was injected in the secondary combustion 
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chamber. Consequently, the secondary air may not be necessary since most of it left the 

SCC unburned. 

After one hour the primary chamber fuel level was inspected. It was found that most of 

the fuel was unburned and the flame was very small, producing light smoke. This 

observation implied that the gasification process produced inadequate gases for 

combustion in the SCC. When the primary chamber door was opened, thus letting in 

extra ambient air, the flame size increased significantly. The secondary combustion 

temperature increased from 273 to 390°C in less than five minutes. When the primary 

door was closed the secondary combustion temperature decreased. This implied that the 

primary chamber was air starved during the experiment, hence the unburned fuel. 

Several short tests were conducted with the remaining fuel to examine the effect of the 

primary and secondary air: the two parameters that controlled the gasification- 

combustion process. The secondary air was turned off, leaving the primary air and 

secondary burner on. The secondary combustion temperature increased to 517°C within 

five minutes, percent CO remained saturated at 1.61 but CO> increased to 18.1 percent. 

The secondary air was turned off, amount of primary air doubled and primary chamber 

door secured: the SCC temperature stabilized at 432°C within five minutes. With the 

primary chamber door open the SCC temperature increased to 617°C within five minutes. 

It was evident that more primary air was needed for gasification than the combustion 

calculations implied. 
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Table 3. Exhaust concentration and secondary chamber 

temperature for test 35:36:104:140 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

Time Percent| Percent | Percent |CO/CO,| Secondary 

(min.) CO Co, O; Ratio | Combustion 

Temperature 

CO) 
0.00 0.00 0.00 21.00 119.00 

5.00 0.45 4.90 16.10 0.09 254.00 

10.00 1.6] 6.10 14.90 0.26 214.00 

15.00 1.61 6.30 14.70 0.26 205.00 

20.00 1.61 6.20 14.80 0.26 215.00 

25.00 1.61 6.60 14.40 0.24 235.00 

30.00 1.61 6.40 14.60 0.25 244.00 

35.00 1.61 6.20 14.80 0.26 248.00 

40.00 1.61 6.40 14.60 0.25 241.00 

45.00 1.61 6.50 14.50 0.25 262.00 

50.00 1.61 6.70 14.30 0.24 265.00 

55.00 1.10 6.40 14.60 0.17 266.00 

60.00 1.61 0.70 20.30 2.30 273.00 

Average:| 15.66 0.37 233.92 
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While the SCC temperature was at 617°C, primary air supply doubled, primary chamber 

door secured, and secondary air turned on, the temperature decreased to 387°C within 

five minutes. The primary chamber also started to leak excessively. Percent CO> 

decreased while percent CO remained saturated at 1.16 percent. 

Three conclusions were made from these results: (1.) It was evident that the secondary 

air was cooling the SCC. (2.) Although the secondary air inlet was designed to inject air 

at an angle of 45 ° towards the exit of the SCC, some of it forced its way back to the 

primary chamber- hence the leaks. (3.) The rest of the secondary air left the SCC without 

burning and therefore percent CO decreased a low CO? reading means that O2 level 

was high in the flue gas. 

A similar result was evident on all the previous tests whenever the computed amount of 

primary and secondary air was injected into the SCC. In view of the above evidence it 

was not practical to model the gasification-combustion process of the existing equipment 

after Payne's model. 

Three tests were run beginning with 100 percent stoichiometric air in the primary, zero 

percent in secondary and the kerosene burner running. 54 and 160 percent excess air was 

injected in the SCC in subsequent tests. SCC temperature, percent CO and CO? were 

observed, and percent O> was computed as explained earlier. 
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4.2 Test 35:72:28:100 

The exhaust CO7, CO, O4 and temperature measured during test 35:72:28:100, are given 

in table 4. Again, the notation refers to: 35 kg of wet chunkwood with 20.56 percent 

moisture content, 72 percent of stoichiometric air in the primary chamber, 28 percent of 

stoichiometric air injected in the secondary chamber, for a total of 100 percent of 

stoichiometric air injected in the gasification-combustion equipment. The secondary burner 

was set to supply 0.054 cubic meters of excess air per min. This was the only secondary 

air injected into the SCC for test 35:72:28:100. 

Referring to table 4, percent CO got saturated at 1.61 percent immediately after the test 

begun. Towards the end of the test percent CO decreased to 0.28 percent. Percent CO? 

started at 7.3 percent, reaching a maximum halfway through the test at 10.1 percent and 

decreasing to 5.90 after 60 minutes. The SCC temperature started at 794, reaching a 

maximum of 880 after 40 minutes and decreasing to 833 after 60 minutes. The combustion 

cleanness for this test as indicated by the CO/CO2 ratio was below average (0.16). A 

CO/CO) ratio of 0.01 is considered excellent combustion, 0.1 average, and 0.3 dirty ( D. 

Jaasma, 1994 personal communication). 

4.3 Test 35:52:100:152 

The exhaust CO7, CO, O%, concentrations, and temperature measured during test 

35:52:100:152 are give in table 5. Referring to table 5, percent CO started at 0.1 and 

increased steadily to saturation level of 1.61 after 20 minutes and remained saturated for 

25 minutes decreasing to 0.82 percent at the end of the test.. Percent CO? started at 3.6 

percent, reaching a maximum after 25 minutes--halfway through the test-- and decreasing 

Appendix Al 84



steadily to 9.90 percent after 60 minutes. The SCC temperature started at 745 °C, 

reaching a maximum of 840 after 40 minutes and decreasing to 799 °C after 60 minutes. 

The combustion cleanness for this test as indicated by the CO/CO2 ratio was averaged 

0.086. 

Visual examination of each test showed that a substantial amount of gas was produced in 

the primary chamber. However, the expected temperatures in the SCC was not realized. 

The COQz level for tests 2, and 3 indicated that more oxygen was needed, especially at the 

beginning and towards the end of the a test. However, an attempt to inject any secondary 

air decreased the SCC temperature immediately and significantly. 
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Table 4. Exhaust concentration and secondary chamber 

temperature for test 35:132:128:260 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

Time Percent| Percent | Percent | CO/CO, ; Secondary 

(min.) CoO CO, O, Ratio | Combustion 

Temperature 

(CO) 
0.00 0.10 3.60 17.40 0.03 745.00 

5.00 0.08 2.80 18.20 0.03 797.00 

10.00 0.35 3.90 17.10 0.09 804.00 

15.00 1.45 6.50 14.50 0.22 800.00 

20.00 1.61 7.30 13.70 0.22 790.00 

25.00 1.61 19.80 1.20 0.08 823.00 

30.00 1.61 13.40 7.60 0.12 812.00 

35.00 1.61 19.00 2.00 0.08 830.00 

40.00 1.40 14.00 7.00 0.10 842.00 

45.00 0.66 14.00 7.00 0.05 824.00 

50.00 0.07 14.10 6.90 0.00 814.00 

55.00 0.09 11.30 9.70 Q.01 806.00 

60.00 0.82 9.90 11.10 0.08 799.00 

Average:| 10.74 10.26 0.09 806.62 
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Figure 27. Percent CO, CO9, and O2 concentrations for test: 35:132:128:260 
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Table 5. Exhaust concentration and secondary chamber 

temperature for test 35:52:100:152 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Time Percent} Percent | Percent |CO/CO, Secondary 

(min.) Co Co, O, Ratio | Combustion 

Temperature 

(°C) 
0.00 1.61 7.30 13.70 0.22 794.00 

5.00 1.57 7.10 13.90 0.22 828.00 

10.00 1.61 8.20 12.80 0.20 821.00 

15.00 1.61 8.30 12.70 0.19 830.00 

20.00 1.61 9.20 11.80 0.18 851.00 

25.00 1.61 10.10 10.90 0.16 870.00 

30.00 1.61 10.30 10.70 0.16 871.00 

35.00 1.61 10.10 10.90 0.16 872.00 

40.00 1.61 9.60 11.40 0.17 880.00 

45.00 1.61 10.00 11.00 0.16 869.00 

50.00 0.90 7.80 13.20 0.12 850.00 

55.00 0.32 7.20 13.80 0.04 849.00 

60.00 0.28 5.90 15.10 0.05 833.00 

Average:| 8.55 12.45 0.16 847.54     
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Several other tests exhibited the same characteristics as described above. The result made 

it impossible to proceed with the initial objective of investigating chunkwood feedrate to 

optimize the combustor. 

5.0 Conclusion 

Due to the technical problems encountered by the author, it was decided that the initial 

objective was not feasible within the time frame and economic constrains imposed by my 

thesis committee. Consequently, a new concept was to be explored. The author opted for 

a study of the flammable range of the gasification-combustion process using the 

equilibrium and flammability theory. 
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Appendix A2 

FORTRAN PROGRAM USED TO CALCULATE AIR FLOW 
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C 
(9 2 I ee Rk a a I aC oe ee ke a 2 ie ee oe ae oe i ae fe i fee fe ok ake kk 2 a kk a 2 

C*** FANCAL FORTRAN: USED TO CALCULATE THE AIRFLOW FROM A STANDARD ** 
C*** TEST. PROGRAM CAN BE USED FOR A SINGLE NOZZLE MOUNTED IN A ** 
C*** DUCT, OR A SINGLE NOZZLE MOUNTED IN A CHAMBER. ** 
(9 a A he he i 2h ee ie te 2 he ate 2 2 he fe oe 2 ic he 2 2k 2 2 2h 6 2 2 Ae Ae Ae ie fi 2 2 2h 2h 24 a 2 2 fe fe 2 2 fe 2 2 2 2h 6 fe 2 i i 2c a 2A 26 fe oi a 2 ea 2 eo eee 

C234567 
DIMENSION PD(100),SP(100),QN(100),QF(100),FS(100), POUT(9) 
INTEGER FS 
DATA PI/3.141592654/ 

Cc 
COAG OCA ORIG SG ISG rIGo or oro GIA A CI I Ia II a kai kai ik ar ik i a i ak ak ik acacia ala ak aC 

C*** INPUT AND OUTPUT FILEDEFS ** 
(EE ke 2 i he a 2h 2h 2 2 he ae 2 he 2 2 ah he 2 2 de a 2 a 2 ie de kk 2k 2 Ae 2 ie fe 2 ie a 2 i 2 2 ee oe 2 ee a ig a a 2 2 ke 26 ae 2 26 i 2 ig fe a ee ais ae ae 2k 2c oe a 2k ie 

C 
OPEN(UNIT=34,FILE='"FANCAL.DAT’ STATUS='OLD') 
OPEN(UNIT=20,FILE='"FANCAL.OUT' STATUS="UNKNOWN’) 

Cc 
(COREG OOOO IO ISOC ORIG ORIG IG IORI ISR IG IGRI ACI ACI ACI IE aK a 

C*** READ IN INPUT DATA FROM FILE (FANCAL DATA A) + 
(OHARA IR IORI GROG IOR GRIGIO IOI IIE AGE 

Cc 
READ(34,1) TDBA,TWBA,TDBD,PB,NP 

| FORMAT(3F6.3,F6.2,13) 
DO 100 I=1,NP 

100 READ(34,2) PD(1),SP(1),FS() 
2 FORMAT(2F7.2,15) 
READ(34,3) D4,D6,NCODE 

3 FORMAT(2F3.0,12) 
C 
COREE RS EARS ISS nia Saari IO So ac IS aaa I I ICRI aa A II Ra IIE a I I aE a Ef a aE a ak aa a af i a 

C*** MOUT = FILEDEF FOR OUTPUT FILE (FANCAL OUTPUT A) ** 
(LA EE 2 a ee ke 2 ee kk ee 2 2 ee 2k fe 2k fe 2 2 2 af a 2 fe 22 fe ee 2 fe 2 a 2k fe fe fe 2 2 ie fe ee 2k 2 2 2 2 eae fe ae 2 2 ae ae 

Cc 
MOUT=20 

C 
COBRA O HG ISG Sana oad arnaoiaiioaiinic ining ina iii gi i ai a ia ISSIR II EAI I IGE AI a I Aa A IG aE 

C*** INPUT DATA FROM TERMINAL ** 
(COREA IO IRIE IO IORIORIOI ICSC II RIO ACI IO I I a I ak tI i I 4a x 

Cc 
C  WRITE(9,1) 
C 1 FORMAT(‘ENTER THE AMBIENT DRY BULB TEMPERATURE(KOHMS)’) 
C READ(9,*) TDBA 
C  WRITE(9,2) 
C 2FORMAT(ENTER THE AMBIENT WET BULB TEMPERATURE(KOHMS)’) 
C READ(9,*) TWBA 
C  WRITE(9,3) 
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C 3 FORMATCENTER THE BARAOMETRIC PRESSURE FOR THE TEST(IN.HG)') 

C READ(9,*) PB 

C 
CAAA IC SG IOI IS GGG EGR IOISI CIS GIO ISIS SEIS ISO ISCAS ARI II I ICICI I a aC ak a ak a ak a a 

C*** CALCULATE ATMOSPERIC PRESSURE IN PASCALS ** 
(EE RRO OOO IAG IOI Ea I CO OI A IOI IK ICICI IOI A 28 2k 3 ak 2 2k 2 

Cc 
PATM=PB*3386.53 
WRITE(9.7) 

7 FORMAT(‘ENTER THE DUCT DRY BULB TEMPERATURE(KOHMS)') 
READ(9,*) TDBD 
WRITE(9,8) 

8 FORMAT(‘ENTER THE NUMBER OF NOZZLE PRESSURE DROP-STATIC PRESSURE R 
*EADINGS...’) 
READ(9,*) NP 
DO 15 1=1,NP 
WRITE(9,9) I 

9 FORMAT(ENTER READING NUMBER, ',13.2X,'PRES. DROP, ST. PRESS.,R 
$PM') 

A
Q
A
N
Q
N
A
N
A
N
A
A
N
A
N
A
I
N
A
N
N
 

(90 eR 2 2 ee Fe fe i Fe A 2 AC I FC A 2 a ke ee fe fe ff fe fe fe fe ee fe ae ae ak Ae fe ae ae ae as ak fe ac 

C*** INPUT VARIABLES: * 

C*** 1. PD = PRESSURE DROP ACROSS NOZZLE ** 

C*** 2.SP = STATIC PRESSURE(IN. W.G.) ** 

C*** 3. FS = FAN RPM + 
(9 RR 2 2 RH AC FC i 2k A AE I ee EE A kkk FE 24 2 a ki fe ae ae fe fe ake fe ke ie 2 ee 2 fe 2 ee fe fe ae fe ke 2 2k 2c 

READ(9,*) PD(1),SP(1),FS(1) 
15 CONTINUE 
WRITE(9, 11) 

11 FORMAT(ENTER THE NOZZLE INLET DIAMETER(IN.)’) 
READ(9,*) D4 
WRITE(9, 12) 

12 FORMAT(ENTER THE NOZZLE EXHAUST DIAMETER(IN.)') 
READ(9,*) D6 
WRITE(9, 13) 

13 FORMAT(‘IF APPROACH TO THE NOZZLE IA A DUCT, ENTER "0") 
WRITE(9, 14) 

14 FORMAT(‘IF APPROACH TO THE NOZZLE IS A CHAMBER, ENTER "1"’) 
READ(9,*) NCODE 

A
A
A
N
A
A
A
N
A
N
A
A
A
N
A
A
N
A
A
N
N
 

(A ke Re 2 Rk 2 AS AE I A 2 fe ae 2k 2 2k RE IE ee a ke 2 ee 2 

C*** CONVERT TEMPERATURE(K-OHMS) TO TEMPERATURE(DEG C) ** 
(RE 2 2 FE 2 FE FE A A 2k 2 AF RE 2 EE 2 RR RE 2 Ee ee 2 EE EE 2 EE ee 2 

Cc 
TDBA=THERM(TDBA) 
TWBA=THERM(TWBA) 
TDBD=THERM(TDBD) 

Cc 
(OBC SE ESSE SECO SISSIES SESS OS SCE SICKER Ia II IK I A ACI A ACE 

C*** CALCULATE AREA OF NOZZLE DISCHARGE(FT**2) ** 

Appendix A2 95



(LE 2 A ee 2 ek i a ie a ie ie ee kk RRR ICICI 2 2 2 fe fe fe i ake ke 2k i fe ie kee fee ai ke 2 ade 2 a a 2k eae ae ee 

Cc 
D6=D6/12. 

D4=D4/12. 

A6=P1*(D6**2)/4. 

Cc 
COA B ASICS SSS OASIS GOES SOR GORIOGOHIS RIB ISG a ISIS CII I ICICI I Ck a ACR AK ak ac aK a 

C*** DEFINITION OF VARIABLES: * 

C*** 1, NCODE = 0 FOR A DUCT APPROACH; NCODE = | FOR A CHAMBER ** 

Cr** APPROACH ** 

C*** 2, GAMMA = RATIO OF AIR SPECIFIC HEAT AT CONSTANT PRESS. ** 

C*** TO AIR SPECIFIC HEAT AT CONSTANT VOL. ** 

C*** 3.R = GAS CONSTANT(FT-LB/LBM-DEG R) ** 
(78 a 2 he he 2 2 ie he hee 3 2 2 2 ie i ie 2 i oe he fe be fe fe 2 kk 2 2 oe 2 2 2 2k 2k ie fe fe ae ae ee 2 2k 2 ar fe fe oi oie fee 2 2 okt aie ate oi a eK ek 

Cc 
GAMMA=1.4 
R=53.35 

C 
CASO GIAO GOO FIG OIC IOIOIS ISO IO IGS SCIO SIGS CIOS IOI I I I ICI aI I a Kk a i 

C*** DETERMINE THE SPECIFIC VOLUME OF THE AMBIENT AIR + 
C*** (SUBROUTINE RETURNS SPECIFIC VOLUME(M**3/KG DRY AIR) AND THIS ** 
C*** MUST BE CONVERTED TO FT**3/LBM DRY AIR) ** 
OBE GO IORI IAAI OIRO GIO RCIA IOC I IE 

Cc 

MODE=2 

CALL PSYC(MODE, TDBA,TWBA,PATM,MOUT,POUT) 

SPV=POUT(9)* 16.018 

Cc 
(ABA E SA IOO RISO SS AAG OSGI EES ASF SIG RE GRIGIO SIO IG ICE I Ak a ak ka aK aa ak ak ak 

C*** CONVERT TEMPERATURES FROM DEG C TO DEG F ** 
(EE He he ae ae Ae ee fee ke ef Fe Fe ke ke 2 2 2 Ee Ae fe 2k ke 2 AE 2 2 2 FE fe 2 2 2K fe ee 2g fee 6 aE ie ee ak 2 ok 2 I a 2 fe ag ae ak ak 

Cc 

TDBA=1.8*TDBA+32. 

TWBA=1.8*TWBA+32. 

TDBD=1.8*TDBD+32. 

C 
CORES ES ICSI OSES ES IGOR ESOC IG IIE OIG ASE AGI A IG Ra IGE 

C*** CALCULATE THE DENSITY OF THE AMBIENT AIR all 
(76 7 i i ha ke ee Fe ke ee Re A 2 2 Ce ee i 2 fe 2 2 2 2 ei ake oe fe i fe fe fc fe fe oie oe oe 

Cc 
RHOA = 1.0/SPV 

Cc 
CORBA ES GCOS Sa ORGS GRIGIO SA IS ISS ISSR IG ISIGI IACI ARI GIGI II AI I a KR ka 

C*** BEGIN LOOP ** 
(CF RR 2k A A IG a RE 2 ee a i kk 2 ee ie a ea Ee 2 2 

Cc 
DO 10 I=1,NP 

Cc 
(ABH ASS Oa dora aac SaaS oc G ao aE aa IBS a ICIS ISI ICE a II IK a ai a HR ACA EE A a a 

C*** CALCULATE THE DENSITY OF AIR IN THE DUCT OR CHAMBER (SEC. 9.2.2) ** 
(709 2 2 ee ke ke ee a ie ie 2 ea kk 2 2 a kk fe fe ak ee ie fee ke ke 2 kee 2 ke oe oie fe ae fe ae a ee a 2 2 2 
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Cc 
RHOX= AIRDEN(RHOA,TDBA.TDBD,SP(I),PB) 

C 
(OBESE OS ooo aio a nom oogonia agai aiciioi icici ioiciiiac rk icioataiait tof a taka kaka ick ao 

C*** CALCULATE ALPHA RATIO ** 

C*** ALPHA RATIO IS THE RATIO OF ABSOLUTE NOZZLE EXIT PRESSURE ** 

C*** TO ABSOLUTE APPROACH PRESSURE (SEC. 9.3.2.1) ** 
(C7 I RIOR AI IE CCC ROG Fe ie 2k. 2 2A ae fe 2 of ae iE aC oe ae 2k ace fe ee fe a i 2k ie ak ac fe ak ec 

Cc 

A= ALPHA(PD(), TDBD,RHOX,R) 

(LE Re 2 ae 2 2 eRe i fe 2 2 2 ae 2 2 ke de 2 2 2c 2 ic 2 2 2c af i ke 2 2k ee ake ae ei ke i 2 2 ea aie ke 2s 2 2s abe a 2 ee ak 2 ac ae 

C*** CALCULATE BETA RATIO (SEC. 9.3.2.2) *e* 
(Ee 2 He Fe Fe he ke ek ke 2 fe ee ke ee fe i fe ake of ee 2 ee 2 eae 2 2 Fe fe fe 2 2 ee ee of 2 2 fe 2 fe oe ke a 2c 2k ee fe i a oi a 

B= BETA(D6,D4,NCODE) 

Cc 
ABABA A OCS SO ISOS IOS IIE IGI IOI OIEIGSEIOISI AAI IGS ISI IO ISS Ia Ia III Ia I I ia i i i a ak 

C*¥** CALCULATE EXPANSION FACTOR (SEC. 9.3.2.3) Ae 
(CF AE 2 2 ke 2 2 2 2 ee a ie ree a ak ak RR ROR IR 2 2 2 2 2 fe ie ke 2k 2 2 2 ee keke 2 2c iE 22k 22 2g ie i ok 2 2 

Cc 

Y= YFACT(GAMMA,A,B) 

Cc 
(OAR RAIA RII GIORGIO III ORI OIGIGIOI RIG IOI I II GI ak ek 

C*** CALCULATE ENERGY FACTOR (SEC. 9.3.2.4) 4% 
(LR EE RE A A IC 2 Re A Ee 2 A A ee 2 ee a 2 ee ee 2 2 ko 

Cc 
E=EN(NCODE) 

Cc 
(CORO OI OR IGIO ROIS OBE IORI IGOR ICR AGI ICR IDI I ISR fai kik i ak tt 

C*** CALCULATE AIR VISCOSITY(LBM/FT-S) (SEC. 9.2.4) ** 
(CARAS GOO GGG OOOO RI OIOR RIOR OGRA ICCC AG ICA A IOI I Ak 

C 

AMU=(11.00+0.018*TDBD)* 1.E-6 

Cc 
CORO OIO RIES GGG IG IORI GRICE ORIG IR IGI RIA IGIS I RICKICI IIT ABI CII I ACI A a ak aE a 

C*** CALCULATE REYNOLDS NUMBER (SEC. 9.3.2.5) ** 

C*** CALCULATE DISCHARGE COEFFICIENT (SEC. 9.3.2.6) ** 
(COREG IORI IO IO GIO IGG IOI IRI IOjza AGOIG GI I GIOR II IOR a i qi ia ick 

Cc 
(Ee te ae ke kee 2 te fe fe he a ake ie fe ade fe 2 ef af ak fe fe 2k fe ae 2 i fe 2 2k ke af A fe fe of 2 fe af 2 a fe ae 2 ae ake of ae ae fe ee 24 fe de ake 2k 2 2 ae 2 ae fe 2 fe ake a ae ak fe ake a ak aks 

C*** MUST USE AN ITERATIVE PROCEDURE TO FIND REYNOLDS NUMBER AND ** 

C*¥** DISCHARGE COEFFICIENT > 

C*** CALCULATE DISCHARGE COEFFICIENT USING FIRST APPROXIMATION OF ** 

C*** REYNOLDS NUMBER ** 
(8 2 ee Eke ee ee ke 2 2 Ee EE Ek Fe oe 2 fe AC 2 EE 2 2 eA FE 2 Ae 2k fe aE 2k 2 ae ake 2c 2 2h 28 ae fe ake ae Ae 2 ee ee ak kk 2 

Cc 
ARG=PD(1)*RHOX/(1.-E*B**4) 
RE=1.363E6*D6*SQRT(ARG) 
NCOUNT=0 

201 ARG=PD(I)*RHOX((1.-E*B**4) 
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C1=60.* AMU*RE/(1096.*D6*Y*SQRT(ARG)) 
C2=0.9986-7.006/SQRT(RE)+134.6/RE 

c¢ WRITE(MOUT,50) NCOUNT,C1,C2,RE 
c 50 FORMAT(2X,'NCOUNT ='14,' C1=".F7.4,' C2=',F11.8,' RE=',E13.6) 

IF(NCOUNT.GT. 100) GO TO 200 
IF(ABS(C1-C2).LT.0.001) GO TO 200 
NCOUNT=NCOUNT+1 
RE=RE+0.001E5 
GO TO 201 

200 CONTINUE 
C=C2 

RE=REY(C,D6,AMU, Y,PD(I),RHOX.E.B) 
Cc 
(CARA OOO CO GIRO IGG IOREE IGG GRICE AGI AK IK 

C*** CALCUATE FLOW RATE FOR A DUCTED NOZZLE (SEC. 9.3.2.7) +e 
(ER A A Re ke i ek Ae ee He He ke ok RR fe 2 AC Ae A A Re fe ke he 2 2 2 ee Efe oe ae ae fe ae oe ade fe 22 ake oe fe ake abe ae af ae ade fe abe ke fe age ae 

Cc 
IF(NCODE) 20,20,25 

20 Q=QFOUR(C, A6, Y,PD(I), RHOX,E,B) 
GO TO 30 

Cc 
CORES AROSE OSS AC SOR EISSI GEA SORIO OSS IS OSOIGI IIIA DIRIG ITI AICI Aa aE ACI a a KOK 

C*** CALCULATE THE FLOW RATE FOR A CHAMBER NOZZE (SEC. 9.3.2.8) ee 
(9 2 Rk RR ER ke RR 46 Fe 2 RR 6 fee 2 2 ke kk ke ec ie ee fe aC fe Ae ae cafe ae fe a ak 24 ak ae ae ae ae ae ae ae te 

Cc 
25 Q = QFIVE(Y,PD(I),RHOX,C,A6) 

Cc 
(EE Ee He He 2 2 2 he ee ke 2 2 2 fe he 2 ef 2 He fe 2k 2k ee oe 2 a Ae 2 2 ke 2 fe 2 2 2 2 2 ke de fe 2 2 2 fe fe fe 2 ak 2 2 fe fe 2 2 2k 2 ae ee ee fe 2 2 2 ee ke ae ie 

C*** CALCULATE THE FAN FLOW RATE (SEC. 9.3.2.9) eX 
(7 EE ie ee 2 ee ie te ke ek ne fe ef ake ke ae ie ae ke ake fe 2k ee ae fe 2k ae ale ake ea a ake ee fee ake fe 2 2c ade af fe fe fe 2c 2h ae af ae ake af ake af af 2k a ak 2k a as fe ae ate ake 

30 CONTINUE 
QND)=Q 
QF(I) = Q*(RHOX/RHOA) 
QFF=QF(1)*0.02832 

(6 a i 2 2 2 ee fe Ae i RE Ee 2 2 fe fe fe fe ke 2 2 2 fe fe fe fe Ae 2 fe ee 2 2 2 2 2 2 2k 2 2k ek a a 2 2 ake oe oe 2 ae kee 

C*** PRINT OUT THE NECESSARY OUTPUT 9K 2K Ae ic ake oc ofc ie 3c aie ke 2c afc oe 2k fe 2c aK oie oe ode ie akc oie ofc aie oi oft 2k ak 

(98 ee 2 2 2 i ke 2 ke A A eR 2 2 2 2 ke ok oi ke oe ke ke ie ie ae de 2k 2 2 216 2 ke eee 2k 2k 2k 2 ie 26 2 2 ick i 2 2 eee i 2k 2 2 

Cc 
WRITE(MOUT, 54) A,B,GAMMA,PB 

54 FORMAT(80('*'),/,, ALPHA FACTOR = '.F7.4,/,, BETA FACTOR = 'F4.2, 
*/' GAMMA FACTOR = '.F4.2,/,, BAROMETRIC PRESSURE(IN. HG) =',F6.2) 
WRITE(MOUT,55) RHOA, Y,E,AMU 

55 FORMAT(' AIR DENSITY(LBM/FT**3) = '.F8.5,/,! EXPANSION FACTOR = ', 
*F8.4,/,| ENERGY FACTOR = ',F8.4,/,' AIR VISCOSITY(LBM FT-S) = ‘El 
+36) 
WRITE(MOUT,56) RE,C 

56 FORMAT(' REYNOLDS NUMBER = '.E13.6,/," DISCHARGE COEFFICIENT = '\F 
#84) 
WRITE(MOUT,57) TDBA,TWBA, TDBD 

57 FORMAT(' AMBIENT DRY BULB(DEG F) = ‘FS. 1,/,! AMBIENT WET BULB(DEG 
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* F) ='\F5.1,/,, DRY BULB AT NOZZLE INLET(DEG F) =',F5.1,/) 

WRITE(MOUT,53) PD(D,SP(D),QN(),QF(1), QFF.FS(1) 

53 FORMAT(' PRESSURE DROP ACROSS NOZZLE(IN.W.C.) = '.F5.3./.. DUCT ST 

* ATIC RESSURE(IN. W.C.) ='.F7.2,/,, NOZZLE AIRFLOW(CFM) = ',F7.2,/. 

*" FAN AIRFLOW(CFM) = '.F7.2,/,,FAN AIRFLOW(CUBIC M/MIN)="F7.2,/,' 

* FAN SPEED(RPM) = ',14,/,80('*'),/) 

10 CONTINUE 

print*,"YOUR OUTPUT IS IN FILE FANCAL.OUT’ 

STOP 

END 

C 
(796 i i Re ee ee 2 ke ke eR ee ae Ek 2 2 2 2 ok OR oe 2 Oo ae oft ole fe ae a ae 

C*** FUNCTION THERM CALCULATES TEMPERATURE FROM K-OHM MEASUREMENTS ** 
(C7 RRR OOOO A RIGOR aC AG aC a COC CO ok ce ae ae ok ae ac oie oe 

C 
FUNCTION THERM(R) 
DOUBLE PRECISION A,B,C,D,E 
A=-2077.423 
B=4681.344 
C=498.445 | 
D=21.7356 
E=100.1315 
S=-1.0 
ARG=A+B*R+C*R**2 
IF(ARG.GT.0.0) GO TO 100 
THERM=100.0 
GO TO 200 

100 THERM=D*R+E+S*SQRT(ARG) 
200 RETURN 

END 
C 
(CAR RR RRR RIO OR IOI RIG RR I a IG I i i aR a ak ae fe at 6 ee fe a ee 9 ee a eo 2 2 a ok ae 

C*** DUCT OR CHAMMBER AIR DENSITY (SEC. 9.2.2) nH 
(CORA OG I ICG ARI ICI GIOI GR I a aE A I ICI A ACI I ACI 2k 29 2 24 24 2k 2 24 ff 24 2 2 a a a ae 

Cx** aK 

C*** PURPOSE: “ee 
C*** CALCULATES THE DENSITY OF AIR AT PLANE-X. IF THE STATIC sl 
C*** PRESSURE AT PLANE-X IS LESS THAN 4 IN. WATER, THEN RHX=RHOA. +H 

3k oe 36K 3 

eEnEEE EEE OOD E ERE HE SSH LEEEEEEEHoS SELLE EEEEEDHooSELE EEEEEENEEEoREREEREEREEEEEEEE 

C*#** * KK 

C*** INPUT VARIABLES: sd 
C*** 1. RHOA = DENSITY OF AMBIENT AIR(LB/CU. FT.) ee 
C*** 2. TDO = DRY-BULB TEMPERATURE OF AMBIENT AIR, DEGREES “8 
C*** — FARENHEIT. +e 
C*** 3. TDX = DRY-BULB TEMPERATURE AT PLANE-X, DEGREES FARENHEIT. ee 
C*** — PLANE-X IS PLANE-4 FOR A DUCT APPROACH, OR PLANE-5 FOR A sl 
C*** CHAMBER APPROACH. “ee 
C*** 4. PSX = FAN STATIC PRESSURE, IN. W.G. +e 
C*** 5, RHOB = BAROMETRIC PRESSURE. IN. HG +e 
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C*r* kk 

(9 Ee 2 2 ie ek fe 2 2 2 2 de fe fe 2 2 a 2 2 2 2 2 2 a ae ee ade fe fee a fe a 2 a a ak 2 2 2k 3 2 2 2 eae af fe a 2 2 eae fe 2k 2k 2 Ee fe ak 2k 2 af ae ae ake a 2 2 afe ak fe 

Cee x 

C*** RETURNED VARIABLE: +e 

C*** 1, RHOX = AIR DENSITY AT PLANE X(LB/FT**3) ea 
C##* Ok 

CORREIA AAA GIOIA IGG IORI ICICICIGI GIGI I ICI aE a A ak 

FUNCTION AIRDEN(RHOA,TDO,TDX,PSX,PB) 
F1= (TDO+459.7)(TDX+459.7) 
F2= (PSX+13.63*PB)/(13.63*PB) 
AIRDEN= RHOA*F1*F2 

RETURN 
END 

C 
ABA SASO GAS ISCAS OEIC SCA ISIBG SIO SEIS OI IEICE CAI I IE ICICI I A K i ACK a ak a 

C*** ALPHA RATIO (SEC. 9.3.2.1) ee 
ABA EA EEO IS IGG ICHIGO SIEGE IESG ICES ISSCC ICI aI ACI I IG II I cI ak a AK a ak a A ACK a a 
Cee #4 

C*** THIS FACTOR IS THE RATIO OF ABSOLUTE NOZZLE EXIT PRESSURE TO ee 
C*** ABSOLUTE APPROACH PRESSURE. laid 
Cree #4 
COB ASS a a Soba oailinioiinioioaaiiiivicaainioiaainioiaoiaiioiacgicioiiciaiii acini aici ic ickaicacatok a gk aa rai aA RA 
Cee a 2k 

C*** INPUT VARIABLES: tee 
C*** |. DELP = PRESSURE DIFFERENTIAL ACROSS THE NOZZLE, IN. WATER. ae 
C*** 2. TDX = DRY-BULB TEMPERATURE IN PLANE -X, DEGREES FARENHEIT. *e% 
C*¥**  PLANE-X IS PLANE-4 FOR DUCT APPROACH, OR PLANE-5 FOR lala 
C*** CHAMBER APPROACH. 4% 
C*** 3. RHX = FAN AIR DENSITY(LB/CU-FT.) *** 
C*** 4. R = GAS CONSTANT, 53.35 (FT-LB)/(LBM DEG R) FOR AIR ee 
Cree 4 
(OHARA SSO SO GCAO AGG OC SAAS CSO SGE SIS IGS GRIGSGCB I a I aa Ka a Ka a ICR Ra 
Cees eK 

C*** RETURNED VARIABLE: eee 
C*** 1. ALPHA = DIMENSIONLESS. *** 
Cx ok 
(CAAA OROIRIOGRGA ORO IORI IO IORIGRIORIA IIS IRIE IS IOI IGG I IG I IDI IIE A AK 

FUNCTION ALPHA(DELP,TDX,RHX,R) 
F1=5.187*DELP 
F2= RHX*R*(TDX+459.7) 
ALPHA= 1.- FI/F2 

RETURN 

END 

Cc 
COA B SASSO ICE ISS SAG RISES SIGCSE ISI aa ARIA EAI II ICICI AI ACR ICI ACI CIA A a aR a A 

C*** BETA RATIO (SEC. 9.3.2.2) lalla 
Cee 4 

(CORBA CSAS EASES ARIES EIS GOEISR IRIE ISAAC IIR II EIGISE IIE ACACIA IA I II aC AOK 

C#** 1K 
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C*** INPUT VARIABLES: ee 

C*** 1. D6 = DIAMETER OF NOZZLE DISCHARGE STATION.FT. ee 

C*** 2. D4 = DIAMETER OF DUCT PIEZOMETER STATION,FT. lade 

C*** 3, NCODE = NOZZLE CODE INDICATING DUCT APPROACH OR CHAMBER ee 

C*** = APPROACH. **% 

C*** A. NCODE = 0 : DUCT APPROACH ea 

Cr** B. NCODE = | : CHAMBER APPROACH +e 
Cex 4k 

(CORA AIG ASAE OIE O OSS ISS ISSO IGE IOSD IDS SSSI SSG AS ISIC ISIC ISI III III Ka a A IDK a aK 

Cee ex 

C*** RETURNED VARIABLE: slaled 

C*** 1. BETA = DIMENSIONLESS 4 
Cert 4% 

Cee ok 

(LE a a 2 ee He IE ke ke 2 fe ee ee fe 2 ee fC Re 2 2 2 Fe 2 fe ke oe 2 2 Ee 2 Ee 2 oe fe ee oe 2 2 2 2 2 a 2 a a ke 

Cc 
FUNCTION BETA(D6,D4,NCODE) 

IF (NCODE) 2,2,3 
2 DX=D4 

BETA=D6/DX 
RETURN 

3 BETA=0 
RETURN 
END 

C 
(7 A ee 2 2 AE He ee 2 2 eh he ee 2 2 2 2 2k 2k 2 2k 2 2 2 2 Ae ee 2k 2 he fe 2 2 2 2 2 2 2 2 ee ae a 2 2 2 2 ie 2 ie ae i 2 2 ese 2k 2k 2 2 2k 

C*** EXPANSION FACTOR (SEC. 9.3.2.3) *¥ 
C*** * kK 

LE ee ee Fe Fe ae Ee 2 Re Fe fe ke ke 2k 2 fe ake ke 2 2 eo fe oe AC oe Efe 2 2 ae ake oie oe 2 2 2 2k 2 2 2k ie ke ie ae fe ate oe ae oie a ae ke oft oe 

C*** ae 2k ok 

C*** INPUT VARIABLES: ea 
C*** 1. GAMMA = RATIO OF SPECIFIC HEATS, DIMENSIONLESS. # + 
C*** 2, ALPHA = RATIO OF ABSOLUTE NOZZLE EXIT PRESSURE TO + 
Cc*** ABSOLUTE NOZZLE APPROACH PRESSURE, DIMENSIONLESS. #9 
C*** 3. BETA = RATIO OF NOZZLE EXIT DIAMETER TO APPROACH DUCT #4 
C*** DIAMETER, FEET. eee 
C*** KR 

(9 2 Re RR Fe fe ke RR He ke fe 2 2 Eade ee 2k ke 2 ee fe fe ke ake a 2 2 Ce i fe 2 2 A 2 2 2 ke ee 2 2 i 2 2 2 2 2k 

C*F* a ok 

C*** RETURNED VARIABLES : iil 
C*** 1. Y= EXPANSION FACTOR, DIMENSIONLESS. te 
C*** ok 

(9 HE ee 2 He Fe i 2 Fe EE 2 A fe 2 2 fe A fe oe a a Ae 2 fe A 2 2 oe ake 2 2k A 2k 2 fee fe 2k 28 fe ee 6 2 oh ae fe ae fe ae 2 ak ae 

Cc 
FUNCTION YFACT(GAMMA,ALPHA,BETA) 

Fl = GAMMA/(GAMMA-1.) 
F2 = ALPHA **(2./GAMMA) 
F3 = 1. - ALPHA**((GAMMA-1.)/GAMMA) 
F4 = 1. - ALPHA 
FS = SQRT(F1*F2*F3/F4) 
Fl = 1. - BETA**4 
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F2 = 1. - (BETA**4) * (ALPHA**(2./GAMMA)) 
F3 = SORT(FI/F2) 
YFACT = F3*F5 

RETURN 
END 

Cc 
CORES S Soa ASE Iolani Sacro Sa GE IIIS Scio io acini kaa Irak al i rok a ak i i ai aia tak a a a 

C*** ENERGY FACTOR (SEC. 9.3.2.4) ee 
CH 24 

C*** DETERMINE THE VELOCITY PRESSURE UPSTREAM OF THE NOZZLE AT THE *** 
C*¥** STANDARD TRAVERSE STATIONS. SUFFICIENT ACCURACY FOR THIS #4 
C*** STANDARD CAN BE OBTAINED FOR SETUPS QUALIFYING UNDER THIS * 
C*** STANDARD BY SETTING E=1.0 FOR CHAMBER APPROACH, E=1.043 FOR #¥* 

C*** DUCT APPROACH. 4 
COB ARECARG I SIOIAOSG SESS SSCA EGBG EI IDA ID a aI SIGE a I ISIC IGE Ik a Ii A I ak ai i i ak 
Cee 1 

C*** INPUT VARIABLES: +e 
C*** 1. NCODE = NOZZLE CODE INDICATING DUCT APPROACH OR CHAMBER ee 
C*** APPROACH. lala 
C*** A. NCODE = 0 : DUCT APPROACH #4 
C** B. NCODE = 1 : CHAMBER APPROACH # 
Cee 4 
COREE AEGIS OIG IESG AIOI SS ISOS EA GGEIOISIG OIA OIG IAA GIGI I IG I kak ak cf afk a a ak ak aa tak a 
Cee 2 

C*** RETURNED VARIABLE: ee 
C*** | EN = ENERGY FACTOR, DIMENSIONLESS ee 
CK 1 
(78 RA 2 ee ee 2 ie ae fe 2 2 2 2 2k ke ke fe abe te fe ee ke ee eR 2 2 2 9 2 2k 2k 2k E29 ee fk 2 2 2 ef ke 2k 2 fc he 2 2 af ae 2k 2 2 ie ek a ae 

Cc 
FUNCTION EN(NCODE) 
IF (NCODE)3,3,4 

3 EN = 1.043 
RETURN 
4EN=10 
RETURN 
END 

Cc 
(7 2 2 ok 2 ek RR a ORG a III A A I IOI 4 C9 9 ee 2 ee ie ee ie fe ae fe aie ak fe ie fe ce ee 

C*** REYNOLDS NUMBER (SEC. 9.3.2.5) " sd 
(EE Fe ke eee ee fe ie ake oe 3 fe ee fe fe ke fe of oe fe 2 ee 2 ak 2 fe fe of 2 2 fe eo 2 a oe of 2 2 fe fe oe 2 2 ee ke 22 2 ee ic ake 2 2k fe 2 ae fe fe fe ie a 2 ee ae 

C*** PURPOSE: 4% 
C*** AN APPROXIMATION FOR THE REYNOLDS NUMBER IS DESCRIBED BY THIS so 
C*** FUNCTION. ee 
(NE He 2 2 Fe Ree EE A ER FE 2 A A 2 FE Re 2 fe 2A 2 A Ee fe 2 ee 2 2 a 2 2 He fee 2 fe eof ee fe 2 a ee ke 2 2 

C*** 2k kk 

C*** INPUT VARIABLES: le 
C*** |. C = DISCHARGE COEFFICIENT,DIMENSIONLESS. ed 
C*** 2 D6 = DIAMETER OF THE DUCT AT STATION 6, FT. le 
C*** 3. VIS6 = VISCOSITY OF THE AIR AT STATION 6, LB/(FT-S). se 
C*** 4 Y = EXPANSION FACTOR, DIMENSIONLESS. sl 
C*** 5. PD = PRESSURE DROP ACROSS THE NOZZLE, IN. WATER. +48 
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C*** 6. RHOX = DENSITY OF THE AIR AT STATION X. LB/CU.FT. lead 

C*¥** 7.  E = ENERGY FACTOR, DIMENSIONLESS. #8 

C*** 8 BETA = BETA RATIO, DIMENSIONLESS. *** 
C#** kk 

(CORA OOOO OCCA GIGI ORIG RAGKAG GK IK 

Cree kk 

C*** RETURNED VARIABLE : *¥* 

C*** | REY = REYNOLDS NUMBER, DIMENSIONLESS. * 
C#** Ck 

(CORA IGRI IGOR IOI GGG ICICI OIA ICICI ICI ICI II aE ACI I 

FUNCTION REY(C,D6,VIS6, Y,PD,RHOX.E,BETA) 
Fl = 1096./(60.*VIS6) 
F2 = C*D6*Y 
F3 = (PD*RHOX)/((1.-E*BETA**4) 
REY = F1*F2*SQRT(F3) 

RETURN 
END 

Cc 
(7 AE 2 9 2 ke A fe 2 2 2 2 2 i i 2k 2k ke fe ie ke 2 2 fe ae ee a kk 342 2 2k 2 oie ae ie a ake 2k ke 2 ie ee hc 2 i ic ae akc 2 a 2 2h ae 2 2 2 

C*** FLOW RATE FOR A DUCTED NOZZLE 2 2 9 9g 2 RE 2 Ee 26 E26 9 2 2 2S 8 246 26 2 2c KE og 2 2K ik 

(Ee ee ke ee 2 Ea 2 dE 2 fe fe 2 FE 9 A RO fe A 2 EE 2 RE 2 2k fe 2 2k fe a Efe fe 2k 2k fe ae 2k ae 

C*** PURPOSE: ee 
C*** CALCULATES THE VOLUME FLOW RATE AT THE ENTRANCE OF A DUCTED oe 
C*** NOZZLE. lee 
Cee Oe 
(OBES rac a ai aaa ican SOS EI SISO IDES ISIS EIO GEIR SGI IA aC II ai a i fair ii a I a i at af ack ak af aca ak 
Cee eC 

C*** INPUT VARIABLES: ied 
c*** 1. C = DISCHARGE COEFFICIENT, DIMENSIONLESS. all 
C*** 2. A6 = THROAT AREA AT STATION 6, SQ. FT. 44% 
C*#** 3. Y = EXPANSION FACTOR, DIMENSIONLESS. #* 
C*** 4. PD = PRESSURE DROP ACROSS NOZZLE, IN. WATER. eo 

C*** 5, RHO4 = AIR DENSITY AT STATION 4, LB/CU.FT. * 
C*** 6. E ENERGY FACTOR, DIMENSIONLESS. eee 
C*** 7, BETA = BETA FACTOR, DIMENSIONLESS. allel 
Cree ars 
COREE AG FE GAS SSAA SEAHEC SOOO a SEIS SSSI GIS IGI I AIA II a ICI I AAR 
Cee + 

C*** RETURNED VARIABLE: + 
C*** |]. QFOUR = VOLUME FLOW RATE AT THE ENTRANCE OF THE DUCTED lalel 

C*¥** NOZZLE, CFM. ee 
Comex #4 
(LE 2 ee fe 2k 2 2 A EE fe A kf 2 a 2 a 2 EE 2 2 2 ee 2 2 FE ie 2 a ee ke 2k ke Ee oe 2 ee ae fe oi ae a a ae 

FUNCTION QFOUR(C,A6,Y,PD,RHO4,E,BETA) 
Fl = 1096.*C*A6*Y 
F2 = SQRT(PD/RHO4) 
F3 = SQRT(1.-E*BETA**4) 
QFOUR = F1*F2/F3 

RETURN 
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END 

C 
(EE ee 2 2 ae 2h a 2 ye fe 2 2 ee 2 2 2 ie fe 2 2 fe fe 2 2 2 kee 2 2 2 fee 226 2 ee 2 fe 2 ie af 2k 2 2 2 ei 2 2 2 ie fe oe ie a ke fee 2 ie te a 2 2k 

C¥** FLOW RATE FOR A CHAMBER NOZZLE 2 2c fe ke ie kc 2c ie ie iC ie 2c ie og 2 og ae 2c ie Ao ac 2 2s 2c og ake 24 iC 2 2IC ik oie ie of ok ak 2k aie 

(78 2 2 2 ee 2 ee ee ie ee ee fe ee ee ee ee ae ee 2 ef ee ee 2 2 oe ee fee fe ee ae ie ee ke 

C*** PURPOSE: lala 

C*¥** 1. Y = EXPANSION COEFFICIENT, DIMENSIONLESS. ee 

C*** 2. PD = PRESSURE DROP ACROSS NOZZLE, IN. WATER. +e 

C*** 3. RHOS = DENSITY OF AIR AT STATION 5, LB/ CU.FT. ee 

C*** 4. C = DISCHARGE COEFFICIENT, DIMENSIONLESS +e 

C*** 5, A6 =THROAT AREA AT STATION 6, SQ.FT. ee 
Cree OK 

(ABBAS eGo iogoioigeliagioiiidgiaciiinocciainioiaiciricigoiiinioiictaiiniockinioiictiiaigai ioiici ic icici a iiack tala ak ar 

Cee er 

C*** RETURNED VARIABLE: lala 

C*** |, QFIVE = VOLUME FLOW RATE AT THE ENTRANCE OF NOZZLE WITH ee 

C*** A CHAMBER APPROACH, CFM. ee 
Cee ore 

’ astaeafssfuilostastataaladiostastatostaalaatasietaaTadlosieataiiadiesteodiadianistadioniataslaaiesictostaatesestasheatatosiaatestetastaatesiedtostaatalastostadlasiedoitastaiiaatesiataiteidaatediesiastalaitoilaiiediadialasioieiiesiod 

FUNCTION QFIVE(Y,PD,RHOS,C,A6) 
Fl = 1096.*Y*C*A6 
F2 = SQRT(PD/RHOS) 
QFIVE = F1*F2 

RETURN 
END 

C 
QR RES SSG coi iodaiiciili a aaiciiiioioiaciilinia icici iaiaaicici ii acici i ia acaci aici aK Ia cK a AC rE i a a 
Ce  PSyC #* 
COARSE Oa dodo iaciaciokiin acai ica iciainioidok aaa aicici aac i aac i i a ai aC IR aC i a a i a ae ai af aca a 

Cc 
CABBIE OG oar ai oak ioialnicinoiaainioiainiiiac aati acini aciiaaiaioi aii aici i aici lai ai aca ak a ai a ak ak ata a a 

C*** SUBROUTINE PSYC CALCULATES THE PSYCHROMETRIC PROPERTIES OF + 
C*** THE DRYING AIR BASED ON THE ASAE DATA SHEET D271.2 IN THE ** 
C**¥* AGRICULTURAL ENGINEERING YEARBOOK. ** 
CABRERA HOSE aS oc oa SRS ann ID Sco oaCIE a aOKEI ESAS ERISIOI SGI IARI I III I CAA ACR A a aa 
C#** + 

C*** RECEIVES: lal 
Cer + 

C*** 1. MODE = FLAG TO SIGNAL WHICH VALUES ARE TO BE EN- ** 
C*** TERED. ** 
Cee 2 

Cr** =]1 THEN DRY BULB AND DEW POINT TEMPERATURES + 
C*** ARE TO BE INPUT. + 
Cree ** 

Cr** = 2 THEN DRY BULB AND WET BULB TEMPERATURES ** 
Cr** ARE TO BE INPUT. ** 
Cee 4 

C*** = 3 THEN DRY BULB TEMPERATURE AND HUMIDITY RATIO ** 
C¥** ARE TO BE INPUT. ** 
Cee ** 
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C*** 2. Pl = ENTERING DRY BULB TEMPERATURE (C). * 
Cee 1K 

Cr** 3. P2 = WET BULB TEMPERATURE (C) OR HUMIDITY RATIO ** 

C#** DEPENDING ON THE MODE (MODE). ** 
Cree 1 

C*** RETURNS: * 
C#Ex ok 

C*** 1. POUT AN ARRAY CONSISTING OF: + 
Cx*** ee 

C¥** 2. RH = RELATIVE HUMIDITY (DEC). ** 
C#** eK 

C*** 3. TDP = DEW POINT TEMPERATURE (C). ** 
C#ee ok 

Crt* 4. TWB = WET BULB TEMPERATURE (C). ** 
C#ee ok 

C#** 2 « 

Cr** 6. HS = SATURATION PRESSURE (PA). ** 
C#Ke 6k 

C¥** 7. PV = PARTIAL VAPOR PRESSURE (PA). ** 
C+** *k 

C*** 8. PS = SATURATION PRESSURE (PA). ** 
Cee ek 

C*** 9. SH = ENTHALPY (J/KG). ** 
Cre Ok 

C*#** 10. VSA = SPECIFIC VOLUME (CUBIC M/KG). ** 
C*** ok 

(9 2 ee i ee 2 ke A 2 2 ER 2 ER eI FR RK A IIE I oo OK 

C 
SUBROUTINE PSYC (MODE,P1,P2,PATM,MOUT,POUT) 

LOGICAL ERROR 
DIMENSION POUT(9) 
ERROR=.FALSE. 
TE=P] 
PS=PWS(TE) 
HS=0.6219*PS/(PATM-PS) 
GOTO(10,20,30), MODE 

Cc 
(7 AE a ke 2 fe 2 A CR RCE 2 CR AC A EE EE 2k 2 A 2g 2 2 ge 2 Fe 2k ee ae ee 

C** MODE1 TA,TDPA RH,TDP.TWB,H,HS,PV,PS,SH,VSA +* 
(8 eh he ke he ke ke 2 6 ee ee Ee 2 2 CE A ek fe of 2 2 EE 2 2 2 2 a eee eee a eee ee fe fe ee ae fe a eo oe 

Cc 
(9 ke ke a ee ei 2 2 i er EE 2 fe of a 2 2 2 i fe 2 2 2 2 2 ee ee ee i fe ac ee ee ig fe ee fe ee fe fe ee ae 2 2 

C*** — IF MODE = 1 THEN P2 = TDP (DEW POINT TEMPERATURE) ++ 
CAAA RASS SOOO IG RGIS RGIS Sa IG Gr I oaI I ik i ak ik 1k a ci kk at ak ai ae 

Cc 
10 CONTINUE 
TDPA=P2 
TDP=TDPA 
PV=PWS(TDP) 

Cc 
(ER EA Ae He 2 He ke 2 He RE FE 2 FR 2 A A A IE A 2 2B 2A 2 A FE AE 2 A 2k ERE 2 AE A 2 2 2 2k 2 2 ee 2 ke 2 a 
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C*** IF THE PARTIAL VAPOR PRESSURE IS LESS THAN ZERO AN ERROR ** 

C*** MESSAGE IS GENERATED. ** 
(OB EH ao anid ooidgri Soi ania ooo icing iniciiioiaiioiaiiliiciiae iia ii aici acini acacia ia a i ak a ica ok aa 

Cc 

IF (PV.LE.0) GOTO 96 

H=0.6219*PV/(PATM-PV) 

RH=PV/PS 

SH=ENTHAL(H,TDP,TE) 

VSA=287* (TE+273.16)/(PATM-PV) 

GO TO 24 

Cc 
(OHARA AOR AO OGG OOOO ORIG RIOR IRE ORIG IORI i OR #akok Bk 

C** MODE 2 TA, TWBA ---> RH, TDP,TWB,H,HS,.PV,SH, VSA ** 
(CARR IGS ORR GIO RIG I CIO IG I ICR IOI IRR Ok 

Cc 
(COARSE GIRO RA ICI IGE A KIO IE AIR 

C¥** IF MODE = 2 THEN P2 = TWB (WET BULB TEMPERATURE) ** 
(98 AR HE eae ae he he fe ke he 9 A I 2k 2 fe I EE 2 EK AE ee ae 2 2 a oe AG ae 2 ek ae ee 2 kee ee a 2 2k 

Cc 
20 CONTINUE 
TWB=P2 
PSWB=PWS(TWB) 
PV=PVWBDB(TE,TWB,PSWB) 
IF(PV.LE.0.0) GO TO 96 
H=0.6219*PV/(PATM-PV) 
TDP=DEW(PV)-273.16 
RH=PV/PS 
SH=ENTHAL(H, TDP. TE) 
VSA=287*(TE+273.16)/(PATM-PV) 
GO TO 90 

Cc 
(COBRA SOS Sea OSE EES SE EIDE OSS CCE SSG ESSAI IG I I I iia I AACR 

C*** MODE 3 TE,HE ---> RH,TDP,TWB,H,HS,PV,PS,SH, VSA ** 
(CAAA ORIG GRIGG CGI ROI IOI IOI GORI IG II IG I A tk 

Cc 
(ee ke i 2k ee ke He ke A ee He 2 ee A 2 ie kf 2k RE Ae a IE 2 EI IE A IC HE ee oe 2 ke i ee 

C*** IF MODE = 3 THEN P2 = H (HUMIDITY RATIO) +* 
(EE 2k 2h 2k 2 ee ete 2h fe he ie 2 2 fe ke 2 2 fe ke af 2 ae ef fe 2 2 Re fe 2k 2 fe fe 2 a 2 2 fe ake ke 2 2k 2 ke 2 fe fe 2h 2 ai 2 2 ke fe fe 2k ake a ake ake AC ea os a ce 

Cc 
30 CONTINUE 
H=P2 
PV=H*PATM/(H+.6219) 
IF(PV.LE.0) GO TO 96 
TDP=DEW(PV)-273. 16 
RH=PV/PS 
SH=ENTHAL(H,TDP,TE) 
VSA=287*(TE+273.16)/(PATM-PV) 

C 
CORES Sra dood Soa IS car EI oor IG BASE SISSIES SIGI IIS IA I ICI ACI AAG ACI Af HR 

C*** AN ITERATIVE PROCEDURE IS USED TO CALCULATE THE WET BULB + 
C*** TEMPERATURE. ** 
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(76 EE AE ee ee ee ee ee He ee He He ee ee ee ee ae 2 2 ee i 2 2 fe fe ee 2 2 ee 2 ee fe ee eee i as a ai ae a ee ae 2s 2 2 ie ak 2 a a ae ae 

Cc 
24 IN=0 
TWB=(TE+2*TDPY/3 

26 CONTINUE 
PSWB=PWS(TWB) 
B=BP(PSWB,PATM,PV,TWB) 
TWB1=TE+(PSWB-PV)/B 

A eH OARS EERE ENC OREESEsnenntntessrsennnnnecnnnenesensaseeee 

C*** A DIFFERENCE OF LESS THAN 0.012 BETWEEN THE PREVIOUS WET ++ 
c*** BULB TEMPERATURE AND THE ONE BEING CALCULATED MUST BE OB- ++ 
C*** TAINED TO SATISFY THE CONVERGENCE CRITERIA. + 
(Ee ee ie Ae i A A A A AE 2 AE A 2 2A a 2 A A A 2 A 2 A i fe ee 2 2 2 fe i ae 2 ie ae ak 2 ae 

Cc 
TWCV=ABS(TWB-TWB1)/TWB 
IF(TWCV.LT..012)GOTO 28 
TWB=(TWB1+2*TWB)/3 

(EE ee ee ke A A 2 Fe ee fe i ef ke 2k fe 2k 2 ae 2 ke ok fe 2 2 Ee 2 2 2 fe fe 2 2 2k ef ke ie ae 2 ake 2 ak fe fe ie ae 2 ak ak 2 fe ie 

c*** IF THE NUMBER OF ITERATIONS IS GREATER THAN 10 AN ERROR +% 
C*** MESSAGE IS GENERATED. ss 
(76 a ke FC fe A ke Ae AE a Ae a ke fe fe Ae 2 ee 2k 2k 2 ae ee 2 fe fe af ae a af a a 2k 2 2 2 2 2k 2 a 2 2 oe 

Cc 
JN=JN+1 
IF(JN.LT.10) GOTO 26 
GOTO 96 

28 TWB=TWB1 
GOTO 90 

96 CONTINUE 
ERROR=.TRUE. 

90 CONTINUE 
Cc 
(LEE ee ee ke Ae Ee 2 I ke A ee Eee ke ke Fe oe 2 A 2 Fe 2k a 2 2 2 2 2 fe 2 2 ee ff ie ke 2 oe a 2 oe fe 2 2 

C*** IF THE RELATIVE HUMIDITY IS GREATER THAN 1.00 IT IS +* 
C*** — SET EQUAL TO 0.999. +4 

(LE Ee ie 2 2 RR A fe EE I EA 9 C2 RE A A 2 AE IE EO 2 fe EE ee ee ee 

Cc 
IF(RH.GE..999) RH=.999 
POUT(1)=RH 
POUT(2)=TDP 
POUT(3)=TWB 
POUT(4)=H 
POUT(5)=HS 
POUT(6)=PV 
POUT(7)=PS 
POUT(8)=SH 
POUT(9)=VSA 
IF(ERROR) GOTO 98 
RETURN 

Cc 
(ee A ER I RR 2 2k FE 2 FE I A AE 2 EC AH 2k 2 2 A 2 2k he ae fe 2 2 fe 2 de ae fe 2 fe 2 ae 2 
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C*** ERROR MESSAGE IS GENERATED IF THE PARTIAL VAPOR PRESSURE ** 
C*** TS LESS THAN 0 OR THE NUMBER OF ITERATIONS REQUIRED TO ** 
C*¥** CALCULATE THE WET BULB TEMPERATURE IS GREATER THAN 10. ** 
CORFE B SASSER SEE OS SSOOIDIE ESERIES SSS SOI IESG IC SSIGIA IGE AGIA IK a ICI I A aE ACR RAC 

Cc 
98 WRITE(MOUT,500) MODE,JN,P1,P2 
500 FORMAT(/2X,'**ERROR**PSYC**! 2X,'"MODE="'12,2X ITER. NO.=',12,2X, 
$'P1="',F8.4.2X,'P2='F8.4) 
WRITE(MOUT,501) TWB,TWBI,TWCV 

501 FORMAT(2X,'TWB=",F6.2,2X,'TWB1="',F6.2,2X,'TWCV='F8.4) 

RETURN 
END 

C 
(C7 RII CR IOI RIK a a a IK A aK a 3k ak a aC ak ae a ae fe a ek CR ke 2 2 2 2 ae 

C*** BP ee 

(7 Ee Re He ei ke he Ae Fe fe fe ee ee Re ke 2 3K ef fe Ae a 2 2 2 IE AC RE Ee A A RR Rk aA a 2 2 9 2 2 2h ie oie oie ake oe 2 a 

C 
LF 2k 2h a 2 2 i ke i ee RRR 2 2 I i ie ae ode ade ee ee ke keke ie i keke 2 ake fe a a 2k ie he fe a ak eae fee a a 2 2 2c ak 

C*** AN EQUATION REPRESENTING THE WET BULB LINE ** 
C*** (ASAE D271.2). ** 
(C9 2 2 2 ke ke ee ke ke ke ake a ee ko oe 2k ke fe fe oe 2 a oe a 2k 2 ee eae ae ke ake oe oie ie ok oie 2 ie ic ie oie ae fee fe ak ae ae ak 4 9 ee ate ak 

Cc 
LEE HE ke ee 2 ee AE He 2 ee ie fe 2 Fe FE A ef 2 Fe A oS fe 2 Ee a2 2 fe 2 9 Ee 2 HE FE ee 2 FE fe oe 2 2 ee a ake 2 ee oe ak fe fe ie a 2 ae ae 

C#** #2 

C*** 1. HEFGP = LATENT HEAT OF VAPORIZATION AT WET BULB ** 

C** TEMPERATURE (J/KG). ** 
Cr** ** 

Cr** 2. PSWB = SATURATION VAPOR PRESSURE (PA). ** 
C*#e 40k 

C*#** 3. PATM = ATMOSPHERIC PRESSURE (PA). ** 
Cr** sok 

Cr** 4, PV = VAPOR PRESSURE (PA). ** 
Cee ek 

Cr** 5. TWB = WET BULB TEMPERATURE (C). ** 
Cre * 

C*** 6. BP = WET BULB LINE ON PSYCHROMETRIC CHART. ** 
C*#** 4k 

(COAG OO OGIO ORIG ORIG DIIGO RIGOR CI GI I ICIS a A AOI CII A AI 

Cc 

FUNCTION BP(PSWB,PATM,PV,T WB) 

B1=1006.9254*(PSWB-PATM)*(1.+0.15577*PV/PATM) 

HFGP=2.502553E6-2.385764E3*TWB 

BP=B1/(0.62194*HFGP) 

RETURN 
END 

C 
(98 Ee Hee Fe ee ee ee 2 fe A 2 FE FE ke ee Ae 2k 2k 2k 2 2 ie 2 2 fe 2k eA 2 Ne ke 2 2 2k 2k oe fe Ae 2 fe 2 ee ae ee fe a fe 2 fe 2k fe 

ce DEW ** 
(CE A A III IOI IO AO IIE II GIO II III CIE 2G aC 2 ke 4 a EF kee i ie ie i 2 ie ae i a 2 

C 
(COBRA IO ASI IIE IARI CIO IGE I I IDI AO ICICI OI GR ISI IOI Iai i ici a Kf a RACK 
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C*¥** = DEW POINT TEMPERATURE CALCULATED (ASAE D271.2) ** 
(Ee ee Ee FC A 6 A RE Fe 2 a de CE EE 2 ee fe 2 2 2 a 2 fe 2 ee oe 2 ee 2 2 a fee 2 2 fe ie 2 2k de 2k 

Cc 
(FEE Ee ke ee i 2h 2 ee ee 2 2 2 2 fe ee ee 2k ee ge 2 2 ee ae 2 2k fe ee a fe fe ie fe ee 2s ee ee fe fe ek ak 2 2 2 eke 2k ak ae 

C#** 4k 

C*** 1. PS = SATURATION VAPOR PRESSURE (PA). ** 
Ce#e 2% 

C*** 2. DEW = DEW POINT TEMPERATURE (K). +* 
Cee + 

(7 A ee Re ke 6 he Ae 2 A Fe fe ee ie ee 246 2 ee fe eee ee 9 ie fe fe a ee ee ae ae ee 2k 

Cc 
FUNCTION DEW(PS) 
X=ALOG(0.00145*PS) 
ARG1=13.6626*X+1.17678*X**2-0.189693*X**3 
ARG2=0.087453*X**4-0.0174053*X**5+2, 14768E-3*X**6 
ARG3=-0.138343E-3*X**7+0,38E-5*X**8 
DEW=255.38+19.5322+ARGI+ARG2+ARG3 
RETURN 

END 

Cc 
ABSA IO ASS OCS GE IGIG COR SG IGS GCI SOCIO RIGRE SISA IS IGE A IGE AGI RCI ACR Hk 

kk 4 NTHAL 
(A A ee EAE 2 A ee EE 2 2 2 2 Ae ee 2 AR he 2 2 ie a oe 2 ee oe 

Cc 
COBRA AGOIOO OO SAE OSG OIE GIORGIO IGE TOR AGI AGI IG IOI GK 4 ak 4k 

C***  ENTHALPY OF AIR CALCULATED (ASAE D271.2) ** 
(EE He i AE i 2 ee 2 IE 2 EF 2 IE A AE AE a fe IE EE 2 2 a 2 Ce fe 2 2 2 Ee Ef 2k ie 2 ae ade 2 2 ae 

Cc 
(ee ee 2 ee He RE A 2 A Fe fe 2 2 AC 9 A EE 223 9 i fe ee ae af fe fe ie ae fee fe afc fe fe a 2k 2k 2 2 a a a ae ate ae 

C#** x 

C*** 1. HEGDP = LATENT HEAT OF VAPORIZATION AT DEW POINT ** 

C*** TEMPERATURE (J/KG). + 
Cr ek 

C*** 2. HR = HUMIDITY RATIO (DEC). ** 
C#** ek 

Cr** 3. TDP = DEW POINT TEMPERATURE (C). ** 
Cee ak 

Cr** 4. TDB = DRY BULB TEMPERATURE (C). ** 
Cex ek 

C*** 5. ENTHALPY = ENTHALPY (J/KG). 7 
C##* 6k 

CORREO AIG ORIG GICIORIOIO RI IIS IGOR GSE IGOR IDOE IO IS IGE IGE I i a I a ka i 

C 

FUNCTION ENTHAL(HR,TDP,TDB) 

HFG2P=2.502535E6-2.385764E3*TDP 

ARG1=1.006925E3*TDB+4. 1868E3*HR*TDP+HFG2P*HR 

ENTHAL=ARG1+1.875686E3*HR*(TDB-TDP) 

RETURN 

END 

Cc 
(EE 2 ee a ke ke 2 2 2 eR ke ke 2 fe 2k 3k fe 2 2 2 fe ke ee fe fe 2k 2 fe A ee fe eh 2k ke 2k ke eke a kee ee oe eee 2 oe 
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C*** PVWBDB ** 
(7 ke he ke hee te ee 2 ee RR IE RC Co a 2 2k 2 IEE IC A 2k I RK I 9 I 9 AC 2K 2 8 aR og a 2k 

C 
(ARAB Eo adoro aia ioaiaiioioogicinicici aii aaiaiiinioi icici a aac acacia aick aa ai Sa IO a GK aR kak a ar ak a ek ak aa 

C*** PARTIAL VAPOR PRESSURE OF AIR IS CALCULATED (ASAE D271.2) ** 
(CARB A EEO GSES EIS ASO IS IEICE SHIGE I COS ESERE IS SESH OIG I GI I aA ICI aC ak a oa a A AEH a a 

C 
(COB EOOS SO REG a I iooiidodnoiidcaiiiciacilick i ioiioiliai aaigiiaici ici iokaci agi a aia i i a Ia i i a I a a A a IGE a ak 
Cree 4% 

C¥** 1. HFGP = LATENT HEAT OF VAPORIZATION (J/KG). ** 
Cee 0 

Cr** 2. TDB = DRY BULB TEMPERATURE (C). ** 
Cee 1 

Cr** 3. TWB = WET BULB TEMPERATURE (C). + 
Cee ** 

C*** 4. PSWB = SATURATION VAPOR PRESSURE (PA). + 
Cee ek 

Cr** 5. PVWBDB = PARTIAL VAPOR PRESSURE OF AIR (PA). lal 
Cee a 
’ hdesTostaateaaatcteshastaataattestosiosteatetaatnstaatontcTastantateatasteaectastaaitostasiaaataataateaestesTastotestaaloaleaalaaiesiestastadiosialaiieiiedioaieiiailoaiadialastodiadladtodioaienualedtaiieitaaiaseitestadlasianiatol 

Cc 
FUNCTION PVWBDB(TDB,TWB,PSWB) 
HFGP=2,502553E6-2.385764E3*TWB 
ARG1=0.62194*HFGP*PSWB-1.006925E3*(PSWB-101325.0)*(TWB-TDB) 
ARG2=0.62194*HFGP+156.8488*(PSWB-101325.)*(TWB-TDB)/101325. 
PVWBDB=ARG1/ARG2 
RETURN 

END 

C 
COREA OOO SESE ESOS SOROS IGG GBIG ISIS IOI IARI GAGE ak aia ACR AR ACK a 

C#** pws #2 

COE CESEICSE OOO IOS SIS IE RISE IGOR ISIE IOI EIA I IO ICI IIIA AR AI 

C 
CORB FO ORO Oa AO IO Ea aS IS Gio aaa SCO S SEE ISO Ia no EISGI SR ACR ICK I i a AI I aR A i a ia 

C*** SATURATION VAPOR PRESSURE IS CALCULATED (ASAE D271.2) + 

Cc 
(OBS ca Oran Soro nook io aaiioioiliioainigak lic iiak ia aiai ica aici a agi i a aS I IG a i an kai a A x ACK 

Cx a 

Cr** 1. TC = DRY BULB AIR TEMPERATURE (C). ** 
C#te 4k 

C*** 1. PWS = SATURATION VAPOR PRESSURE (PA). +* 
Cet or 

CORES SSO SOOO OGRE SEIS GOSS EIOSEIEI OSS SA GR ISSIEEI II ICI II I aI ACI A AE 

FUNCTION PWS(TC) 

T=TC+273.16 

ARG1=-27405,53+97.5413*T-0. 146244*T**2 
ARG2=0. 12558E-3*T**3-0.48502E-7*T**4 
ARG3=4.34903*T-0.39381E-2*T**2 
PWS=22105650.*EXP((ARG1+ARG2)/ARG3) 
RETURN 
END 
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