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CIRAPMER 1

INTRODUCTION

1.1 BACKGROUND

In the early 1970s, the increase in oil prices and the potential

oil shortage led to a great deal of Interest in coal as a replacement

fuel for power and heating applications. The United States has been

endowed with the largest total and recoverable coal reserves in the

world (Ref 1). In recent decades, coal has rarely been used in

residential, commercial, and even light industrial sectors as fuels for

boilers or fluid heaters for space heating, water heating, and process

heat. In the commercial sector, boilers of sizes less than 10 MB/H (106

Btu/hr) have been dominated by fuel oil and natural gas for heating

hotels, institutions, warehouses, industrial plants, apartment buildings,

hospitals, and office complexes (Ref 2).

Small-scale coal-fueled heating units are inconvenient to operate

due to the lack of: (1) automatic control; (2) fuel delivery, storage,

and ash removal infrastructure.; and (3) capability of meeting the emission

standards in an economical way. Conventional coal combustion terlnologies,

such as stoker-fired, pulverized coal-fired, fluidized-bed, and cyclone

combustors, have shown success in large-scale applications. Their

potential for commercial heating applications in an environmentally and

socially acceptable way remain an uncertainty. Therefore, novel coal

combustion technologies engineered for small- and medium-scale boiler

applications are needed.

In 1986, the Pittsburgh Energy Technology Center (PETC), U.S.

Department of Energy, issued a Program Research and Development

Announcement (PRDA) (Ref 3), soliciting proposals on advanced combustors



firing dry ultrafine coal (DUC) and/or coal-water fuel (CWF) capable of

penetrating into the small- and medium-scale boiler market. The annular

vortex combustor (AVC) concept was proposed to fire both CWF and DUC for

commercial space/water heating applications. The developmental work of

the AVC was awarded to the Naval Civil Engineering Laboratory (NCEL) for

the combustion tests, and to the Catholic University of America (CUA)

for the cold flow modeling study. This is the final report on the

results of AVC combustion tests, a 36-month research effort starting on

October 1, 1987 (Ref 4).

1.2 PROJECT OBJECTIVE AND REQUIREMENTS

The objective of this project was to develop a 2- to 4-MB/H1

proof-of-concept (POC) AVC that meets the performance requirements

specified in the PETC's 1986 PRDA (Ref 3) and the design goals

characterizing the unique features of the AVC as summarized in Table

1.1.

1.3 AVC CONCEPT

The AVC concept evolved from the basic understanding of swirling

multiphase flows and combustion in vortex chambers (Refs 5, 6, 7, 8).

It is characterized by a strong swirl, low temperature combustion

environment, which integrates the advantages of cyclone combustor, swirl

burner, multistage combustion, and fluidized-bed combustor, while

eliminating some of their inherent disadvantages. As shown in Figure

1.1, the AVC is featured with a gas-tight vertical annular combustion

chamber with a coaxial center exhaust: tube. The fuel, such as CWF, DUC,

and pulverized coal (PC), is atomized (or pneumatically fed) into the

combustor bottom. Combustion air i-. tangentially injected into the

chamber through one, two, or more arrays of air nozzles located at

strategic levels to form a strong swirling, recirculating, and

developing turbulent flow field. Fuel droplets (or particles) are
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dried, devolatilized, ignited, and finally burned out while ascending to

the exit at the top. Heat transfer surfaces, such as the water jacket,

are provided to remove the excess heat and control the temperature of

combustion products to be below the ash fusion point so that only dry

ash (i.e., no slags or clinkers) will form. By virtue of the

characteristic features of the AVC, NO formation is inherently low andx

so29 if any, can be effectively controlled by the well established

limestone (or lime) injection technique. The pollutant emission of

concern from coal firing in AVC, therefore, may be reduced to one of

particulate matter removal only.

The benefits of swirl in both nonreactive and reactive flow systems

have been recognized for many years (Refs 9, 10). Swirl flows occur in

a very wide range of applications. In nonreacting flow systems,

applications include cyclone separators, spraying machines, jet pumps,

etc. In combustion (reacting) systems, the design of strong swirls for

the injected air and fuel are extensively adopted as an effective

technique for flame stabilization, fuel burnout, and pollution

abatement. These applications include industrial furnaces, utility

boilers, internal combustion engines, gas turbines, and many heating

devices. Swirl flows can be established from a tangential velocity

component created by the use of swirling vanes, axial-plus-tangential

entry swirl generators, or direct tangential injection of gas into the

chamber. Experimental studies show that the swirl can have large-scale

effects on gas-particle flow and combustion, such as entrainment and

decay; heat and mass transfer; flame size, shape, and stability; and

combustion intensity (Ref 9).

Two types of conventional swirl combustors are widely used: swirl

burners and cyclone combustors. With a sufficiently high Reynolds

number and swirl number, large toroidal recirculation zones and intense

turbulent mixing can be generated in both systems. This toroidal vortex

plays an important role in fuel ignition and flame stabilization since

it constitutes a well-mixed zone of heat and chemically active species.

Heat, mass, and momentum are then transferred eFfectively from combustion

products to freshly fed fuel and air by the vigorous turbulence that

prevails in the vortex region. However, in conventional swirl burners



the turbulence is primarily generated close to the internal recirculation

boundary and is not effectively utilized for mixing control. Furthermore,

the strength of swirl and level of mixing in a swirl burner usually decays

rapidly along the flow direction, which may hinder the burnout of fuel

particles and the overall combustor performance. The conventional cyclone

combustor featuring a single air-fuel inlet has a strong swirl and good

mixing at large radii. It also becomes weakened rapidly toward the core

region and along the axial direction. Modifications to the combustor

are needed to preserve the rigidity of a strong swirl, to minimize the

effects of weak swirl, and to minimize the combustor volume. The center

tube of the AVC and distributed injection of combustion air warrant the

above desired improvement (Ref 11). From the standpoint of gas-particle

flow, AVC is unique in creating, preserving, and intensifying the swirl

and the associated intense gas-gas and gas-particle mixing. From the

combustion point of view, AVC is unique in its low, nonslagging combus-

tion temperature which is beneficial in pollution abatement and system

operation.

1.4 TECHNICAL APPROACH

Being a brand new combustion concept and a novel combustion device,

no experimental or theoretical data were available pertaining to the

design and operation of an AVC. The overall technical approach, there-

fore, included parallel efforts of experimental study and theoretical

analysis. Experiments included cold flow measurements of aerodynamics

and particle dynamics, CWF atomization and compatibility tests, and

combustion tests and improvement of the AVCs. Theoretical studies

included refinement of the AVC concept and mathematical modeling of the

AVC processes. Cold flow measurements and mathematical modeling of the

AVC have been successfully completed and the results are reported in

Reference 11. The work reported here is the remaining part of the

overall developmental effort. It includes exploratory studies in

subscale and preliminary POC AVC hot models and systematic combustion

tests in a full-scale POC AVC.
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Figure 1.2 depicts the technical approach adopted for the

development and demonstration of a POC AVC and for the establishment of

the needed technical data base for AVC design and operation. Based on

cold flow studies accounting for the desired thermal and combustion

performances, and energy and mass balances, a preliminary exploratory

(PExp) subscale hot model (-0.15 MB/H firing capacity) was designed and

tested. The purpose of this PExp AVC was to reduce the AVC concept into

practice for the first time; achieve on-time ignition and flame

stabilization of all the fuels intended for this work (i.e., CWF, DUC

and PC); and explore the overall behavior and operational require-

ments of AVC.

The CWF nozzles needed to match the unique AVC configuration were

developed. The nozzle atomization and compatibility tests were conducted.

A full-scale preliminary POC (PPOC) AVC hot model (-3 MB/H) was designed

and built utilizing the experience and data obtained from the PExp AVC.

The purpose of this PPOC AVC was to study the feasibility of scaling up,

strive again to achieve on-time ignition and flame stabilization of all

fuels, exercise and evaluate the role of heat transfer in combustion

control, and explore the limits of combustion performance and operational

requirements of a full-scale AVC.

An improved subscale hot model (-0.3 MB/H), the exploratory (Exp)

AVC, was built and tested to generate any supplemental information

needed for the POC AVC design. Provisions of independently controlled

secondary air injection and heat removal capabilities were built into

this model to evaluate the controllability of AVC performance via vortex

generator and heat trLnsfer. The flexibility of AVC firing different

fuels was also explored.

With the data and experience obtained from PExp, PPOC, and Exp AVCs,

a POC AVC was designed and built. Systematic combustion tests of CWF,

DUC, and PC were conducted. Data on thermal, flow, combustion, and

pollution performance of the POC AVC at full load and partial loads were

collected and analyzed. Modifications were made as necessary for both

simplifying the design and meeting the PRDA's performance requirements.

Proof-of-concept tests of coal-fired AVC for commercial heating

applications were demonstrated.
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In order to explore the detailed characteristics of the AVC

performance and to help in any possible design modifications, numerical

calculations were pursued simultaneously with the combustion tests of

the POC AVC. These calculations are a meaningful continuation of the

cold modeling study (Ref 11) into practical applications.
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Table 1.1 Performance Requirements and Design Goals for the AVC

Basic Requirements (PRDA Specifications)

Thermal input capacity 2 to 4 MB/H
Application range Commercial space/water heating
Primary fuel CWF or DUC
Secondary fuel Oil or gas
System thermal efficiency Ž80O
Combustion efficiency !99%
Turndown ratio 23:1

Design Goals (AVG Features)

Combustion temperature 1,600 to 2,2000 F (870 to 1,200GC)
Ash removal Nonslagging (dry flyash)
Flow field in combustor Swirling, recirculating, and developing
Combustion air preheating Not imeded
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CHAPTER 2

AUXILIARY SYSTEMS, INSTRUMENTATION, AND TEST FUELS

In this chapter, the auxiliary systems of AVC test setup,

instrumentation for combustion tests, and properties of test fuels are

presented. Figure 2.1 shows a schematic of the overall test setup for

the full-scale PPOC and POC AVC models. The auxiliary systems include

air supply, water supply, fuel supply, flue gas exhaust, ash collection,

and ignition. The fuel supply systems are described in Section.2.1 and

other auxiliary systems in Section 2.2. Figure 2.2 is a schematic

diagram of the test setup for subscale PExp and Exp AVC models. The

instrumentation for flow, temperature, combustion, and pollution meas-

urements and the computer-assisted data acquisition system are discussed

in Section 2.3. Section 2.4 discusses the fuels tested including CWF,

DUC, PC, No. 2 heating oil, and propane gas. The performance of CWF

nozzles specially developed for the AVC tests is also presented.

2.1 FUEL SUPPLY SYSTEMS

Since the AVCs are designed to burn both dry powdered coals (DUC and

PC) and their water slurries (CWF), two separate fuel storage, handling,

and feeding systems were installed for the combustion tests. In order

to ensure that CWF can be properly atomized and burned in the AVC, a

separate CWF atomization test system was also built to study nozzle

atomization characteristics.
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2.1.1 DUC/PC Supply System

The dry powdered coal supply shown in Figure 2.1 is basically a

screw feeding and pneumatic conveying system. It consists of a 20-ft 3

coal hopper, a Vibra Screw coal feeder with a vibrating bottom, a feed

rate control box (0 to 300 lb/hr), a portable high-pressure centrifugal

blower, conveying pipelines, and feed nozzles. A preset rate of coal is

fed by the feeder into the primary air stream at room temperature. A

1-horsepower blower is used to provide primary air up to 30 percent of

the total combustion air. Coal-air mixture is then injectei tangentially

into the AVC bottom by either one or two feed nozzles. The i•opper can

hold about 800 pounds of DUC or PC, which is sufficient for 6 hours of

continuous testing at a 2-MB/H load. When testing CWF, this system is

used to supply only the primary air. For the PExp and Exp AVC model

tests, a similar DUC/PC supply system with smaller capacity components

was used, as shown in Figure 2.2.

One of the problems encountered in the combustion tests was the

fluctuation of coal feed rates at low loads, which often results in

unstable ignition and combustion. Several attempts were made to

alleviate this problem. The most effective approach to achieve uniform

and steady feeding at low flow rates was to blend the coal with air first

in a small mixing chamber. While being constantly stirred, the mixture

was injected into the conveying pipeline.

2.1.2 CWF Supply/Atomization System

As shown in Figure 2.3, the CWF supply/atomization system consists

of an air compressor (125 psi, 60 gallons), a storage tank (28 gallons)

with a 30-mesh metal screen filter at the top, two progressive cavity

pumps, piping and gauges for two independent supply lines, recircu-

lation/back flushing loops, CWF nozzles, and an atomization test chamber.

The temperature and pressure of CWF were measured and recorded during

the tests. The rotating speed of CWF pumps can be continuously varied

to achieve the desired feed rates tup to 1.2 gpm (or 580 lb/hr). The

recirculation loop helps stabilize C%'F feed rate at low loads and stirs
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the CWF in the tank to prevent sedimentation. Back flushing of the

pipeline for cleaning is achieved by running water through the drain to

the system. During start-up, it was very important to first run the

system with water to moisten all internal surfaces before switching to

CWF operation. High-pressure atomizing air is connected to CWF nozzles

through a pressure regulator, a rotary flowmeter, and a steel-reinforced

flexible hose.

The atomization test chamber is a 29- by 29- by 28-inch enclosure

made of Plexiglas to facilitate spray visualization and measurements.

In the CWF atomization tests, the spray cone angle, droplet size and

spatial distributions, CWF flow rate distribution, and other atomization

characteristics werc cither observed or measured in this test chamber or

via a camera-assisted microscopic examination scheme (Refs 12, 13).

The atomization quality of the CWF nozzle and flow rate of each

supply line can be independently adjusted, a feature essential for

achieving stable CWF combustion, particularly at high firing rates.

2.2 AUXILIARY SYSTEMS

2.2.1 Air Supply System

The primary air for each AVC model was supplied by separate small

blowers, as shown in Figures 2.1 and 2.2. The secondary nir was supplied

by a large high-pressure blower (15 horsepower, 1,300 scfm, 47 inches of

water static head). This blower (the F.D. fan) is connected to the AVC

models by several 2-inch PVC pipes via a 4-inch or 6-inch header pipe.

The flow rates are conveniently controlled by seven valves at strategic

locations and monitored by six miniature Pitot tube type flowmeters. A

photograph of the POC AVC and its various auxiliary systems is shown in

Figure 2.4.
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2.2.2 Water Supply System

The water circulation system for removing the excess heat from

combtstion consists of a 1,600-gallon water tank, a pump, and make-up

water connecting the pipeline. During the combustion tests, water at

ambient temperature was pumped into the water jacket or cooling water

tubes of the test models. Hot water or low quality steam was generated,

metered, and finally discharged into the sewer. The flow rate and inlet

and outlet temperatures were monitored and recorded for combustor

operation adjustments and later for heat and mass balance calculations.

2.2.3 Flue Gas Exhaust and Cleaning System

This system, as shown in Figures 2.1 and 2.5, is specially designed

and installed for controlling particulate emissions. It consists of a

cyclone dust collector, a water-spray flue gas cooler, an I.D. fan, a

25-foot stack, and 14-inch connecting ducts (Ref 14). The 5-foot-diameter

by 15-foot-tall stainless steel cyclone separator is also equipped with

an internal water spray for wet scrubbing. The particulate concentration

of the flue gas discharged into the atmosphere was found in most tests

to be around 250 mg/Nm 3. The flue gas cooler is a direct contact heat

exchanger using water spray to reduce the flue gas temperature and volume

to protect the I.D. fan and exhaust stack downstream. The dampers and

cold fresh air inlets were used to adjust the draft in the combustor.

This exhaust gas system and the performance of the AVC models were

reviewed by the environmental control officers in Washington DC. A

certificate on environmental control. was granted permitting NCEL to

conduct coal combustion tests.

2.2.4 Ignition System

Propane gas was used as the starting fuel. As shown in Figures 2.1

and 2.2, the major components of this system consist of two 100-pound

propane gas cylinders, regulators, miniature flowmeters, propane burners,

an electric spark igniter, and connecting tubing. Propane was first

14



ignited by the spark igniter during a cold start. Coal was injected

immediately after the propane was ignited. Both fuels were fired

simultaneously for about 10 to 15 minutes to achieve a stable com-

bustion. The propane was then cut off and self-sustained combustion was

usually established at this point.

2.3 INSTRUMENTATION

A computer-assisted data acquisition system was developed to

accelerate the data taking process and to eliminate human errors. Four

major types of instrumentation were used: temperature, flow, combustion,

and pollutant emissions. These are summarized in Table 2.1 and a sche-

matic of the overall arrangement is shown in Figure 2.6.

2.3.1 Temperature Measurements and Data Acquisition System

Both K- and R-type thermocouples were used for temperature

measurements. They were connected to an IBM AT compatible computer via

a multiplexer, as shown in Figure 2.6. The computer-assisted data

acquisition system includes two A/D interface boards with a supporting

software package (Labtech SWDLTN-2) (Ref 15), and two data printout

systems: color plotter and LaserJet printer. This system has a

38-channel capability for data collection, reduction, and display. In

most combustion tests, only eight channels were enabled: five channels

for temperature measurements and monitoring, and one each for total air

flow rate, CWF flow rate, and oxygen or unburned combustible gas con-

centrations. In PPOC AVC tests, a total of 28 thermocouples were

installed and linked with the data acquisition system for monitoring

various temperatures. Real time temperature data was displayed on a

computer monitor, printed, and stored on floppy disks for later

processing. The errors of temperature measurements were about

±0.3 percent of the readings.
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2.3.2 Flow Measurements

A Kurz air flow transducer with a digital readout was used to

measure the total flow rate of secondary air to the AVC test model. The

flow rates of all air nozzles were each measured separately by use of

Pitot tubes. A voltage-to-current analog converter (PCP board model 132

4-20 mA) was connected between the Kurz transducer and the interface

board (WBFAI-B-8) for inputting air flow rate data into the computer and

displaying on the computer monitor and the Kurz digital readout, as

shown in Figure 2.6. The measurement errors of air flow rates were

±2 percent of the readings.

Dry powdered coal, either DUC or PC, was fed by the AccuRate screw

feeder with a feed rate control box into a pneumatic pipeline. The

primary air from a centrifugal blower carried and injected the coal into

the AVC model through feed nozzles. The feed rate was determined by the

precalibrated rotating speed of the s.crew of the feeder. The feed rate

data from the control box was linked to the data acquisition system for

display and automatic recording. (DUC and PC require different

conversion factors for feed rates.) The measurement errors were

±2 percent in the range of 0 to 300 lb/hr.

The flow rate of CWF was measured by an electromagnetic flowmeter

with an operating range of 0.075 to (1.75 gpm. A Taylor Instrument 1100

TB Nag-pipe transmitter was used to amplify the AC signals generated

from the sensing head and convert them to a 4- to 20-mA DC output which

was directly proportional to the CWF flow rate. The converted signals

were forwarded to the data acquisition system for display and recording.

The measurement errors were ±2 percent of the readings.

The atomization quality of CWF spray was observed in the test

chamber as discussed in Section 2.1. The droplet size distribution was

examined by a microscope and analyzed statistically. CWF and compressed

air for atomization were measured by various pressure gauges and

flowmeters. The flow rate of feedwater to the AVC model was monitored by

a flowmeter and frequently calibrated by a stop watch/graduated

container arrangement. The pressures in the combustor and auxiliary

components were monitored by various manometers and gauges.
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2.3.3 Flue Gas Composition Measurements

A KVB continuous flue gas monitor console was used to measure the

composition of flue gases. This monitor console has an automatic self-

calibrating feature. It can sample, condition, and measure oxides of

nitrogen, carbon monoxide, sulfur dioxide, and oxygen on a continuous

basis (Ref 16). The sample analysis system consists of four analyzers

as listed in Table 2.1. This system will correct for oxygen variation

in flue gas on NOx INO and SO2 measurements. In addition to the flue gas

monitor console, a portable gas analyzer (ENERAC 2000) (Ref 17) was also

used to cross check the flue gas composition readings. These flue gas

analysis systems are shown in Figure 2.7.

Measurements of combustion products by the KVB console started at

the sampling probe which was inserted into the outlet of the center

exhaust tube of the AVC. The construction of this probe is shown in

Figure 2.8(a). The sampled flue gases were transported via a heated

sample line to the console. This line maintained the gas sample at

approximately 170OF to prevent water condensation and further reactions

in the sample line. Inside the console, the hot sample gas was first

fast dried by running it through it refrigerator to remove the

condensable moisture and then a drying agent and a filter to rid it of

any water vapor and particles. This conditioned dry gas sample was then

connected to the automated valving system and distributed for the

following analyses:

1. Carbon Monoxide (CO). A Beckman model 865 analyzer was used to

determine the concentration of CO, which is based on a differential

measurement of the absorption of infrared energy (Ref 16). Two equal

energy infrared beams were directed through two optical cells: the

sample cell that the conditioned gas sample flows through and a sealed

reference cell. Solid state electronic circuitry continuously measured

the difference between the amount of infrared energy absorbed in the two

cells. This difference indicated thq concentration of CO in the flue

gas through the sample cell. The measurement range of CO was 0 to 2,500

ppm with measurement errors of ±6 percent of the readings.
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2. Oxides of Nitrogen (NO x). A Thermo Electron model 10A analyzer

was used to measure the concentrations of both nitric oxide (NO) and

total oxides of nitrogen NOx (i.e., NO + NO2 ) in the sampled flue gas.

This instrument utilizes the chemiluminescence principle to continuously

measure NO and NO in eight linear, full-scale ranges from 2.5 to 10,000x

ppm. The measurement error was ±4 percent of the readings (Ref 18).

3. Sulfur dioxide (SO 2 ). A Western Research model 721A analyzer

was used to provide continuous analysis of SO2* It is based on the

ultraviolet absorption principle. The measurement range of SO 2 was 0 to

500 ppm with measurement errors of ±4 percent of the readings (Ref 19).

4. Oxygen (02). The Teledyne model 326A analyzer uses a micro-

fuel cell to measure concentration of 0 . Oxygen in the flue gas is

consumed by the cell which produces a micro-ampere current (Ref 16).

This signal is amplified by a solid-state IC amplifier which can either

drive a high impedance chart recorder or interface with the data acqui-

sition system as shown in Figure 2.6. The measurement range of 02 was 0

to 25 percent with ±1 percent measurement error.

2.3.4 Carbon Residue in Flyash

The flyash sampling system shown in Figure 2.8(b) was used to

extract representative flyash sample:s from the flue gas to determine

their carbon contents for combustion efficiency calculations. It is

composed of an isokinetic probe, a vacuum pump, a rotary flowmeter for

measuring the sampling rate, and an inclined manometer to monitor the

isokinetic condition. The flyash sampling point is located at the end

of the center exhaust tube where the most representative flyash sample

can be drawn. The collected flyash was dried first at about 226 0 F in a

Fisher Scientific model 510 Isotemp oven for 1 hour and the mass

measured by a digital balance. The dried flyash was then heated again

in a Fisher Scientific model 2000 muffle oven at 1,8300 F for 3 hours.

The weight loss of the flyash sample in the oven represented the
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unburned combustible residues in the ash (basically carbon), and was

used to determine the combustion efficiency. The measurement errors

were estimated to be ±3 percent.

2.3.5 Unburned Combustible Gases

The amount of unburned volatiles and CO in flue gases was measured

by a TLV Sniffer combustible gas analyzer. This instrument has an

overall detecting sensitivity range up to 10,000 ppm. It has a

monitoring system providing an audible note of warning in response to

excessive negative drift in signals and other malfunctions. The analog

signal output of 0 to 100 mV is connected to the computer-assisted data

acquisition system as shown in Figure 2.6. Typical results of the

combustible gas concentrations were about 500 ppm during DUC tests and

120 to 200 ppm during CWF tests. This low level of unburned combustible

gases did not noticeably affect the combustion efficiency calculations.

It did give indications of the extent of gas-gas and gas-particle mixing

in the combustor, however. The instrument error was ±2 percent of the

readings.

2.4 TEST FUELS AND CWF ATOMIZATION TISTS

One of the potential advantages of the AVC concept is that different

fuels (types, properties, and sizes) may be burned in it with high

combustion efficiency by only adjusting the operating conditions rather

than the hardware or the design. To demonstrate this important feature

of AVC, five types of fuels (propane, No. 2 fuel oil, CWF, DUC, arl PC)

were tested. It should be noted here that when burning heating oil, the

same CWF supply/atomization system can be used without any operation and

compatibility problems.
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2.4.1 Fuel Properties

The DUC, PC, and CWF used for combustion tests were all prepared

from the same parent coal from Upper Elkhorn, West Virginia (I.D. No.

UE3-191-PCO-E). It is a premium grsde, deep-cleaned coal with ash

content less than 2 percent and sulfur content less than 0.7 percent.

Analyses of the fuels used are summarized in Table 2.2.

Fast sedimentation of CWF was observed in the shipping containers,

the CWF storage tank, and the supply pipeline. An effort was made to

determine the sedimentation rate. CT'F was filled to 4 inches high in a

glass beaker and let stand still at room temperature. A 0.2-inch

sediment layer was measured in a 24-hour period which corresponds to a

sedimentation rate of 5 percent per day. Impurities and large coal

particles were also found in CWF, which often blocked the nozzle

passages and interrupted the tests until extensive screening provisions

were installed in the supply system.

2.4.2 CWF Nozzles and Atomization Tests

The atomization quality of a CWF nozzle directly affects the

ignitability, flame stability, and combustion efficiency of CWF (Refs

20, 21). Ideally, the droplets in a CWF spray should be sufficiently

fine and have a maximum specific surface area for rapid evaporation and

devolatilization (Ref 12). Equally important is that the droplets must

be properly dispersed in the ignition zone to ensure intimate

fuel-oxygen mixing for complete combustion (Ref 22). Furthermore, the

shape and spatial distribution of the spray must fit the geometric

confinement of the combustor to warrant high and uniform combustion

intensity and to minimize impingement and deposition on solid surfaces

(Ref 23). It must be pointed out that the unique configuration of the

AVC posed a great challenge to the CWF nozzle development. Based on the

above considerations, two types of air-Assisted CWF nozzles were

developed for AVC applications:
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Type A: 20 lb/hr, internal mixing (Figure 2.9(a))

Type B: 250 lb/hr, internal-external mixing (Figure 2.9(b))

The Type A nozzles were for exploratory tests in subscale AVC

models. The Type B nozzles were for tests in full-scale AVG models.

The design of both nozzles incorporates the feature of low CWF velocity

and pressure to minimize nozzle tip erosion. Because of the geometric

constraint of the combustion space in an AVC, the CWF nozzles were

designed with small cone angles to minimize spray impingement on

adjacent combustor walls. A typical pattern of CWF spray from Type A

nozzles (32-degree cone angle) is shown in Figure 2.9(c).

CWF atomization tests with both Type A and B nozzles were conducted

in the atomization test chamber explained earlier. The atomizing air

was controlled by a pressure regulator and a bypass loop. The CWF flow

rate was controlled by the rotating speed of the pump and a regulating

valve. Typical test results at room temperature are summarized in Table

2.3.

Atomization quality is the key to success of CWF combustion. Fine

and evenly distributed droplets are critical for stable ignition and

complete burnout. The flame is also aff'-ted by the droplet size

because of ignition delay due to moisture evaporation. Experience

indicates that the atomization quality of a nozzle is primarily governed

by air/CWF mass flow ratio. In this case, this ratio was kept between

0.15 and 0.2. Good atomization quality was achieved with D0 1 (average

or arithmetic mean droplet diameter) ranging from 70 to 110 pm, and D23

(Sauter mean diameter) ranging from 90 to 170 pm. A typical droplet

size distribution of Type B nozzle is shown in Figure 2.10. The

distinct CWF spatial distributions of' Type A and Type B nozzles may be

seen in Figure 2.11, where the flow rate fractions of CWF are plotted

against the normalized radius (r/L). Due to a high swirling jet in

atomization, Type A nozzle spray exhibits a peak at r/L = 0.16, and is

relatively hollow in the core region. This distribution pattern

disperses more uniformly in space, which is favorable for CWF ignition.

However, the high concentration at large radii may cause CWF spray

impingement. Test results showed that deposition of tindried CWF
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droplets, if any, did not cause problems in stable and continuous

operation of our subscale AVC models. Type B nozzle spray has a

relatively flat spatial dispersion in the core region. It falls off

quickly at large radii, which is highly desirable for preventing

deposition on the side walls, particularly at large flow rates (Refs 20,

22).

The effects of flow rate on the atomization quality for Type A and

Type B nozzles are shown in Figure 2.12. The operating ranges of CWF

flow rates for both nozzles are also indicated in the figure. Clearly,

the atomizing quality of both types of nozzles was satisfactory for AVC

combustion tests within the range of applications.
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Table 2.1 Instruments Used for Measurements

Manufacturer, Range
Parameter Type Model No. (error)

Temperature, OF Thermocouples Omega 0-2375
K-, R-type Engineering (±0.3%)

Flow
Air flow rate, cfm Pitot tube/Kurz Omega/Kurz PX714 0-400

flow transducer (±2%)

Excess air, % Gas analyzer Energy Efficiency 0-80
Systems, Enerac (±4%)
2000

CWF flow rate, gpm Electromagnetic Taylor Instrument 0-0.75
(±2%)

Cooling water Flowmeter 0-1103
flow rate, lb/hr (±5%)

DUC/PC feed Control box AccuRate 600 0-300
rate, lb/hr (±2%)

Combustion/Emissions
CO, ppm Infrared Beckman model 856 0-2500

absorption (±6%)

NOx, ppm Chemiluminescent Thermo Electron 0-10000
model 1OA (±4%)

S02, ppm Ultraviolet Western Research 0-500
absorption model 721A (±4%)

HC, ppm Combustible United Tech. 0-10000
gas analyzer TLV/FM Sniffer (±2%)

0 ppm Micro-fuel cell Teledyne model 0-25
326A (±1%)

Carbon residue Isokinetic probe Fisher Scientific 0-100
in ash, % and muffle oven model 2000 (±3%)

23



Table 2.2 Typical Analyses of the DUC, PC, and CWF Used in
Combustion Tests

PROPERTIES OF PARENT COAL
I.D.#: UE3-191-PCO-E Bed: West Virginia Upper Elkhorn #3

Proximate Analysis C% wtj: Ultimate Analysis (% wt):
Moisture 0.72% Carbon 86.83%
Volatile matter 34.80% Hydrogen 5.14%
Fixed carbon 63.00% Oxygen 3.64%
Ash 1.48% Nitrogen 1.54%
Heating value 14,756 Btu/lb Sulfur 0.63%

Ash/moisture 2.22%

DUC SIZE DISTRIBUTION PC SIZE DISTRIBVITON
Mean particle dia. (pm) 11.5 Mean particle dia. (p.., 40
% <100 mesh (149 pm) 100 % <100 rish (149 gm) 99.7
% <400 mesh (38 pm) 98 % <200 mesh (75 pm) 86.9

CWF PROPERTIES CWF SIZE DISTRIBUTION
Solid loading, % wt 65-67 Mean parent coal size 30 pm
Viscosity, cp @100/s <1,000/10 Top coal size 99% <149 pm
Specific gravity @ C OF 1.2 SMD of droplets 106 pm
Heating value, Btu/lb 5.930 Average droplet size 75 pm
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Table 2.3 Typical Results of CWF Nozzle Tests

Type A Nozzle Type B Nozzle
Parameter/

Flow Rate (lb/hr) 25 60 132 200

CWF pump pressure, psi 40 90 45 85

CWF pressure at
nozzle inlet, psi 28 75 28 70

Atomizing air pressure

at nozzle inlet, psi 20 75 30 74

Atomizing air flow rate, lb/hr 5.2 11 24 30

Air/CWF ratio, % 20 18 18 15

CWF temperature, OF 68 70 68 68

Spray cone angle, deg 30 36 32 32

Average droplet size D0 1 , psm 90 105 75 95

Sauter mean diameter D2 3 , p1M 98 165 106 140
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45' Aninu~lar holes
for gas sampling

0.4' Heated sample line

Particulate filtre

Probe tip Flow~ of f.Lue gas

Cantinuous flue gas
monitor console

so.) recre alibrat ion

CO 0?

(a) Exhaust gas sampler.

~= Sampling probe

(b) Flyash sampler.

Figure 2.8 Exhaust gas/flyash sampling systems.
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Coal-water fuel -

: Nozzle tip

Atomizing air

(a) Type A nozzle (20 lb/H)

Coal-water fuel

Nozzleti

S~Atomizing air

(b) Type B nozzle (250 lb/H)

(c) CWF spray

Figure 2.9 CWF nozzles and spray.
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CHAPER 3

AVC TEST MODELS

3.1 DESIGN CONSIDERATIONS

3.1.1 Design Guidelines

Consistent with our AVC concept and the required technical

performance discussed in Chapter 1, the design guidelines are summarized

as follows:

"* Geometrically, an AVC is made up of two vertical, concentric

circular tubes as shown :in Figure 1.1. Ignition and

combustion of fuel take place primarily in the annular space

between the two tubes.

" Fuels (CWF, DUC, or PC) are fed with primary air into the

combustor bottom where drying, devolatilization, and ignition

are achieved without the need of air or fuel preheating.

"* The vortex generator should produce a strong centrifugal flow

field, whose swirl intensity and quality of air injection can be

adjusted and controlled.

"* The center tube should be designed to minimize fuel particle

elutriation and to maintain the rigidity of the strong swirl for

achieving the desired fuel residence time.
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Arrangement of air injection and heat removal surfaces should

be made to maintain the desired low temperature with minimal

temperature variations in the combustor for best NO and SOx x

control. Heat removal surfaces may consist of fully or

partially water-cooled walls.

A proper combustor height-to-diameter ratio should be selected

to facilitate the stage combustion and heat removal surface

arrangements.

3.1.2 Design Calculations

The design calculations included basically mass and energy balances

(Refs 24, 25, 26). The calculations began with the properties of the

given fuel and the desired firing rate. The excess air in the design

was set in the range of 10 to 30 percent. Based on these parameters,

the fuel consumption, total combustion air requirement, amount of flue

gases and ash to be generated, and overall combustor dimension were

calculated first. Refinements were then made by accounting for the

details of the distribution of useful energies and heat losses.

Being a brand new concept and device for combustion, the needed

design and operation data for an AVC were practically nonexistent and

had to be developed from this work. Based on the features of strong

swirl and low combustion temperature environment, the overall heat

transfer coefficient in the AVC was assumed to be around 20 Btu/H-ft 2 -F

in the preliminary design of PExp AVC model. With this, the needed area

and location of the heat transfer surface was estimated. The average

firing intensity (volumetric heat release rate), a parameter which

affected the overall size of the combustor, arrangement of heat removal

surfaces, and selection of combustor materials, was also not known.

Based on experience with the vortexing fluidized bed combustor (Ref 6),

an average firing intensity of 0.1 MB/H-ft3 was chosen as the starting

value for the design.

Heat transfer surfaces are used to: (1) control the desired

temperature distribution In the combustor and also the exhaust gas

temperature to be around 1,6000 F, and (2) assist in the turndown
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operation. The total available area for heat removal and total volume

for combustion depend primarily on tbe height-to-diameter ratio (H/D) of

the AVC. Judging from the assumed heat transfer coefficient and average

firing intensity, all AVC test models provided more than adequate areas

for the heat removal needs.

The design of the fuel nozzle (or atomizer) followed conventional

engineering practice: the injecting velocity of fuel-air mixture was

chosen to be 40 to 70 feet per second, with the primary air fraction

being 5 to 30 percent. Being a part of the vortex generator, the fuel

nozzles were designed to be adjustable in protrusion length, location on

combustor wall, and injection angle. In the operation of AVC models, up

to 95 percent of combustion air may be supplied by the secondary air

nozzles. The design considerations for the air nozzles were:

* Adjustable air injection velocity of 100 to 180 feet per second.

* Depending on the combustor capacity, the air nozzles may be

arranged as a single vertical array, two arrays at opposite

position, or four arrays at 90 degrees apart on combustor

circumference.

Total number of nozzles, nozzle tip configuration, nozzle

elevation, and injection angle should be designed to provide

ample flexibility for various test operations.

According to the design practice of the cyclone separator and

experience with the vortexing fluidized bed combustor (Ref 6), the

diameter ratio of the center tube and the combustor should be kept close

to 0.5. The average velocity of the ascending hot gases in the annular

space should be kept below 15 feet per second in order to maintain

adequate gas residence time and minimal system pressure drop. The gas

velocity in the center tube should be kept below 50 feet per second.

In order to establish the needed design and operation data and also

to explore the scale-up feasibility, technical merits, and operational

limits, two subscale AVC models (PExp and Exp) and two full-scale models
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(PPOC and POC) were designed, built, and tested. Table 3.1 summarizes

the major parameters of these four AVC models. The design features and

test results are discussed in the following sections.

3.2 PExp AVC MODEL (0.15 KB/H)

The PExp AVC model was designed when the understanding of annular

vortex combustion processes was purely based on theoretical considerations

and no relevant technical information was existent except for gas-particle

flow characteristics. This model is the one which, for the first time,

reduced the AVC concept into practice. Based on the preliminary informa-

tion generated from cold flow modeling studies (Ref 11) and complete

energy and mass balance calculations (Ref 24), the PExp AVC model was

designed and built (see Figure 3.1). It has the following design

features:

" Sub-adiabatic configuration, including a refractory lower

chamber (adiabatic) and a water-cooled metal upper chamber

(non-adiabatic).

"* A contraction between the upper and lower chambers to enhance

recirculation and prolong the fuel residence time in the lower

chamber.

* Low firing intensity and large height-to-diameter ratio.

* Two feed ports for DUC and one for CWF located near the

combustor bottom. The secondary air was tangentially injected

at two fixed elevations and with a fixed injection angle into

the upper chamber.
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About 30 test runs totaling 150 hours of test time were conducted

firing both DUC and CWF. The longest continuous running times were 11

hours for DUC and 2 hours for CWF. The data generated and detailed

discussions of the results are reported in References 27 and 28.

Typical performance of the PExp AVC model firing DUC is given below:

Firing Rate, MB/H 0.16 0.12

Excess air, % 38 60
Primary air fraction, % 75 70
Secondary air fraction, % 25 30
Combustion gas temperature, OF

Bottom chamber 2,000 1,848
Contraction 1,830 1,821
Top chamber 1,150 1,143
Center tube 1,760 1,654

CO emission, ppm (@ 3% 02 249 230
Thermal efficiency, % 0 88 87
Firing intensity, MB/H ft 3  0.15 0.11
Combustion efficiency, % 98.9 99.4

The experience and lessons learned are summarized below:

The AVC concept for coal firing was proven to be workable in

terms of combustion performance and operational convenience.

"* High combustion efflciencies (>98 percent), a large turndown

ratio (>3:1), and acceptable operating temperatures (1,500 to

2,1000 F) were achievable with DUC.

"* The PExp AVC model and its auxiliary systems were found to be

reliable and safe, and exhibited good control characteristics

with regard to cold start, load variation, and hot restart.

"* The volume of the lower adiabatic chamber appeared to be

oversized for DUC firing, which often led to high local

combustion temperatures. It, however, played an important role

for CWF ignition and flame stabilization.
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* The contraction is helpful in fuel ignition and flame

stabilization. For a premium grade micronized coal, such as

DUC, the combustion environment at the combustor bottom was

found to be sufficiently adequate.

* Notable erosion of the refractory wall was observed after 120

hours of tests, a result mainly due to the impingement of

fast-moving burning coal particles in the strong, swirling gas

stream. The center tube was burned through once at the lower

section after 30 hours of testing at high loads (see Chapter 4,

Figure 4.8b).

The designed average firing intensity of 0.1 MB/H-ft3 was low

and can be increased by use of heat removal surfaces.

The operational characteristics are depicted in Figure 3.2.

The difference in operating temperatures are shown for

different fuels during cold start and hot restart processes.

For all test runs, stable, on-time ignition and self-sustained

combustion could be achieved for DUC and CWF without the need

of preheating the combustion air or fuels. Supplemental fuel

was used only for cold start.

3.3 PPOC AVC MODEL (3 MB/H)

Based on the data and experience obtained from PExp AVC model tests

and the successful development of CWF atomization nozzles, a 3-MB/H

full-scale PPOC AVC model was designed to explore the feasibility of

scaling up, operational limits, fuel flexibility, and the role of heat

transfer in combustion control. The major design and operational

parameters of PPOC AVC are summarized in Table 3.1. Figure 3.3 is a

pictorial view of this model and its auxiliary systems. The design

features and major data are summarized below (Ref 29):

44



"* The combustor outer wall is practically adiabatic, made of

5-inch castable refractory. A removable cooling coil made of

1-inch copper tubing is inserted at the bottom for temperature

control.

"* The center tube is water cooled on both sides of the wall. The

height of the center tube is adjustable.

"* Two feed ports for CWF and two for DUC are located at the

combustor bottom. Secondary air is supplied at three

elevations, each with two adjustable air nozzles.

* Adjustable fuel injection angle and deflecting air are provided.

A removable contraction is located below the top two rows of

secondary air nozzles.

A total of 27 test runs were conducted with DUC and CWF on this

model to explore the combustion performance, operational requirements,

and fuel flexibility at various firing rates. Some typical. test results

are given below:

Fuel Type DUC DUC CWF
Firing Rate, MB/H 2.99 2.84 2.15

Excess air, % 21.6 19.0 22
Primary air fraction, % 24 17 5
Secondary air fraction, % 76 83 95
Combustion gas temperature, OF

Bottom chamber 2,310 2,253 2,186
Contraction 2 1,994 2,011
Top chamber 1,837 1,850 1,532
Center tube 1,369 1,288 1,076

CO, ppm @ 3% 0 1,544 1,237 625
NO2, ppm @ 3% a 397 404 348
Thermal efficiency, % 3 83 85 82
Firing intensity, MB/H-ft 0.16 0.15 0.11
Combustion efficiency, % 97.0 97.1 94.0
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The data and experience obtained from PPOC AVC model are summarized

below:

"* Stable, on-time ignition, and self-sustained combustion of DUC

was easily achieved at all firing rates up to 3 MB/H.

"* Stable and self-sustained combustion of CWF was achieved without

the need to preheat the air or fuel. Two feed ports were

adequate to fire CWF at about a 2-MB/H load.

"* Deflecting air was effective in preventing CWF deposition on

the combustor wall. A "spray shaper" was developed and was

extremely useful for intensification of water evaporation and

CWF ignition at full load. With this it was possible to ignite

and burn up to 225 lb/H of CWF in the narrow annular space of

the AVC without deposition buildup.

"* DUC and CWF were successfully fired up to 3 MB/H with combustion

efficiency up to 97 percent. This confirms the up-scaling

potential of the AVC concept.

"* The in-furnace cooling coil could effectively absorb heat and

control the combustion temperature.

"* Heat removal surfaces located either on the combustor wall or

the center tube could remove heat without adversely affecting

combustion.

The adiabatic combustor wall was beneficial in fuel ignition

and burnout. However, it Also has drawbacks of large thermal

inertia, large combustor size and space requirement, and air

leakage through gaps of refractory blocks.

The average firing intensity could be further increased by the

increase of heat removal rate and vortex generator arrangement.
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Type B CWF nozzles performed very well both in atomization

quality and in compatibility with the unique AVC configuration.

3.4 Lip AVC MODEL (0.3 HB/H)

Research efforts on PExp and PPOC AVC models point out the need for

detailed information on the arrangement of secondary air distribution

and local heat transfer. Although some of the needed information can be

generated from the PPOC AVC model, the combustion tests on this model

would require a large amount of fuel and excessive manpower. It was

deemed not economical and feasible to conduct further tests on this

model. An improved subscale exploratory hot model of 0.3 MB/H, the Exp

AVC, was designed, built, and tested (see Figure 3.4). This model has

the following features:

"* The combustion chamber was made of a 7.5-inch I.D. mild steel

pipe. The center tube was a 3-inch I.D. stainless steel pipe.

The upper and lower 1/3 of the combustor inner wall was lined

with 0.5-inch refractory in order to meet the needs for

ignition and burnout.

"* Four runs of independently controlled water cooling coils were

wound on the outer wall for studying the local heat transfer

characteristics along its height.

"* Two feed ports were provided at combustor bottom for both CWF

and DUC. Deflecting air was used to prevent fuel deposition and

clinker formation.

"* Seven independently adjustable secondary air nozzles were

arranged at four elevations. The injection angles, protrusion

length, and flow rates can be individually varied conveniently

to afford a broad range of flexibility.
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A 1/4-inch-thick Vycor glass plate was used as the combustor top

to facilitate visual observations of the flame and particle

behavior during tests.

* The overall design improved the average firing intensity to as
3high as 0.44 MB/H-ft

Numerous exploratory tests were conducted. Typical results with

the fuels tested are summarized below and are discussed in the following

paragraphs:

Fuel Type DUC DUC PC #2 Oil Propane
Firing Rate, MB/H 0.22 0.31 0.27 0.20 0.30

Excess air, % 45 40 20 50 11
Primary air fraction, % 18 30 39 1 40
Secondary air fraction, % 82 70 61 99 60
Average combustion gas

temperature, OF 1,760 1,900 1,700 1,670 1,770
Thermal efficiency, % 86 83 84 87 89
Firing intensity, MB/H-ft 0.31 0.44 0.38 0.29 0.42
Combustion efficiency, % 97.6 95.4 95.8 99.4 100

3.4.1 Improvement of Firing Intensity

The use of refractory liner to cover only some areas of the

basically water-cooled combustor wall. made the heat removal capability

of Exp AVC much higher than prior models. The flow and turbulence was

substantially improved via the arrangement of vortex generator. Con-

sequently, a three-fold improvement on firing intensity over PExp and

PPOC models was achieved. This paved the way for a successful design of

our POC AVC.

3.4.2 Establishment of Local Heat Transfer Data

A series of tests were conducted with different fuels, distinct

heat removal surface arrangement, and various combinations of other

operating parameters. Heat removal by water for each run of the cooling
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coil was individually measured to establish local heat transfer data.

This provided the needed information on heat transfer surface design.

The heat transfer coefficient ranged from 10 to 55 Btu/H-ft - F,

depending on the swirling flow and combustion temperature.

3.4.3 Controllability of Temperature

The combustion temperature and its axial distribution was con-

trollable by means of secondary air distribution as illustrated in

Figure 3.5. If a large amount of secondary air is injected at the

lowest level (90 percent at level a. 10 percent at level b) of the

combustor, a "hot spot" of 2,500"F would result near the combustor

bottom, accompanied by a sharp decrease of gas temperature along the

combustor height, which inevitably increases the NO level. By varyingx

the distribution of secondary air such as 45 percent at level a, 35

percent at level b, 15 percent at level c, and 10 percent at level d, a

more uniform gas temperature (2,000 ±2000 F) can be achieved. The con-

trollability of temperature is potentially significant in applications

and is highly beneficial in combustion performance, turndown operations,

and pollution control.

3.4.4 Controllability of Particle Behavior

The flexibility of AVC in controlling fuel particle behavior, for

example, elutriation and residence time, was demonstrated in our cold

flow measurements (Ref 11). Distinct particle trajectories and behavior

were also observed while firing PC in the PExp model. Large particles

either fell to the bottom due to gravity or were confined in the wall

region due to strong centrifugal force. It was observed that particles

were burning while moving around horizontally, and eventually became

completely burned out before exiting the combustor. The controllability

of particle behavior is exceedingly important in combustion efficiency

and particulate emission control.
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3.4.5 Effect of Swirl

Figure 3.6 shows the effect of swirl on flame and combustion. Note

the differences on flame shape and luminosity, burnout volume, combustion

temperature, and firing intensity for the cases of no swirl, weak swirl,

and strong swirl. An order of magnitude increase of firing intensity

can be achieved in AVCs. Considering the 3-T principle of combustion,

the substantial improvements on "Turbulence" and "Time" overly compensate

the deficiency of the low design "Temperature," which enable an AVC to

attain high combustion performance at low temperature. The AVC tcchnology

is truly state-of-the-art in coal combustion.

3.5 POC AVC MODEL (2 KB/H)

With the data and experience obtained from PExp, PPOC, and Exp AVC

hot models, a 2-MB/H POC AVC hot model was designed, built, and system-

atically tested. The detailed design data and major parameters are

summarized in Table 3.1 and shown in Figure 3.7. The design features

are summarized below:

A water jacket was used as the combustor wall. The lowest 1/4

of the wall was lined with castable refractory to ensure

positive ignition, particularly for CWF firing. The center tube

is a steel pipe whose lowest 1/4 is also refractory lined to

prevent corrosion/erosion of the metal surfaces and to enhance

the combustion environment.

The vortex generator consisted of a vertical array of six

independent nozzles. The height, tip cross-sectional area and

configuration, and injection angle are all adjustable.

Two feed ports were provided for the fuels, both CWF and

DUC/PC. The fuel nozzles were designed and built to fire

multiple fuels. The primary air velocity was kept within 50
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to 70 feet per second. To prevent CWF deposition on the

chamber wall, the spray cone angle was kept at about 30

degrees.

* Two types of arrangements of heat removal surfaces were tested:

25 percent and 90 percent of water jacket areas were covered

with refractory liner.

* The center tube is made of 9-inch 0.D. steel pipe. For the

convenience of installation and adjustment, it was cut into

three sections. The configuration of the center tube inlet,

size, and height are all easily adjustable.

Great efforts have been devoted to simplification of the

design and operation. The simplicity of POC AVC enabled it to

be fabricated and assembled by graduate students.

The detailed data, test results, and outstanding performance of the

POC AVC model are presented in the next chapter.
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Table 3.1 Summary of Major PNrameters of AVC 'rest Models

Parameter PFxppa PPOCb Expc POCd

Design
Firing rate, MB/1I 0.15 3.0 0.3 2.0
Configuration, in.

D 7.5 32 7.5 19
d 3.5 15 3 8
If 34.5 45 24 33
h (adjustable) 31 40 18 29
t 1/8 1 1/8 3/8
Overall 16 x 50 48 x 60 10 x 24 23 x 40

Operation (@ design capacity)
Average fi)ing intensity,

MB/FI ft- 0.1 0.1 0.3 0.3
Air injection velocity, ft/s 100 100 120 120
Fuel injection velocity, ft/s 50 50 60 60
Average gas velocity, ft/s 2.7 4.6 5.4 5.9
Exit gas velocity, ft/s 14.2 1.4.3 28.4 27.2

Design features
See details in Chapter 3 §3.2 §3.3 §3.4 §3.5

aPExp = Preliminary exploratory.
bPPOC Preliminary proof-of-concept.

cExp = Exploratory.
POC = Proof-of-concept.
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-1 Water Jacket 1 1/8" thick mild steel
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Ch•APTR 4

TEST RESULTS OF POC AVC MODEL

A total of 140 hours of combustion test time was accumulated on the

POC AVC model firing CWF (5,000 pounds), DUC (4,000 pounds), and PC

(1,500 pounds). The longest continuous running time was 6 hours. The

performance characteristics of the POC AVC were extensively explored

under various operating conditions. Subjects of interest consist of:

temperature distribution and variation, combustion efficiency, emission

levels, heat fluxes to cooling surfaces, and gas-particle flow behavior.

Operationai limits in fuel flexibility and system controllability, and

performance in cold start, continuous full load operation, partial load

operation, hot restart, and shutdown also were explored. This chapter

presents and discusses these results.

4.1 TEST ARRANGEMENT

4.1.1 Test Setup and Fuels

Figure 2.1 shows the test setup for systematiL combustion tests of

the POC AVC model. The details oE the auxiliary systems and

instrumentation are presented in Chapter 2. Three types of coals were

used for the tests: CWF, DUC, and PC (see Table 2.1).
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4.1.2 Test Plan and Procedure

Parametric studies on the effects of excess air (9 to 49 percent),

firing rate (0.65 to 2 MB/H), secondary air arrangement, and ignition

and burnout characteristics were conducted. A summary of these tests is

given in Table 4.1.

The test procedure is briefly described below:

"* Prepare, inspect, and adjust the combustor and its various

auxiliary systems, including the instruments for various

measurements. Load the fuels sufficient for 4 hours of testing.

Test run all auxiliary systems.

"* Start combustion by first igniting propane gas with an electric

spark at the fuel port. Inject coal as soon as the propane

flame occupies the whole combustor.

"* Cofire propane and coal for about 10 to 15 minutes to stabilize

the flame, cooling water temperature, and combustor performance

at the preset test condition.

Shut off propane and condun.t systematic measurements on flow,

thermal, combustion, and emissions.

4.1.3 Data Collection and Analysis

Except for the flyash samples that were collected manually with a

sampling probe system for residue carbon analysis, most major experimental

data were collected and reduced by the computer-assisted data acquisition

system described in Chapter 2 and shown in Figure 2.6. The details of

instrumentation and measurement errors for combustion tests are given in

Table 2.1. The locations of flowmeters, thermocouples, gauges, flue gas

sampling, and flyash collection systems on the combustor and subsystems

are shown in Figure 2.1. Data were collected and analyzed to identify
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the effects of controlling parameters on combustor performance such as

fuel type, fuel consumption, excess air, primary/secondary air ratio,

and secondary air injection arrangement.

4.2 CWF TEST RESULTS

CWF is more difficult to burn than dry powered coals. Since CWF is

the design fuel of AVC, efforts were directed to resolve problems associ-

ated with CWF handling, atomization, ignition, and burnout. Among the

70 hours of tests with CWF, about 30 hours were devoted to systematic

data collection, and 40 hours for fine tuning the combustor and explora-

tory testing on ignition characteristics and deposition prevention.

4.2.1 Intensification of Water Evaporation

The configuration of an AVC combustion chamber poses a great

challenge for CWF ignition and flame stabilization. CWF is injected

horizontally through one or two feed ports into the combustor bottom at

an angle for proper dispersing into the main swirling flow stream. Fuel

droplets must be dispersed, dried, and ignited in the narrow annular

space and in a very short time to prevent wall impingement. Otherwise,

any undried CWF particles would deposit, rapidly build up, and eventually

block the flow passage. The two types of CWF nozzles described in Chapter

2 were used (both with a spray angle close to 30 degrees). As illustrated

in Figure 4.1(a), if this angle is too large, the spray would impinge on

the center tube and/or the combustor side and bottom walls near the feed

port resulting in deposition buildup. If the angle is too small, the

spray would be too strong for timely dispersion before it hits the com-

bustor wall downstream, and also forms undesirable depositions (Refs 28,

30).

In order to successfully ignite a CWF spray and stabilize the flame,

it is critically important to speed up the water evaporation process in

the ignition zone. The key to prevent CWF deposition is to keep the

needed evaporation time of the droplets, t, to be shorter than the

droplet flight time, tf* That is:

63



t ev:Stf = S (4-1)ev S Vtv Q in t 41

where: Qev = heat needed for water evaporation

Qn = heating rate from the surroundings

S = droplet flight distance before impingement

V = flight speed of droplets

Equation 4-1 can be rewritten as:

d2_ < c S (4-2)
AT Nu V

where: d = mean droplet diameter

Nu = Nusselt number

AT = average temperature difference between surrounding

hot gases and droplet

c = a constant

Based on Equation 4-2, the following measures were taken to resolve the

deposition/accumulation problem:

0 Improve the CWF nozzle performance to achieve a fine spray, or

small d. This was accomplished and presented in Chapter 2.

* Increase the local temperature, or AT, and Nu in the ignition

zone by partially lining the water-cooled surface with

refractory.

* Modify the aerodynamic structure in the annular space by

introducing a strong jet of deflecting air at the proper

location (or timing) to bend the spray toward the main gas

64



stream so that the droplets can fly longer distances. Figure

4.1(b) shows the working principle and the effect of deflecting

air. This method was found to be very effective to prevent CWF

droplet deposition, particularly at large loads.

Adopt a novel "sprav shaper" to better disperse the droplets

in the ignition zone, increase turbulent mixing and hence Nu,

and attenuate the spray velocity. Figure 4.2 shows the evident

effect of spray shaper on CWF atomization. Also shown is its

effective attenuation of the average flight velocity of the

droplets. The local turbulent mixing and heat exchange are also

intensified.

Tests show that, with the above measures, the water evaporation process

was drastically shortened. The droplets were dried up almost as soon as

they left the nozzle.

4.2.2 Combustion Intensification and Burnout Improvement

To achieve high combustion efficiency and intensity, thorough

turbulent mixing, high temperature, and long residence time, especially

in the burnout zone, are needed. A series of tests was carried out to

explore the potential of AVC in these aspects. Because of the strong

swirl, unburned fuel particles are thrown toward the combustor wall by

centrifugal force and form layers of suspended particles (the suspension

layers) (Ref 11). They are trapped in these layers until completely

burned out and become sufficiently small in size and mass to be entrained

by the flue gas and leave the combustor. The height and the inlet con-

figuration of the center tube are critical in controlling the residence

time of fuel particles. Experience shows that long residence times and

high combustion efficiencies can be achieved at a center tube height h/H

of about 0.8. A flat steel flange mounted at the lip of the center tube

can prevent particles from rising along the outer wall of the center

tube and leaving the combustor prematurely.
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In order to maintain a sufficiently high temperature environment in

the upper burnout zone for improved combustion efficiencies, a refractory

liner was added to cover the top water-cooled surface. This modification,

together with redistributing the fuel with the spray shaper, can boost

the temperature in the burnout zone to 1,850 0 F. Tests showed that the

improvement in burnout zone enabled CWF and dry powered coals to burn

efficiently at high firing intensity and relatively low temperatures

compared with most other combustors. With the measures mentioned above,

>99 percent combustion efficiencies were consistently nchilevable in

firing CWF.

4.2.3 Test Results

Systematic tests on firing CWF were conducted to accumulate

performance data for AVC design and operations, and to demonstrate the

superiority of this concept. Test results on effects of the various

controlling parameters such as excess air, firing rate, primary/secondary

air ratio, center tube height and inlet configuration, and heat transfer

surface arrangement were obtained and analyzed. Table 4.2 summarizes

some of the major results in firing CWF. It should be noted that all

CWF tests ware carried out with combustion air at an ambient temperature

of around 50 0 F. The CWF tested contained 33 to 35 percent water by weight

and had a mean coal particle size of 30 qm.

4.2.3.1 Effect of Excess Air. Excess air is one of the major

operational prameters for combustion adjustments. It. also affects the

heat loss via stack gas and thus the system thermal efficiency. A series

of tests was conducted for excess air ranging from 12 to 58 percent..

Figure 4.3 shows the effect of excesn. air on combustion efficiency, gas

temperaLure, and emissions. The combustion efficlerncfes ranged from

97.3 to 99.4 percent., with more recent results all above 99 percent (see

Table 4.2, Run Nos. 25, 28, 29, and 30). It. appears that combustion

efficiencies were above 99 percent Around 25 perc'et excess air, which

was also observed in DIM' firing (soe next Sect ion). Figure 4.3 naso
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shows that the combustion efficiency does not decrease with the decrease

of excess air. This enables the AVC to be operated at low excess air

and, hence, high thermal efficiency.

NO and CO levels ranged from 200 to 600 ppm, which were obtainedX

with no special effort in emission reduction. Since AVC is effective in

staging the air, the present results suggest a high potential for low

NO combustion in AVC firing. The exiting flue gas temperature and thex

average gas temperature decreased generally with the increase of excess

air. The difference in temperature became higher at higher excess air.

4.2.3.2 Effect of FlIring Rate. Figure 4.4 shows the combustor

performance at firing rates between 1.0 and 1.9 MB/H. Stable ignition,

self-sustained combustion, and high combustion efficiencies were all

achieved. All combustion efficiencies were above 97 percent, and the

best combustion performance (>99 percent) was at around 1.2 MB/H (or 0.2

MB/H-ft 3). NO and CO levels generally increased with increasing firingx

rate and fluctuated within 200 ppm. The average gas temperature was

found to be about 200OF higher than the flue gas temperature. Both

temperatures seemed to be relatively insensitive to the change of firing

rates.

4.2.3.3 Effect of Center Tube Height. Figure 4.5 shows the test

results at four center tube heights. The combustion efficiencies were

97.1, 98, 98.8, and 97.4 percent for the center tube at h/H = 0.6, 0.7,

0.8, and 0.9, respectively. Center tube height was found to have a

significant effect on the combustor performance. The optimal height was

around 0.8, where the combustion efficiencies usually exceeded 99 percent.

When the centet tube height increased, the levels of CO and NO tendedx
to decrease. This trend was particulary clear for the CO level. A

higher center tube generally gives somewhat higher average and flue gas

temperatures (within 100 0 F).

4.2.3.4 Effect of Inlet Configuration of the Center Tube. The

inlet configuration of the center tube may directly affect the local gas

flow field, particle trajectory, and residence time, which in turn,
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affect the combustion performance. Exploratory studies with different

configurations at the center tube inlet were conducted. Figure 4.6

shows the difference between a plain tube (original) and one with a

flange at the lip (improved). A great improvement in combustion

efficiency (-2 percent) was found with the flanged configuration. The

effect of flange on NO level was not clear. It was, however, veryx

effective in reducing the CO levels, suggesting a substantial improve-

ment of gas-gas mixing in the burnout zone. At 25 percent excess air, a

three-fold improvement on CO emission (about 400 ppm reduction) was

achieved with the flange. The average gas temperature in the combustor

was about 100OF lower, a result of the presence of the flange on the

center tube.

4.2.3.5 Effect of Refractory Liner. In order to improve the

thermal environment for CWF ignition and burnout, the fraction of

refractory-lined walls to total water-cooled walls was increased from 25

to 90 percent. This liner affects the local temperature, the combustion,

and the heat removal capability. Figure 4.7 shows that the combustion

efficiency was raised by about 0.5 percent when the refractory-lined

area was enlarged from 25 to 90 percent. The average gas temperature

increased by almost 2000 F, as expected. NO emission was found tox

increase by about 100 ppm and CO emission decreased by about 250 ppm.

This is caused primarily by the higher temperature which promotes

complete combustion and thermal NO formation.
x

4.3 DUC TEST RESULTS

About 50 hours of combustion tests were conducted in firing DUC.

The systematic measurements and observations conducted are given in

Table 4.1. Table 4.3 summarizes some of the major test results.
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4.3.1 Performance Comparison of DUC and CVF

The major differences between DUC and CWF are their ignition

characteristics. DUC contains less than 2 percent of moisture, which

does not cause delay or other problems (as it does for CWF in ignition).

The average diameter of DUC (12 pm) is only 1/9 that of the average CWF

droplet (106 pm). This means that the DUC and CWF particle masses or

volumes may differ by three orders of magnitude. DUC can be ignited

almost as soon as it enters the combustion chamber where it is burned

very fast, resulting in a high temperature zone near the combustor

bottom. The excellent ignition and combustion characteristics of DUC

should present no difficulty in AVC design and operation. However,

since the POC AVC model was designed for CWF firing, some difficulties

in controlling the DUC combustion process under the same design con-

figuration as for CWF were encountered. Higher temperatures can damage

the combustor even in a few hours. Figure 4.8(a) shows a melted center

tube made of 3/8-inch-thick low carbon steel after a 6-hour continuous

test of DUC at 1.5 MB/H. To contrast, Figure 4.8(b) shows the burned-

through hole in the center tube of the PExp model after 30 hours of

tests.

Two measures were taken to alleviate this problem: (1) a novel

"fuel disperser" (similar to the "spray shaper" in CWF firing) was used

to more evenly distribute the DUC in the combustor and consequently, the

temperature in the ignition zone, and (2) the amount of primary air and

the distribution of secondary air were adjusted to delay the ignition

and slow down the combustion. Tests showed that with these two

measures, the bottom "hot spot" was successfully eliminated and the

combustor performance improved.

4.3.2 Test Results

4.3.2.1 Effect of Excess Air. Figure 4.9 shows the effect of

excess air on combustion performance. The combustion efficiencies were

all above 97 percent, and changed very little over the whole range of

6 to 47 percent excess air tested, indicating a stable combustion
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performance over a large operating range. The calculated thermal

efficiencies followed the same trend and were around 85 percent. CO

levels ranged from 150 to 300 ppm. Excess air in the range of 25 to 30

percent was found to give the best combustion efficiency (>99 percent)

and thermal efficiency (>85 percent). Within the excess air range of 6

to 47 percent, NO levels ranged from 200 to 550 ppm, which was the casex

with no special effort to fine tune the combustor for NO reduction. Itx
is believed that less than a 200 ppm NO level, can be achieved if ax
nominal research effort is made. Figure 4.9 also shows that the peak

values of average gas and flue gas temperatures occur near 27 percent

excess air.

4.3.2.2 Effect of Firing Rate. Figure 4.10 shows the results of

firing DUC in the range from 0.6 to 2.0 MB/H. The combustion efficien-

cies ranged from 97.4 to 99.1 percent. In the optimal firing range (1.3

to 1.5 MB/I[), the combustion efficiencies were all above 99 percent.

Results also show that the combustion efficiency and emission levels did

not seem to be adversely affected by the firing rates in the three-to-one

turndown range. NO and CO levels were all within 550 ppm. Differentx
from what was concluded for CWF combustion, the average gas temperature

in DUC combustion increased consistently with the firing rate, as

expected.

4.3.2.3 Effect of Primary/Secondary Air. The amount of primary

air directly affects the ignition and temperature near the combustor

bottom. Secondary air will affect the ignition, combustion, and

burnout of the fuel through swirl intensity, particle flow control,

timing of oxygen supply, and local mixing of fuel and air In the

combustor. As shown in Figure 4.11, for primary air ranging from 10 to

30 percent, the combustion efficiencies were all above 97 percent. At

23 percent primary air, the combustion efficiency exceeded 99 percent.

The available secondary air fraction of 77 percent for this case is

considered adequate for combustion performance adjustments. The effects

of primary air on CO and NO are not. clear. The average temperature
x
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dropped about 400*F when primary air increased from 10 to 30 percent. It

was also observed in the Exp AVC model tests that the secondary air

injection in the POC AVC model had a noticeable impact on combustor

performance. It can control, to some extent, the uniformity of

combustion temperature and particle elutriation (or residence time).

The use of multiple air nozzles and the center tube enables the

temperature distribution to be largely controllable by secondary air

injection. Combined with heat transfer surface adjustments, a large

degree of flexibility in combustion control may be realized in AVC.

4.4 PC TEST RESULTS

Combustion tests with PC were conducted to further evaluate the

fuel flexibility of the POC AVC model. Since PC and DUC are made from

the same parent coal, they differ on[y by the particle size. The mass

or volume of an average PC particle (30 gm) is 17 times larger than an

average DUC particle (11.7 pm). These tests will enable study of the

effects of particle size on the performance of AVC. Table 4.4

summarizes the major results.

4.4.1 Performance Comparison of PC and DUC

Larger fuel particles need longer times to completely burn.

Compared with DUC, PC was expected to have a lower combustion efficiency

under the same operating conditions. It was quite astonishing to find

that combustion efficiency as high as 98.7 percent was achieved for PC,

being almost the same as DUC. The results further demonstrate the

superior performance of the AVC concept in fuel flexibility. Compared

with DUC, the only differences found in PC combustion tests were that it

is easier to clinker and it is inferior in Ignition characteristics.

Understandably, the ignition of PC is a longer process. Because of the

centrifugal force, PC particles tend to slide or rotate on the combustor

wall, and collide with each other and form clinker on the wall. During

the devolatilization processes, viscous soot may also be produced which

promotes agglomeration and clinker formation.
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Adjustment of combustion air distribution was used to prevent

clinker formation. More air was injected into the lower portion of the

combustor. This created a more turbulent and oxygen-rich atmosphere

in the ignition zone. As a result, the process of devolatilization and

combustion of volatiles was accelerated and formation of viscous soot

was reduced. In this way, clinker was successfully prevented, and the

operations were satisfactory.

4.4.2 Test Results

The effects of excess air on PC combustion were systematically

tested for a total of 20 hours (see Figure 4.12 and Table 4.4). For

excess air ranging from 10 to 50 percent, the combustion efficiencies

were higher than 97 percent. The optimal range of excess air was 25 to

30 percent, the same as for DUC and CWF firing. The highest combustion

efficiency was 98.7 percent, slightly lower than DUC and CWF firing.

NO and CO levels ranged from 500 to 650 ppm and 350 to 600 ppm,x

respectively. As excess air Increased, both levels reduced slightly.

The average gas and flue gas temperatures decreased with the increase of

excess air. The temperature dropped about 200OF when excess air changed

from 10 to 50 percent. The average gas temperature was about 2,0000 F in

the optimal excess air range of 25 to 30 percent.

4.5 DISCUSSION

The combustion of coal. fuels occurs In three overlapping stages:

water evaporation, devolatilization and ignition, and homogeneous

combustion of volatiles and heterogeneous combustion of char. Different

water contents and fuel particle sizes normally require different design

and operational adjustments of the combustor to ensure stable and complete

combustion. Large water content may delay the ignition and slow down

the early-stage combustion processes because of the low surrounding

temperature and high water vapor concentration (or dilute oxygen distri-

bution). Fuel particle size is critical for ignition and burnout. In
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most traditional designs of coal combustors or burners, little flexi-

bility on fuel properties and particle sizes can be tolerated because

they significantly affect the performance of flame stability, temperature

distribution, combustion efficiency, and boiler rating. The test results

presented in this chapter, strengthened by the cold model results (Ref

11), conclusively demonstrate the superiority of the AVC concept in high

combustion efficiency, good operational performance, and fuel flexibility

- a significant stride in coal combustion technology.

With regard to fuel flexibility, the POC AVC model demonstrated its

potential to burn both dry powdered coals and coal-water slurries as

illustrated in Figure 4.13. When burning these fuels - DUC (12-pm mean

diameter), PC (30-pim mean diameter), and CWF (106-pm mean droplet diameter)

- on-time ignition, stable flame, intense combustion, and high combustion

efficiency (>98.7 percent) were achieved. It should be noted that many

large particles with diameters above 300 pm could exist in the combustor

when burning either PC or CWF with poor atomization and serious agglo-

meration. The POC AVC model can ignite and effectively burn these fuel

particles to completion. This performance of fuel flexibility demonstrates

the inherent superiority of the AVC concept: long and controllable resi-

dence time, vigorous recirculations, intense turbulent mixing, and large

gas-particle slip motion.

Figure 4.14 illustrates the advantage of the AVC on fuel particle

residence time. Assuming perfect mixing, the burnout time needed for

coal particles increases almost linearly with particle diameter with the

slopes depending on the average combustion temperature. The residence

time, however, increases rapidly with particle diameter due to the

interaction of strong centrifugal force and gravity. It is also seen

that the particle residence time is always longer than the needed

burnout time in an AVC, a fact especially prominent for large particles.

It should be noted that both particle residence time and burnout time

may be sensitively affected by the aerodynamic structure of the combustor

which can be effectively controlled by means of secondary air injection.

This feature of the AVC helps achievt high combustion efficiency, burn

lower grade fuels, suppress particle elutriation, and reduce pollutant

emissions.
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Table 4.1 Combustion Tests Conducted on the POC AVC
Model

Fuel

Parameter CWF PC DUC

Excess air: 5 runs 5 runs 5 runs
<20% Ma M M
20 - 40% M M M
>40% M M M

Firing rate: 5 runs 1b runs 6 runs
<1 MB/H M 0 M
1.0- 1.8 MB/H M M H
>1.8 MB/H M 0 K

Secondary air: 2 runs 6 runs
Flow rate distribution 0 - K
Nozzle configuration 0 M

Center tube height: - - 4 runs

h/H = 0.6 - 0.9

Refractory liner 2 runs 1 run
M 0 M

Ignition/flame stability 4 runs
M 0 0

Burnout improvement I run 3 runs
M 0 1

aM = Measurement.
0 Observation.

74



Table 4.2 Major Results of POC AVC Firing CWF

Run No.

Parameter 24 25 26 28 29 30

Firing rate, MB/H 1.04 1.13 1.03 1.22 1.54 1.81

Center tube height, h/H 0.8 0.8 0.8 0.8 0.8 0.8

Excess air, % 40 27 48 13 26 34

Total air distribution, %
Primary 8 15 13 12 9 6
Secondary 92 85 87 88 91 94

Secondary air distribution, %
Nozzle L 40 40 40 30 20 20
Nozzle ML 40 40 40 50 60 60
Nozzle M 10 10 10 10 10 10
Nozzle MH 10 10 10 10 10 10
Nozzle H 0 0 0 0 0 0

Gas temperatures, OF
Bottom 2098 2133 1996 2163 2132 2129
Middle 2091 2113 2030 1960 1931 1936
Top 1729 1879 1751 1825 1835 1754
Exit 1497 1683 1625 1708 1771 1790
Average 1847 1947 1847 1908 1913 1897

Heat removal, %
By water 46 45 41 49 47 45
By flue gas 40 43 47 39 44 47

Emissions, ppm @ 3% 02
NO 680 528 614 588 776 595sox 325 417 385 308 244 201
COx 496 440 477 597 469 371

Thermal efficiency, % 87 88 87 88 89 89

Firing intensity, MB/H ft 3  0.16 0.17 0.16 0.18 0.23 0.27

Combustion efficiency, % 97.9 99.1 98.8 99.0 99.4 99.1
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Table 4.3 Major Results of POC AVC Firing DUC

Run No.

Parameter 1 6 7 8 22 23

Firing rate, MB/H 1.36 2.02 0.65 1.52 1.13 0.81

Center tube height, h/H 0.9 0.9 0.9 0.9 0.8 0.8

Excess air, % 47 27 40 9 26 37

Total air distribution, %
Primary 30 12 29 12 23 23
Secondary 70 88 71 88 77 77

Secondary air distribution, %
Nozzle L 25 25 80 70 70 70
Nozzle ML 25 25 20 20 20 20
Nozzle M 25 25 0 10 10 10
Nozzle MH 25 25 0 0 0 0
Nozzle H 0 0 0 0 0 0

Gas temperatures, OF
Bottom 2017 2669 2304 2264 2012 2338
Middle 1890 2205 1627 2003 2435 1913
Top 1477 1836 1429 1720 2097 1643
Exit 1231 1929 1152 1256 1879 1645
Average 1641 2144 1605 1795 2111 1871

Heat removal, %
By water 40 47 51 56 46 54
By flue gas 42 49 28 30 44 40

Emissions, ppm @ 3% 02
NO 378 500 455 600 578 567
so 69 196 312 320 175 296

COx 109 153 266 203 571 453

Thermal efficiency, % 80 86 83 84 89 89

Firing intensity, MB/H ft3 0.20 0.30 0.10 0.23 0.17 0.12

Combustion efficiency, % 97.6 98.7 98.4 98.4 98.3 99.0
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Table 4.4 Major Results of POC AVC Firing PC

Run No.

Parameter 12 13 14 15 16

Firing rate, MB/H 1.53 1.53 1.53 1.53 1.53

Center tube height, h/H 0.9 0.8 0.6 0.9 0.8

Excess air, % 49 28 28 31 10

Total air distribution, %
Primary 12 18 14 16 17
Secondary 88 82 86 84 83

Secondary air distribution, %
Nozzle L 90 90 90 90 90
Nozzle ML 5 5 5 5 5
Nozzle M 5 5 5 5 5
Nozzle MH 0 0 0 0 0
Nozzle H 0 0 0 0 0

Gas temperatures, OF
Bottom 2084 2455 2516 2476 2446
Middle 2062 2100 1789 2071 1956
Top 1641 1843 1692 1798 1681
Exit 1382 1735 1900 1778 1717
Average 1782 2020 1958 2017 1934

Heat removal, %
By water 44 46 53 47 56
By flue gas 42 43 38 42 32

Emissions, ppm @ 3% 0 2
NO 718 540 485 552 656
SOx 532 357 97 98 310
COx 607 344 614 391 398

Thermal efficiency, % 83 88 89 85 85

Firing intensity, MB/Hft3 0.23 0.23 0.23 0.23 0.23

Combustion efficiency, % 97.2 98.7 97.1 97.2 97.1
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Figure 4.1 Control of CWF deposition In AVG.
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Figure 4.2 Effect of spray shaper.

79



Combustion efficiency, %
100 0
99 '

98-

97-

96"

96

Emissions, ppm 03% 02
700

00- 'NOx S cc

300®

100 ' I

Temperature, F2,000 -., ,=:

1,500'

1,000 0 Average 0 Flue gas
5,00 I

10 15 20 25 30 35 40 45 50 55 6C

Excess air, %

Figure 4.3 Effect of excess air on POC AVC performance firing CWF.

80



Combustion efficiency, %
100

99-
98

97

96

96 ,

Emissions, ppm 03% 02

700-

600-

300 0NOx 3 CO
00

100

Temperature, F
2.200

2.000 -

1.800 - "

1.600 - 0 0

1.400 Average * Flue gas

1.200-
1.000 I .

0.8 1 1.2 1.4 1.6 1.8 2
Firing rate. MB/H

Figure 4.4 Effect of firing rate on POC AVG performance firing CWF.

81



Combustion efficiency, %

100

99-

98 F
97- 00

96

96
Emissions, ppm 03% 0,

7001 NOx CIO

600 0500 0

0

300

Temperature, F
2,200
2.000-
1,800 - *

1.6001.400 
Average F

1,200

1.0001
0.5 0.6 0.7 0.8 0.9

Center tube height, h/H

F.tgure 4.5 Effect of center tube height on POC AVC performance firing
CWF.

82



Combustion efficiency, %
100

99- a

98F (3

96.-

NOx emission, ppm 03% 0O

600 -IC" ,. .

500 J21LW1

400 -arigýr el @immvv i

300 ,

CO emission, ppm s3% O,

600 h 0

600-

4001-

300
200 •

10 '0

Average gas temperature, F

2,100

1,900 -
0(e3 0

1,700-

1,500
5 10 15 20 25 30 35 40 45 50 55 60

Excess air, %

Figure 4.6 Effect of center tube inlet configuration on POC AVC
performance firing CWF.

83



Combustion efficiency, %
100

99-

98-

97-

96
95 , '

NOx emission, ppm 03% 0
700

600 *

500 • 0

400

300 I ,

CO emission, ppm #3% 0
700

00

500

300

2,00 ' ' I ' 'I
Average gas temperature, F

2,200 -

2,000 -
1,800 - .*
1,800-
1,400 I I ,

5 10 15 20 25 30 35 40 45 50

Excess air, %

F90% refractory lined 25% refractory lined

Figure 4.7 Effect of refractory line.r on POC AVC performance fi|ring CWF,

84



0

0

0S

4.)

020

o ~1-

02 4-I

on 0
4'4

V 5~ 0

030
4)-

4.4 Go

-SD

,..i .0

o 0c

85



Efficiencies, %
900 " *

80s o, Comstion off. Thermal off.

70! I I I

Emissions, ppm 03% 02

700Soo- • " NOx COi

400

300 t

200 I-It
100 I I I

Temperature, F
2,200 

ell

1.800 -
1,600 -"

1.400
1.200 Q 6 Average * Flue gas
1.000

6 10 16 20 25 30 35 40 46 50

Excess air. %

Figure 4.9 Effect of excess air on performance of POC AVC firing DUC.
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Figure 4.13 Fuel flexibility of POC AVC model.
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CHAPfER 5

ECONOMIC ANALYSIS AND NUMERICAL CALCULATIONS

5.1 OPERATIONAL CONCEPT

The operation and maintenance (O&M) costs, extent of system

automation, and fuel supply/ash removal network for small coal-fueled

boilers can significantly impact the overall economics, serviceability,

and maintainability. Conventional practices using dedicated O&M crews

for small coal-fueled boilers can hardly compete with oil- or gas-fired

boilers of equivalent capacity.

Because of the simplicity in design and operation, it is possible

to operate AVC systems unattended using automatic controls. A centralized

O&M concept serving a group of AVCs is proposed here. This centrally

located service center will, on a regular basis, deliver the fuel and

collect and dispose of the ash, conduct scheduled maintenance and un-

expected repairs, etc. Figure 5.1 is a schematic showing this concept,

where approximately 30 people will serve about 100 AVC systems. The

operations between the center and satellite AVC systems will be monitored

and controlled via an Energy Management Control System (EMCS). In this

fashion, dedicated operators are eliminated and O&M costs are greatly

reduced.

The AVC and the required various auxiliary systems can be easily

packaged into a turnkey steam or hot water generating system made up of

individual functional modules such as: the ýombustor itself, a steam/hot

water generator, a baghouse/ash collctor, fuel/air supplies, flue gas

exhaust, controls, etc. These will be completely shop-assemb],.d, pack-

aged, and tested. The complete AVC system will fit into the envelope of

a standard 8- by 8- by 20-foot shipping container for easy shipment and
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fnst installation. The system will be automatically controlled and

operated. All scheduled routine inspection and servicing, arnd unsche-

duled repairs will-be.conducted by technicians from the service center,

5.2 BASIS OF ECONOMIC ANALYSIS

The development of CWF has provided the industry with a new fuel

option. In general, retrofitting existing oil firing boilers to CWF

firing may encounter problems such as boiler derating, space limitation

on auxiliary equipment, fouling and erosion/corrosion of heat transfer

surface, high modification costs, and high O&M costs. Thus, retrofit-

ting oil-fired boilers to CWF firing is unlikely to be economically

attractive at the present time, especially for the small and medium

boilers discussed here.

The economic analysis, therefore, is based only on a new, pre-

packaged turnkey unit of an AVG space/water heating system firing CWF.

It includes capital investment, operating cost estimates, and related

sensitivity analysis. The firing rate of the AVC heating system con-

sidered here is 4 MD/11 (producing 2,900 lb/H saturated steam at a 120

psig or equivalent amount of hot water) at a system thermal efficiency

of 85 percent. The annual capacity factor is assumed to be 80 percent,

which is typical for heating applications in hospitals or other commercial

buildings in mid-Atlantic stntes. M.njor assumptions and data used in

the economic analysis are given in Table 5.1.

5.3 COST ESTIMATES

The primary criteria for selecting a heating system arn minimal

initial and operating costs, so thant the steam or hot water may be

supplied to the consumers at tHie lowest possible price. Tn genoeral, a

number of factors, such as energy policy, zoning regulations, maturity

of the technology, capital costs, fuel prices, prevailing interest rate,
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and inflation index would affect the "bottom-line" economics of a heating

system and its performance tradeoff. The capital investment and operating

costs of a 4-MB/H AVC heating plant firing CWF are considered below.

5.3.1 Equipment Costs

There are several ccmmonty used capital cost estimating methods

which vary in accuracy depending on the stage of development of the

project. The method of purchased cost factors is used here because it

considers certain cost categories in a turnkey project, such as instal-

lation costs, freight, and taxes as a fixed percentage of the equipment

costs. This method is useful for determining whether the heating system

merits further consideration and for comparing with other alternative

designs (Refs 31, 32).

Table 5.2 summarizes the costs of major equipment of a shop-

assembled, packaged AVC heating system. The cost of individual equip-

ment is given on an FOB basis. These costs were obtained either directly

from quotations of equipment vendors, or by using conventional engineering

practice, or based on our experience accumulated from this research.

All cost data are converted to January 1990 dollars based on the Marshall

and Swift all-industry index (Ref 33). It is estimated that the costs

of instrumentation and control devices are 30 percent of other equipment

costs.

5.3.2 Fixed Capital Investment

Before an industrial system can be put into operation, fixed

capital investment is needed to cover costs of shipment, erection,

building renovations and additions, minor equipment, piping and

installation, instrumentation, etc. The cost breakdown for a

grass-roots AVC heating system is shown in Table 5.2 (Refs 31, 32, 34).

Brief explanations are given below:

Freight and Taxes - The sales taxes, freight, and insurance

charges of purchased equipment are estimated to be 10 percent

of item 5 of Table 5.2 (Ref 31).
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* Installation Costs - These costs include costs for equipment

installation and integration with other tie-ins at the

operation site, and cost of insulation and painting depending

on the type of equipment, materials of construction, and

degree of preinstallation in the fabricator's shop. The

installation cost factors for each item in Table 5.2 are

estimated differently (Refs 31, 32). The average factor is

about 17 percent of item 5 in Table 5.2.

" Other Direct Costs - Other costs, such as electrical

facilities, buildings, and site improvements are estimated to

be 18 percent of item 5 (Refs 31, 32).

"* Engineering and Construction - The costs for construction

design, engineering drafting, technical document preparation,

project management, and startup cannot be directly charged to

equipment, materials, or labor in capital investment. It is

normally considered an indirect cost and is estimated to be 5

percent of item 5 (Refs 31, 32).

"* Contractor's Fee - The contractor's profit is estimated to be

6 percent of item 5 (Ref 31).

"* Contingencies - The contingency factor is to compensate for

overlooked or unanticipated elements and unpredictable

expenses. It is estimated to be 10 percent of the total

system cost (Refs 31, 32).

5.3.3 General Cost Estimates

For lack of better information, the estimates for the 4-MB/H system

presented above and the five-tenths rule below will be used as the basis

to estimate the costs of AVC heating systems of other capacities (Ref

32). That is:

C = rOC
n
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where C is the cost of an AVC system of capacity other than 4 KB/H, Cn
is the known cost of a 4-KB/H AVC system, and r is the ratio of AVC

capacities.

Figure 5.2(a) shows the estimated capital investment versus design

capacities of AVC heating systems. It increases almost linearly with the

capacity. For a 4-KB/H AVC heating plant, the total capital investment

for a turnkey unit is $167,255 and the total cost of equipment is

$98,683 (item 5 in Table 5.2).

5.3.4 Operating Costs

The operating costs of an AVC heating plant include: fuel,

operating labor, utility, maintenance, overhead and supervision, and

annual capital charge. These are briefly explained below:

"* Fuel Cost - The CWF price is estimated to be at $4.1/MB

delivered (Ref 35). For CWF with a heating value of 9,740

Btu/lb, the fuel price is $0.04/lb (based on parent coal at

$50/ton).

"* Operating Labor Cost - Based on the centralized servicing

concept, only a small group of O&M personnel will be required

to service many AVC plants at the same time. On an average,

one dedicated man-hour per day and two additional man-hours

per week for operating one AVC system are expected. Assuming

an hourly rate of $40 (Ref 32), the needed annual labor cost

per AVC system is 376 man-hours or $15,040. This is only a

small fraction of the operating labor cost for conventional

coal fired systems which often require at least one dedicated

full-time operator.

Utility Cost - The price of electricity is assumed to be

$0.065 per kWh.
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* Maintenance - The maintenance expenses include costs for 1bor

and materials (assumed to be 3 percent of total direct cost

(Ref 31)).

* Overhead and Supervision - This cost covers the general

expenses for supporting offices, overhead, security and fire

protection, and laboratory fees. It is assumed to be 70

percent of the operating lnbor cost (Ref 31).

Annual Capital Charge - To recover initial investment, the

total fixed-capital investment is amortized over the lifetime

of the equipment at 8 percent interest.

5.3.5 Steam Production Cost

Total production cost of steam or hot water is usually calculated

on an annual basis. The annual production cost can smooth out the

effects of seasonal variations and permit a quick calculation of

operating costs at partial loads. Table 5.3 shows the estimated unit

production cost of steam or hot water for a 4-MB/H AVC space/water

heating system. For a 25-year payback at 8 percent interest and $4.1/MB

CWF, the operating costs of a 4-MB/H AVC system require the steam to be

sold at $7.15/MB, in which the fuel. cost is 67.6 percent, capital

investment is 9.2 percent, and others 23.2 percent. The cost breakdowns

are also plotted in Figure 5.2(b).

5.3.6 Effects of Payback Period and Interest Rate

Figure 5.3 shows the effects of payback period and interest rate on

the steam/hot water production costs of a 4-MB/H[ AVC heating system. It

is seen that the unit production cost not only decreases with the

decrease of interest rate but also with the increase of the payback

period. At the assumed CWF price of $4.1/MB and 8 percent interest,

steam cost Is $8.25/MB for a 5-year payback, which drops to $7.45/MB for

a 10-year payback and to $7.15/MB for a 25-year payback.
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At a 25-year payback and $4.1 /MB of the CWF price, the production

cost drops only from $7.91/MB (at 20 percent Interest) to $7.04/MB (at

6 percent interest). The effects of payback period and interest rate on

overall economics are only very minor. This is understandable because

of the minor role of total equipment costs (only 9.2 percent) in steam

production cost.

5.4 NUMERICAL SIMULATION OF POC AVC FIRING DUC

The recently developed mathematical model and computer code (Refs

7, 11, 36, 37) were used to simulate the conditions in the POC AVC firing

DUC. The configurational and operational parameters corresponding to

the test run to be simulated are summarized in Table 5.4. Some of the

typical calculated results as shown in Figures 5.4 through 5.7 are

discussed here.

Figure 5.4 shows the gas tangential and axial velocity distributions.

The tangential velocity profiles show the strongly swirling flow feature,

while the axial velocity profiles show the developing type of flow. Due

to the presence of a center tube, the tangential velocities in the annular

space are consistently high and relatively uniform, which is beneficial

for combustion and pollution abatement. Due to the arrangement of pro-

gressive secondary air injection along the flow direction, the gas axial

velocity profiles change rapidly in the annular space. This developing

type of flow can intensify gas-particle slip motion and heat/mass transfer.

In the top cylindrical zone, the tangential velocity profiles exhibit

the general behavior of the Rankine type of flow: a rigid body in the

core region surrounded by a free vortex. The axial velocities increase

by three times inside the center tube due to reduced cross-sectional

area of the flow.

The calculated gas streamlines in Figure 5.5 show a recirculating

flow pattern in the combustor. The vigorous torl near the fuel feed

port can bring the hot flue gases back to help ignite the freshly fed

coal and stabilize the flame. A number of small recirculating zones

near the secondary air nozzles are seen, which can promote the mixing of
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the injected air and ascending flue gas particles. The sizable recircu-

lation (or torus) near the top corner can help trap and throw the burning

particles toward the chamber wall, prolong their residence times, and

thus enhance the burnout.

Figure 5.5 also shows the contour of gas temperatures in the POC

AVC model. It is seen that the calculated gas temperatures are in rough

agreement with the measured temperatures. The isotherms show a high

gradient near the water-cooled walls as expected. A peak of 2,4000 F was

found immediately downstream of the secondary air injection, which was

also observed (100 0 F less) in our combustion, a fact also consistent

with our test results.

Figure 5.6 shows the calculated distributions of the gas-particle

slip velocity, the vector difference between gas and particle velocities.

For particles of 12-pm average diameter, the slip velocity is quite large,

being on the same order of magnitude of the exiting gas axial velocity

in the center tube. This large slip velocity is caused by the unique

characteristic features of strong swirling, developing, and circulating

gas flow in AVC. The slip velocity near the fuel feed port is large,

which is favorable for coal particles to interact with hot flue gases

for drying, devolatilization, and ignition. In other parts of the

annular space, the slip velocities are generally high near the chamber

wall and low toward the center tube. The high gas-particle slip motion

in the top cylindrical burnout zone is highly desirable; it can intensify

the mixing and heat/mass transfer between gas (oxygen) and fuel (coal

particles). Figure 5.6 also shows the concentrations of volatiles and

oxygen. The volatile combustion process can b" roughly seen from its

depletion in this figure. Most volatiles were found close to the center

tube where oxygen concentration is the lowest (i.e., consumed).

Figure 5.7 shows the calculated active zones of coal devolatiliza-

tion, volatile combustion, and char reaction. It is shown that the char

reaction zone basically coincides with the volatile combustion zone

suggesting that volatile combustion and char combustion tend to take

place simultaneously rather than sequentially in the AVC. The char

reaction zone in the annular space is close to the center tube. This is

believed to be due to the depletion of coal mass (or shrinking fuel

too



particle sizes), making it easier for the fuel particles to follow the

gas flow. Figure 5.7 also depicts the calculated coal devolatilization

zone in the AVC. The devolatilization process takes place primarily

near the combustor bottom due to the local high temperature. This is

desirable since quick release of volatiles from freshly fed coal is

helpful for ignition and flame stability. The calculated volatile

combustion zone in the AVC is also shown in this figure. The volume of

the volatile combustion zone is much larger than the devolatilization

zone; it even extends into the center tube similar to the char reaction

zone. Comparing the temperature and species distributions (see Figures

5.4 and 5.6), it is significant that the volatile combustion zone almost

coincides with the high temperature and low oxygen zones. These results

demonstrate the strong link among the different variables in the AVC

combustion processes.

The above detailed results of combustor performance illustrate the

unique gas-particle flow and combustion features of the AVC: strong

swirling, developing, and recirculating flow; vigorous mixing and slip

motion between two phases; on-time stable ignition; relatively uniform

and low combustion temperature; and good char burnout environment.

These features have all been verified by our cold flow study (Ref 11)

and the combustion tests reported here and earlier (Refs 27, 28, 38, 39).
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Table 5.1 Major Data Used in Economic Analysis

Design Conditions:
Fuel Deep-cleaned CWF
Atomization medium Compressed air
Combustion efficiency, % 99
Energy input, MB/H 4
Steam output, lb/H (MB/H) 2,800 (3.4)
Steam pressure, psig 120
Steam temperature (saturated), OF 341
Feedwater temperature, OF 68
Air temperature, OF 68
Excess air, % 20
Dimension of system, LxWxH, ft 8x8x20
Annual capacity factor 0.8

Fuel Properties:
Fuel price, $/MB 4.1
Mean parent coal size, pm 15
Ash content, % wt 1.0
Sulfur content, % wt 0.42
Moisture, % wt 34.5
Solid loading, % wt 65.5
Heating value, Btu/Ib 9,740

Material Consumptions: Hourly Annually
CWF 411 lb 1439 ton 3
Air 39,060 N ft 3  274 MN ft3

Limestone (optional)
Makeup water 280 lb 981 ton
Electricity 21 kW 147,000 kWh
Chemicals (optional) --

Waste Generation: 3
Flue gas 51,840 N ft 363 MN ft 3

Ash 4.1 lb 13 ton
Sulfur Dioxide (max.) 0.006 lb 42 lb
Nitrogen oxides (@200 ppm) 1.17 lb 8,190 lb
Waste water 140 lb 491 ton

102



Table 5.2 Cost Estimates for a 4-MB/H Packaged, CWF-Fired
AVC Heating System

Item/Equipment Specification Cost($) Cost(%)

1. CWF storage/handling:
Main storage tank 2,000 gal, with heating coil and 10,260

agitator, carbon steel
Day tank 150 gal, carbon steel with filter 3,270
Transfer pump Rotary pump, 0.2 cfm, 1.5 hp 850
Feed pump x 2 Progressive cavity pump, speed 4,050

adjustable, 120 psi, 0.1 cfm
Compressor 120 psi, 60 cfm, 1 hp 900

19,330 19.6

2. Combustor and boiler:
Boiler Fire tube boiler, 158L x 2D 35,000

100 tubes, vortex combustor,
56H x 24D

Forced draft fan 720 scfm, 15 hp 5,040
Feedwater pump x 2 Centrifugal, 10 & 100 gpm, 1/2 hp 1,340
Make-up water system 500 gal tank, stainless steel, 1,200

zeolite water softener
42,580 43.1

3. Flue gas/ash system: 2
Baghouse 800 ft filter area, 4-in. water 8,640
Flyash remover x 2 Intake electrical valve 2,000
Induced draft fan 1,200 scfm, 15 hp 3,360

14,000 14.2

4. Instruments/control:
30% of items 1-3 22,773 23.1

5. Total equipment cost (5-8) 98,683 59.0

6. Freight, insurance, tax (8%), 1 0 %a 9,869 5.9
7. Installation cost, 17% 16,776 10.0
8. Others direct cost, 18% 17,763 10.6

9. Total direct cost (5-8) 143,091 85.5

10. Engineering and construction, 5% 4,934 2.9

11. Total system cost (9,10) 147,025 87.9

12. Contractor's fee, 6% 5,921 3.5
13. Contingencies (10% of item 11) 14,309 8.1

14. Total fixed-capital cost (11-13) 167,255 100.0

aPercentages of items 6-12 are based on item 5.
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Table 5.3 Production Cost of Steam or Hot Water

Parameter Consumption Unit Price ($) Annual Cost ($) Cost (%)

Fuel 1,305 ton 88.0 114,889 67.6
City water 4,220 ton 0.025 106 0.1
Electricity 147,000 kWh 0.065 9,555 5.6
Labor 15,040 8.8
Maintenance 4,293 2.5
Overhead 10,528 6.2

Subtotal 154,411 90.8

Annual capital charge 15,668 9.2
Steam/hot water cost $7.15/MB
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Table 5.4 Parameters of One Test Run Used in Numerical Simulation

Parameter Magnitude/Arrangement

Combustor Geometry:
Chamber I.D., in. 19
Chamber height, in. 33
Center tube O.D., in. 8.5
Center tube height, in. 29

Heat Removel Surface:
Chamber wall Water-cooled, 1/4H refractory lined
Top Water-cooled
Bottom Refractory
Center tube Mild steel

Fuel (DUG):
Feed rate, lb/hr (MB/H) 137 (2)
Mean diameter, tm 12
Proximate analysis (% wt)

Moisture 0
Volatile matter 36.9
Fixed carbon 60.8
Ash 2.3

Heating value, Btu/lb 15,049
Volatile Composition (assumed):

Methane, % wt 68
Nitrogen, % wt 32

Air Supplies:
Overall excess air, % 26
Primary air/Secondary air 12/88
Air inlet temperature, *F 50
Primary air

Nozzle height, in. 5
Flow rate, scfm 48.9
Velocity, ft/s 66

Secondary air distribution
Nozzle height, in. 5/9/13/16.5
Flow rates, scfm 91.1/91.1/91.1/91.1
Velocity, ft/s 98
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CHAPIER 6

ONE-DIMENSIONAL COPUTATIONAL MODEL

The combustion process in the environment of an Annular Vortex

Combustor (AVC) is by no means simple (see examples in Chapter 5).

Calculations, however, are an indi.-pensable step in design and

performance predictions. In order to serve this purpose with the

limited resources available, a one-dimensional computational model was

developed. This model is simple and fast and can be programmed to run

on personal computers. It is intended for preliminary design and

performance calculations.

6.1 GENERAL DISCUSSION

An AVC is a fuel burning device that is characterized by its strong

swirl and low temperature combustion environment. As shown in Figure

1.1, this device is basically made up of two vertical, concentric tubes

with combustion taking place in the combustion chamber (the annular space

in between). Fuel and primary air are blown tangentially into the chamber

at the bottom. Additional air is supplied at higher elevations for con-

trolling the combustion processes, swirling flow, and temperature. In

order to maintain the mixture in the combustion chamber at the (Iesired

temperature with minimal temperature variations, certain amounts of heat

must be removed as it is being generaited. This is achieved by the use

of a combination of distribution of air supply, water cooling, and

refractory lining. Due to the large slip velocities between fuel

particles and the surrounding gases, heat and mass transfer in the

combustion chamber of an AVC Is much more effective than conventional

devices. As a result, AVC can achieve high firing intensity at rela-

tively low temperatures.
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In this model, all governing parameters, as shown in Figure 6.1,

are treated as changing only along the average path (the x-direction) of

the gas bulk flow. Mass and energy balance calculations are conducted

for an elemental volume defined by Ax, initiating at x = 0 and marching

along x until the flue gas (combustion products) exits the combustor.

For a given elemental volume,

* Heat of combustion Q is released within

"* Heat is carried through by flue gas entering and leaving the

volume

"* Heat is removed through solid boundaries by cooling water and

exiting flue gas in the center tube

The following relationships are used for calculations:

Qf m (AH) f

-= g

g a

% w c (Tout - Tin)

= hw (T2 - T w)2 (R+t)Ax

= hg (Tg T1 )2w R Ax

m v
V =

g 1r(R2 _ r 2 )
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where: c = specific heat of water

h = gas side overall heat transfer coefficient
g

h = water side heat transfer coefficient
w

H = enihalpy of flue gas at Tg g

(AH)f = heat of combustion of fuel

m = mass flow rate of air
a

mf = mass consumption rate of fuel

m = mass flow rate of flue gasg

w = mass flow rate of cooling water

t = thickness of the refractory lining

T = flue gas temperature in combustion chamber
g

T = gas side refractory lining temperature

T2 water side refractory lining temperature

T = flue gas temperature in center tubee

T = cooling water temperature = (Tin + Tout )/2

v = specific volume of gas at Tg g

Ve = gas bulk flow velocity in center tube

V = gas bulk flow velocity in combustion chamber
g
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Except for the dimensions and material properties, the variables above

are all functions of x. Engineering units are used throughout.

In the above equations, h is an extremely complex quantity. It isg

the combined result of contributions from radiative, convective, and

conductive heat transfer of the combustion products (hot gases, glowing

coal (the fuel) particles, and ash particles). In the lower portion of

the combustor (small values of x) where vigorous burning of the coal

takes place, glowing coal particles are constantly bombarding the

refractory lining. Heat transfer to the lining by conduct:ion is

therefore most effective and dominating in this region. Radiative and

convective modes of heat transfer become increasingly more important

with the increase of x (i.e., in the upper portion of the combustor).

The heat removal capability of this type of system is usually limited by

the heat transfer coefficient h on the gas side. Unfortunately, due tog
the inadequate amount of data available, h can only be estimated. Itsg
value is large near the combustor bottom where intense combustion takes

place and decreases with the increasn of x.

The value of h is obtained from the correlation of forced convec-
w

tion inside the tubes as follows:

h 0.023 Pr Re0.8
w

Other than the flow velocity V and tube diameter d, all quantities

in this correlation are properties of water that vary only slightly in

the operating temperature range (50 to 250 0 F). Based on this

correlation, it can be shown that:

. 0.8
m

Thus, in practice, we first select a suitably small tube diameter, d,

for the cooling coil. Having d fixed, water flow rate then becomes the

only parameter that controls the value of h and hence T . T can alsow g g

be controlled more directly by properly distributing the combustion air

supply, thereby controlling the heat release profile along x.
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In operations, the gas temperature inside the combustion chamber is

controlled by a combination of water flow rate and air distribution. For

the computational model described here, the major effort is to conduct

heat and mass balances using a combination of heat removal by cooling

water and controlled heat release by combustion air supply distributions

so that a reasonably uniform T can be achieved in the combustor. A pre-g
liminary interactive PC software was developed for these calculations.

In order to arrive at an optimal design, the designer must participate in

the calculation process and be aware of the results at critical

intermediate steps so that proper actions can be taken when needed.

6.2 ASSUMPTIONS

To reduce the complexity of the problem, the following assumptions

and some first cut default values are used:

Heat release is proportional to the air locally available.

For optimal SO2 removal, T 1600 to 17000 F.

For stable combustion: 1 600 to 7000 F.

Geometric proportions: L ct 0.8L, L = 3R, r = .5R.

* Heat release intensity: 0.3 MB/hr-cu ft.

* No heat transfer in the x-direction, across the center tube,

and to the surroundings.

* Excess air: 20 percent.
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6.3 FLOW DIAGRAM

The overall computing scheme is shown in Figure 6.1. This scheme is

consistent with the discussions and assumptions described above and is

self-explanatory. A summary of the operating ranges of the AVC models

tested so far is tabulated in Table 6.1 for reference purposes.

118



N-4

L ~ c-I -4 m' ON CAJ '. CLf

cn 00 ~ \0 V. 0 0

cl CA -4 cnCA (Y

00

-4 -* 0

0 -4 in m CC -4 0. 1 \
-4 *n I I£

U2 ~ sI ('4 C 40 Lf) -4 T0

x- CI Ti I- I~ I i (

4-)'

0 C

0 P4 ('4 Ci * Ci*

., C ' fI a- 0 I '.

o 4-4

0d k

m- 0443 4- ) a
0) C0 0i '.0-

a-1 oH to -1' -4
0 (1) * aI '

ý4 Ci WC 0 0 0V 0f

lq (a ~ a-I S4 N04 0

00 Wk-0 0 : -

w00

o 119



centerrefractory

cooling
water

T coil

Tou
hgx

Ti 1.mw

120



IntouIin
Input fuel properties.

[TInput combustor geometry..

Input % excess air, firing rate,

number of zones; compute air/fuel
ratio, gas properties, flow rate

rC

For zone #i: Input zonal height
Ax, % air distribution; if i = 1
(bottom): input % of burning,
zonal Tg, T1 , hg; estimate V

VE < 16.4 ft/sec? No GO TO

Display zonal air flow, flue
gas production, heat release,
heat to be removed.

Can zonal combustionmaintain the chosen T ? No - GO TO G)

Heat removable within 10%] Choose:
of heat to be removed? No 1) Restart with new chamber

L •geometry GO TO A
DU 2) Restart from bottom zone

Input d, k; compute t for the i=1 GO TO C
desired T ; input T and estimate 3) Restart from this zone
zonal m, •, hw, tuboeuength, etc. i1 GO TO C

Coil height < zonal height? No- -GO TO

Display summary of
plan for current zone.]

Try more plans for current zone? Yes-*GO TO

Is this the last zone? No -i = i+l - GO TO

More variations on
entire combustor? Yes GO TO

FEnd

Figure 6.2 AVC computation flow diagram.
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CHAPTER 7

ACCOMPLISHMENTS AND RECOMMENDATIONS

7.1 ACCOMPLISHMENTS

This research has successfully demonstrated that Annular Vortex

Combustion is a feasible and highly promising concept for small-scale

burning of coal in an environmentally acceptable manner. The following

is a summary of the major accomplishments:

1. The AVC concept was refined and used to guide the design of two

exploratory subscale models (0.15-MB/H PExp and 0.3-MB/H Exp AVCs) and

one preliminary full-scale model (3-MB/H PPOC AVC). The auxiliary

systems and measuring devices for testing these AVG models were

successfully developed.

2. A total of 250 hours of combustion tests of CWF, DUC, PC, No. 2

heating oil, and propane gas were conducted on the above three AVC models.

Systematic evaluations of these'models were also conducted on the combustion

characteristics with regard to temperature variation, combustion efficiency,

emission levels, heat transfer, and average firing intensity, and on the

operational characteristics in terms of cold start, load variation, hot

restart, turndown, and shutdown. A preliminary data base on the design

and operation of a AVC was established.

3. Two types of CWF nozzles and a special atomizing technique

compatible with the AVC configuration and applications were designed,

fabricated, and successfully demonstrated.
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4. A 2-MB/H proof-of-concept (POC) AVC model capable of firing

CWF, PC, and DUC was successfully demonstrated to PETC and Navy sponsors

and guests. A total of 140 hours of systematic combustion tests were

conducted.

5. The AVC concept was demonstrated to be a superior multiple fuel

combustion device that is especially ideal for small boilers. Unlike

some coal combustors that rely on a combination of precombustion, post

combustion, and preheating combustion air and fuel, the burning of fuel

in an AVC is totally completed in the combustor itself without the

requirement of preheating either the air or the fuel.

The test results of the POC AVC met the PRDA's performance require-

ments. The advantages of the AVC technology as previously claimed in

our 1986 proposal were all verified experimentally and theoretically.

Because of the strong swirl, low temperature, and unique configuration,

the coal-fired AVC technology is ideally suited for small- and medium-

scale boiler heating applications. The advantages inherent with the AVC

are summarized as follows:

* Working Concept and Scaling - The AVC concept was brought into

reality for a wide range of sizes (0.1 to 3 MB/H). No adverse

impacts on technical performance were noted. Potential for

up-scaling still exists.

* High Combustion Efficiency - Consistently greater than 99

percent for firing both DUC and CWF can be achieved. The

thermal efficiencies were also high, ranging from 82 to 89

percent.

* High Average Firing Intensity - 0.1 to 0.45 MB/H ft3 (an order

of magnitude higher than typical pulverized coal-fired utility

boilers) can be achieved. This makes the AVC package very

compact.
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* Large Turndown Capability - Greater than 3:1.

Fast Start - It takes less than 15 minutes from cold to full

load operation.

* Broad fuel flexibility:

Fuel type - dry powdered coals, coal slurries, heating

oil, and gaseous fuel

Particle size - DUC (12 gm), PC (40 pm), and CWF (120 pm)

Controllable Particle Behavior - Fuel particle residence time

can be controlled to ensure complete burnout of the fuel.

Controllable Combustion Temperature - The temperature level is

controllable and can be maintained low (1,600 to 2,2000 F) to

facilitate pollution abatement and nonslagging/dry ash removal.

No Preheating - No air/fuel preheating is needed for all fuels

to achieve high combustion performance.

NO and SO levels are, respectively, around 400 ppm and 300 ppmx x

(at 3 percent 02), although no special effort was made to reduce

them, indicating a great potential in reaching very low emission

levels when pollution abatement techniques are used.

0 Simple Construction and Stable Performance - High level of

safety and reliability.

7.2 RECOMMENDATIONS

Although sufficient data were obtained to demonstrate the AVC

concept, data for optimizations and commercialization are generally

lacking. Therefore, the following are recommended in order to further

this technology.
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Conduct systematic tests to obtain technical and operational

data necessary for emission controls, optimizations of

combustor design, and the entire system.

* Develop guidelines for scaling.

* Develop specifications for materials, fabrication, and

retrofit.

* Develop a plan for logistic support.

* Develop a plan for in-service test and evaluation.

* Develop a plan for AVC implementations.

126



REFERENCES

1. U.S. Department of Energy. ETA report No. 0469(88): Energy

Information Administration, Energy Fact - 1988. Washington, DC, Jun

1989.

2. Gas Research Institute. Overview of the United States r:ommercial

building population, by J. Bluestein and H. Delima. Topical report

under contract No. 5082-712-0723. Chicago, IL, Oct 1984.

3. U.S. Department of Energy/Pittsburgh Energy Technology Center.

Program Research and Development Announcement No. RA22-861'C90259:

Advanced combustion systems and technology development. Pittsburgh, PA,

1986.

4. Interagency Agreemeýnt DE-A122-87PC79660: Advanced

vortexing combustion (AVC) technology for commercial space/water heating

application. Pittsburgh, PA, .lul 1987.

5. S. Nieh and G. Yang. "Modeling of solid flows in a fluidized bed

with secondary tangential air injection in the freeboard," Particle

Science and Technology, vol 5, 1987, pp 323-337.

6. Naval Civil Engineering lTaborAtcry. Technical progress reports,

Nos. 1 - 6: Coal-fired vortexing flitidized bed combustors (VFBC), by S.

Nieh and Y.C. Whang. Port Hueneme, CA, 1986-1988.

127



7. G. Yang, S. Nieh, and T.T. Fu. "On the suspension layers in the

freeboard of vortexing fluidized bed," Powder Technology, vol 57, 1989,

pp 171-179.

8. S. Nieh dnd G. Yang. "Particle flow pattern in the freeboard of a

vortexing fluidized bed," Powder Technology, vol 50, 1987, pp 121-131.

9. N. Syred and J.M. Beer. "Combustion in swirling flows: A review,"

Combustion and Flames, vol 23, 1974, pp 143-201.

10. A.K. Gupta, D.C. Lilley, and N. Syred. Swirl flow. Tunbrige

Wells, England, Abacas Press, 1984.

11. U.S. Department of Energy/Pittsburgh Energy Technology Center.

Final Report No. DE-AC22-87PC79661: Development of a annular vortex

combustor (AVC) for space/water heating applications (cold flow

modeling), by S. Nieh. Pittsburgh, PA, Apr 1990.

12. A.B. Hedley and S.M. Yiu. "Droplet size distribution changes

during the atomization of a coal water slurry," in Proceedings of the

7th International CWF Conference, 1985, pp 377-388.

13. J.W. Allen, A.G. Rennie, and M.C. Welbourne. "Atomization of coal

water slurry," in Proceedings of the 7th International CWF Conference,

1985, pp 392-407.

14. Naval Civil Engineering Laboratory. Contract Report No.

N62583/88MX756: Combustor emission :ontrol facility, by S. Nieh, Z.G.

Hu, and S.W. Lee. Port Hlueneme, CA, Jan 1990.

15. Laboratory Technology Corporation. Labtech notebook manual for the

PC XT/AT and PS/2, version 5, 1989, pp 331-332, 369-402.

16. KVB Equipment Corporation. KVP EN 98-484: Continuous monitor

operating instructions. Tustin, CA, 1976.

128



17. Energy Efficiency Systems, Incorporated. Combustion analyzer model

2000 instruction manual. New York, NY, 1987.

18. Thermo Electron Corporation. Instruction manual of model 1OA

NO-NO gas analyzer. Franklin, MA, 1976.x

19. Western Research Corporation. Technical instruction and operating

manual for the 721/721A sulphur dioxide analyzer. Auburn, CA, 1984.

20. U.S. Department of Energy. Final Report: The atomization

characteristics of coal-water slurry, by A.ll. Lefebvre and P.E. Sojka of

Purdue University. Washington, DC, 1986.

21. G.J. Germane, C.N. Eatough, and L.D. Smoot. "Lignite slurry

atomizer spray distribution and characterization," in Proceedings of the

8th International CWF Conference, Orlando, FL, 1986, pp 192-202.

22. N. Chigier and P.L. Meyer. "The atomization process in coal-water

slurry sprays," in Proceedings of the 8th International CWF Conference,

Orlando, FL, 1986, pp 144-157.

23. C.J. Santhanam and V. Vejins. "Impact of advanced coal

benefication on utilization of coal slurry fuels," in Proceedings of the

7th International CWF Conference, 1985, pp 227-235.

24. Naval Civil Engineering Laboratory. Contract Report No.

N62583/88MX756: Exploratory vortex combustor development, by S. Nieh,

Z.G. Hu, and C.Q. Jian. Port HIueneme, CA, Oct 1988.

25. Contract Report No. N62583/88P1109: Testing of dry

ultrafine coals in a 0.15 MB/H1 vortex combustor, by S. Nieh, Z.L. Yu,

Z.G. Hu, J.P. Zhou, and C.Q. Jian. Port Hueneme, CA, Apr 1989.

26. Contract Report No. N62583/88MX541: Testing

coal-water fuel in a 0.15 MB/IT vortex combustor, by S. Nieh, Z.L. Yu,

C.S. Zhao, and Z.G. Hu. Port Hueneme, CA, Nov 1988.

129



27. S. Nleh and T.T. Fu. "Development of a non-slagging vortex

combustor (AVC) for space/water heating applications," in Proceedings of

the 5th International Coal Conference, Pittsburgh, PA, i488, pp 761-768.

28. U.S. Department of Energy/Pitt,;burgh Energy Technology Center.

Topical Report No. DE-A122-87PC79660: Design and test of a 0.15 MB/H

vortex combustor firing DUC and CWF, by T.T. Wu and S. Nieh.

Pittsburgh, PA, Jun 1989.

29. Naval Civil Engineering Laboratory. Contract Report No.

N62583/88MX543: Experimental vortex combustor development, by S. Nieh,

Z.G. Hu, Z.L. Yu, and J.R. Chen. Port Hueneme, CA, Jan 1990.

30. K. Cen and G. Huang. "Design and operation of a 10 T/H steam

boiler with CWS-FBC technology," in Proceedings of the 8th International

CWF Conference, Orlando, FL, 1986, pp 568-577.

31. M.S. Peters and K.D. Timmerhaus. Plant design and economics for

chemical engineers. 3rd Edition, New York, NY, McGraw-Hill Book Co.,

1980.

32. J.F. Valle-Riestra. Project evaluation in the chemical process

industries. New York, NY, McGraw-Hill Book Co., 1983.

33. R.F. Boehm. Design analysis of thermal systems. New York, NY,

John Wiley & Sons, 1987.

34. A.P. Fraas. Engineering evaluation of energy system. New York,

NY, McGraw-Hill Book Co., 1982.

35. Foster Wheeler Energy Company. Production and economics of a

beneficiated coal water fuel based on the carbogel process, by E.H.

Beckhusen and J.W. Groel. Livingston, NJ, 1983.

130



36. S. Nieh, G. Yang, and L. Zhou. "Mathematical modeling of gas-solid

flow in vortexing chambers," paper presented at 19th Fine Particle

Society Annual Meeting, Santa Clara, CA, 1988.

37. S. Nieh and T.T. Fu. "Development of a vortex combustor for

commercial space/water heating application," 6th Annual Coal Contractors

Review Conference, Pittsburgh, PA, 1990, pp 135-142.

S

38. "A non-slagging vortex combustor firing coal-water

fuel for commercial heating applications," in Proceedings of the 7th

International Coal Conference, Pittsburgh, PA, 1990, pp 223-232.

39. Naval Surface Warfare Center. Contract Report No. N60921-89-C-0090:

Development of an optimally-designed vortex combustor, by J.R. Chen,

Z.G. Hu, Q.L. Yu, J.P. Zhou, and S. Nieh. Silver Springs, MD, Sep 1990.

131



DTSTRIBUTION T.TST

AFESC / TECH LIB, TYNDALL AFB, FL
ARIZONA STATE UNIV / ENERGY PROG OFFC, PHOENIX, AZ
ARMY / CII OF ENGRS, DAEN-MPU, WASHINGTON, DrC; IiQDA (DAEN-ZCM),

WASHINGTON, DC
ARMY CECOM R&D TECH LIBRARY / ASNC-ETC-T-T, FORT MONMOUTH, NJ
ARMY CERL / LIB, CIIAMPAIGN, IL
ARMY DEPOT / LETTERKENNY, SDSLE-EME, CHAMBERSBURG, PA
ARMY ENGRG DIST / LIB, PORTLAND, OR
ARMY MISSILE R&D CMD / CH, DOCS, SCI INFO CTR, REDS'TONE ARSENAL, AT,
CBC / PWO (CODE 400), GULFPOR'r, MS; TECH I.T1, GUT,FPORT, MS
CECOS / CODE C35, PORT HUENEME, CA
CLARLESNAVSHPYD / CODE 441. 1, CHARLESTON, SC
CINCUSNAVEUR / LONDON, UK, FPO NEW YORK
COGUARD ACADEMY / PWD, UTIL SEC, NEW LONDON, Cr
COGUARD R&D CFN / LIB, GROTON, CT
,OM GEN FMF / LANT, SCE, NORFOLK, VA
COMFLEACT / PIVO. FPO SEATTLE
COMNAVACT / PWO, T/ONDON, UK, FPO NEW YORK
COMNAVFOR / KOREA, CIH RE, APO SAN FRANCISCO
CORNELL UNIV / IB, ITHACA, NY
DEFENSE DEPOT / PWO, OGDEN, UT
DESC / PWO, DAYTON, Off
DFSC / F, ALEXANDRIA, VA
DOE / FEDERAL ENERGY MGT PROGRAM, WASHINGTON, DC; INEL TECH LTB REPORTS

STA, IDAHO FALLS, ID
DTRCEN / PWO, BETHESDA, MD
EPA / REGION I LIB, BOSTON, MA; REGION IT ,iR, NEW YORK, NY; REGTON TIT

LIB, PHILADELPHIA, PA
FSA / CODE 20F1, WASHINGTON, DC
GOVERNOR'S ENERGY OFFICE / HYLAND, CONCORD. NIT
GSA / REG I11, ENERGY COORD, PIIILADELPITA, PA
LAWRENCE LIVERMORE NATL LAB / PLANT ENGRG [,iI1 (r,-654), LIVEPMORE. CA
LIBRARY 0F CONGRESS / SCi & TECH DIV, WASHINGTON, DC
LOUISIANA / NAT RES DEPT, R&D, BATON ROUGE, LA
MtROORBASE / CODE 404 PWD, CAMP LEJEUNE, NC; CODE 406, CAMP TE..TINF, NC;

PAC, PWO, FPO SEATTLE; PWO, CAMP PENDIETON, -A
MCAS / CODE 44, CHERRY POINT, NC; CODE PIITI'2 WORKS BFEAUFORT, SC FLT,

TORO, IJF, SANTA ANA, CA; PWO, KANEOFIE BAY, ITT
4CCDC / CODE 15, QUANTICO, VA; CODE 40, QrIANI'CO. VA
MCLB / PWO, BARSTOW. CA
MCRDAC / NSAP REP, QUANTICO, VA
MISSOURI / NAT RES DEPT, ENERGY DIV, JEFFERSON CITY, MO
MIT / ENGRG LIB, CAMBRIDGE, MA
NAF / DETROIT, PWO, MOUNT CLEMENS, MI; PWO, FPO SEATTE.
NAS / CBU-412, CHARLESTON, SC; CBU-420, MAYP'ORT, FL; CHASE r'r,D, PWO,

BEEVILLE, TX; CO, NORFOLK, VA; CODE 18612, VIRGITNIA REACH, VA. CODt). 8,
PATUXENT RIVER, MD; DEPUTY PWO, PATUXENT RIVER, MD; DIR, ENGRG DIV.
PWD, KEFLAVIK, ICELAND, FPO NEW YORK; MEMPHIS, PWO, MILTINGTON, TN
NAS / MIRAMAR, PWO, SAN DIEGO, CA; MIRAMAR, PWO, CODE 183, SAN DIEGO,
CA; OCEANA, PWO, VIRGINIA REACH, VA; PWO (CODE 6200), POINT MUGUI, CA;

132



NAS / PWO, NEW ORLEANS, LA; PWO, CORPUS CIRITT X; PWO, FPOSK'rII
PWO3 CECIl, FIELD, FL.; PWO, WILLOW GROVE, PA; PWO, GLENVIEW, I'., PWO,
MERIDIAN, MS; PWO. IIOFFEXr FIELD, CA; PWO, DNIJ.AS, TIXN; PWOI,
JACKSONVILLTE,, FT.; PWO, KINGSVILLE , TIX; PWO, OiIlTII WEYMOIJFU , MA; PWO,
FALLON, NV; PWO, STGONEIJ.A, ITALY, F70 NEW YORK; RNMCB-27, BRUINSWICK,
ME; SCE, PENSACOLA, FL; SCE, NORFOL.K, VA; SCE, ALAMEDA, CA; WIIITDREV
IS, PWO, OAF, HARBOR, WA; WHrITING, FLD, PWO, MILTON. Fl,

14AS GLENVIEW / CODE 792GC-, GLENVIEW, IL,
14AS OCEANA / CODE. 18,6, VIRGINIA BEACHT, VA
NArL71 ACADEMY OF SCIENCES / NRC, DR. CHUNG, WASHINGTON, DC; NRC, NAVAL.

STrUDIES RID, WASHINGTON, DC
NAVACDY / CB1l-403, ANNAPO1.IS, MD
NAVAIRDEVCEN / CODE 83, WARMINSTE7R, PA; PWO, TLAKE1-IIJRsTr, NJ

* NAVAIRFAC / PUBLIC WORKS OFFICER1, FPO SAN FRANCISCO
NAVAIRTESTICEN / PWO, PATI-XENT RIVER, MD
NAVAL ED & 'TRAIN CEN / PWO, NEWPORT, RI; UTiII. I)R, NE'-WPORTI, lI
NAVAVNDEPOT /CODE 61000, CHERRY POINT', NC
NAVCJIAPGRU /CODE 50, WI LLIAMSBURG, VA
NAVCOASTSYSCEN / PWO (CODE 740), PANAMA ciTrY, FL;, I'ECifLI 11, PIANAMA CITY., FL
NAVCOMMSTA / MJB, FPO SAN FRANCISCO; PWO, FP0 SAN FRANCISCO
14AVCOMMIJ CU1LEF-R / PWC (L.ECLERC), EAST' MACHIAS, ME
NAVFAC / CENTErRVTILLE BCII, FERNDALE, CA
NAVFACENGCOM / CODE 03R (BERSSON), ALEXANI)RIA, VA; CODE '04A, AI.F.XANDI! IA,

VA; CODE, 04133, ALEXANDRIA, VA; CODE, 091`124 ( 1,19), ALEXANDR IA, VA; CODlE
163, AILEXANDRIA, VA; CODE 16.51, ALEXANDRIA, VA; CODE 1653 'IIANNiýMAN),
ALEXANDR IA, VA

NAVFACENGCOM CHIESDIT' FPO~-lPL,, WASHING7ON, DC
NAVFACENGCON IANTDJV /BR OFG', DIR, NAPL~ES, ITALY, FP0 NEW YORK: CODE;

1632, NORFOLK, VA.- CODE 2021, NORFOLK, VA; COPEý 40:3, NORFOTK, VA; 1,111,
NORFOLK, VA

NAVFACENG17ON NORTIII)TV /CO, PiII-LADEI.PHIA. PA; TEIAI f.11, Pill LADEI.PIIA, PIA
\IAVFACENGCON S01.rF`119V /CODE, 04A, CHJARlES,'TON, SC; CODE 14023 (RD1.4,

CHARI.ES-1-ON, SC
NAVIIOSP / PUWO, FF0 SEA17FFI.; PWO. HEAU170RT, S(7, SCE , PFNSAC7flA, 1I,.
NAVMEDRSCIH' / THIREE. PWI), CAIRO, E.GYPT, VIN0 NE-.W YORK
NAVPACEN /DIlR, SAN DJIEGO, CA
NAVPET'RES /DIR, WASTIINGTION, DC

* NAVPGSCOL / CODE 1424, 1.11, 1`ONTEREY, CA; PW.1, tMONTEREY, CA
NAVPHIIBASF. /PWO, NORFOIK, VA
NAVSECGRIJACT / CODE 60, APO SAN FRANCISC(1
NAVf*HIJPREPFAC /ScE, FPO SAN FRANCISCO
NAVSIII PYD / CO DE 440, PORT'SMOI "Ill, VA; C(JIIE (103. KOGRFA(71 , ('A; tlARE IS,

PWO , VALL.IEJIO, CA; PW() (CODE 400), [,ION(. REACHI, (.A; 'WO , PORPFSM(1Il"I'll, Nil;
PWO, CHARL1ESTON. SC ; 1'WO . IREMERTON, WA- TETh1,1 1.11, f( )RTIStf0I "'llTil-

PWD, WASHINGTON, DC
NAVSPNSTlA / PWO, CHARLESTON, SC
NAVSTA / C:13-414, CROTON, CTI; CO, RROOKI-YN, NY, CO) 11'9 MI AMlI; COIE 10?,

FP0 NORFOLK; 1)1R , ENGR 1)1V , PWI), GIJANTANAMO BAY, 2J1 nA, 121(t NE~W YORK-,
PNO, MAN-PORTl, Fl,; 11TTh ENGR73 OFEýR, ROTA, FPAIN, IPO M-FW YOIRK

NAVSTA PANAMA CANAL, / CODL 5'), FPO II IAM;
NAVSUBBASE COD)E N521, KINGS BAY, i;A
NAVqIJPPACT / PWO, NEW ORLEANS, LA; 1140, NAPLES, ITIALY, [PO 1117W VORK;

040O, SOIIDA PAY, GREECE. FP0 NEW YORK; PWO, 'hI'lI I10ONT, tit)

133



NAVSUPPFAC / PWO, FPO MTAMI
NAVSWC / DET, WHITE OAK LAB, PWO, SI.VER SPRIN-, tI); PWO), 0AITGI.JEN, VA
NAVTRASTA / PWO, ORLANDO, FIL
'4AVWPNCEN / PWO (CODE 266), CIIINA LAKE, CA; 1)IR, MA INT CONTRIO., PWI),

CONCORD, CA
41AVWPNSTA / PWO, YORKTOWN, VA; PWO, SEAl, BEA(CII, CA
NAVWPNSTA EARTE / PWO (CODE 09B), COLTS NECK. N.1
NAVWPNSUPPCEN / PW'. CRANE, IN
NCBC / PWO, DAVISViLLE, RI; TECH LTB, DAVTSVIIT.T.., RI
NETPMSA / TECH LIB, PENSACOLA, FL
NEW YORK / ENERGY OFFICE, ALBANY, NY
NORFOLK NAVAL SHITPYARD / CODE 442, PORTSMOIUITH, VA
NOS / CODE 09, L.OUISVILLE, KY
NPWC / CODE 310, PENSACOLA, FL
NSC / PUGET SOUND, SCE, BREMERTON, WA; SCE, NORFOLK, VA
NUSC / PWO, NEWPORT, RI
NUSC DET / PWO, NEW LONDON, CT
OCNR / CODE 1113, ARLINGTON, VA; CODE 1234, ARINGTON, VA
OFFICE OF SEC OF DEFENSE / DDR&E, WASHINGTON. DC; OASD (P&[,),

WASHINGTON, DC
PMRF / 11 AREA, PWO, KEKAHA KAIJAT, TIt

PWC / ACE OFFICE, NORFOLK, VA; CO, OAKLAND, CA; (3O. GREAT [AKES, I1,;
CODE 134 LIB, PEAR[. HARBOR, HII; CODE 30, NORFO:.K, VA; C(OfHE 42',
NORFOLK, VA; CODE 500, NORFOLK, VA; C(Oi0E 600, GREAT LAKES, 11,; ClDE.
610, FPO SAN FRANCISCO; LIIH, PENSACOLA, FL; 1,113, I'PO SAN FRAMi;.;(C;
LIB, NORFOLK, VA; TECH T,IB, FPO SAN FRANCIS(C)

RNCB / LANTI', CO, NORFOLK, VA
RIf, FSU / ONE, CO, MANOR, PA
RNNCB / TWENTY-THREE, FORT BELVOIR, VA
SOUTH DAKOTA / ENERGY POLICY OFFC, PIERRE, SI)
SPCC / PWO, MECHANICSBURG, PA
STATE OF CONNECTJCU'l / ENERGY DIV, HARTFORD. (CT
SUBASE / PWO, GROTON, CT; SCE, PEART, ITAR11OR, III
TENNESSEE / ENERGY DrV, NASHVIILE, TN
USNA / CII, MECII ENGRG DEPT (C WII), ANNAPOI.S, tI); MECII ENWA D)EPTF (( Wl1),

ANNAPOLIS, MD
VENTURA COUNTY / DEPUTY PW DIR, VENTURA, CA

134



DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

1 SHORE FACILITIES 3D Alternate energy source (geothermal power, photovoltaic
1A Construction methods and materials (including corrosion power systems, solar systems, wind systems, energy

control, coatings) storage systems)
1B Waterfront structures (maintenance/deterioration control) 3E Site data and systems integration (energy resource data,
1C Utilities (including power conditioning) integrating energy systems)
1D Explosives safety 3F EMCS design
" E Aviation Engineering Test Facilities 4 ENVIRONMENTAL PROTECTION
1F Fire prevention and control 4A Solid waste management
1 G Antenna technology 4B Hazardous/toxic materials management
1 H Structural analysis and design (including numerical and 4C Waterwaste management and sanitary engineering

computer techniques) 40 Oil pollution removal and recovery
1J Protective construction (including hardened shelters, shock 4E Air pollution

and vibration studies) 4F Noise abatement
1K Soil/rock mechanics 5 OCEAN ENGINEERING
1L Airfields and pavements 5A Seafloor soils and foundations
1M Physical security 5B Seafloor construction systems and operations (including
2 ADVANCED BASE AND AMPHIBIOUS FACILITIES diver and manipulator tools)
2A Base facilities (including shelters, power generation, water 5C Undersea structures and materials

supplies) 5D Anchors and moorings
2B Expedient roads/airfields/bridges 5E Undersea power systems, electromechanical cables, and
2C Over-the-beach operations (including breakwaters, wave connectors

forces) 5F Pressure vessel facilities
2D POL storage, transfer, and distribution 5G Physical environment (including site surveying)
2E Polar engineering 5H Ocean-based concrete structures
3 ENERGY/POWER GENERATION 5J Hyperbaric chambers
3A Thermal conservation (thermal engineering of buildings, 5K Undersea cable dynamics

HVAC systems, energy loss measurement, power ARMY FEAP
generation) BDG Shore Facilities

3B Controls and electrical conservation (electrical systems, NRG Energy
energy monitoring and control systems) ENV Environmental/Natural Responses

3C Fuel flexibility (liquid fuels, coal utilization, energy from solid MGT Management
waste) PRR Pavements/Railroads

TYPES OF DOCUMENTS

D - Techdata Sheets; R - Technical Reports and Technical Notes; G - NCEL Guides and Abstracts; I = Index to TDS; U = User
Guides; 0 None - remove my name

Old Address: New Address:

Telephone No.: Telephone No.:



INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. To help us verify
our records and update our data base, please do the following:

* Add - circle number on list

"* Remove my name from all your lists - check box on list.

" Change my address - add telephone number

"* Number of copies should be entered after the title of the subject categories
you select.

" Are we sending you the correct type of document? If not, circle the type(s) of
document(s) you want to receive listed on the back of this card.

Fold on line, staple, and drop in maii.

DEPARTMENT OF THE NAVY

Naval Civil Engineering Laboratory
Port Hueneme, CA 93043-5003

NO POSTAGE
Official Business NECESSARY
Penalty for Private Use, $300 IF MAILED

IIN THE
UNTDSTATESBUSINESS REPLY CARD

FIRST CLASS PERMIT NO. 12503 WASH D.C.

POSTAGE WILL BE PAID BY ADDRESSEE

CODE L34 (J LEDERER)
COMMANDING OFFICER
NAVAL CIVIL ENGINEERING LABORATORY
PORT HUENEME CA 93043-5003



NCEL DOCUMENT EVALUATION

You are number one with us; how do we rate with you?

We at NCEL want to provide you our customer the best possible reports but we need your help. Therefore, I ask you
to please take the time from your busy schedule to fill out this questionnaire. Your response will assist us in providing
the best reports possible for our users. I wish to thank you in advance for your assistance. I assure you that the
information you provide will help us to be more responsive to your future needs.

R. N. STORER, Ph.D, P.E.
Technical Director

DOCUMENT NO. TITLE OF DOCUMENT:

Date: Respondent Organization:

Name: Activity Code:
Phone: Grade/Rank:

Category (please check):

Sponsor__ User Proponent - Other (Specify)

Please answer on your behalf only; not on your organization's. Please check (use an X) only the block that most closely
describes your attitude or feeling toward that statement:

SA Strongly Agree A Agree 0 Neutral D Disagree SD Strongly Disagree

SA A N D SD SA A N D SD

1. The technical quality of the report () () () () () 6. The conclusions and recommenda- () () () ()
is comparable to most of my other tions are clear and directly sup-
sources of technical information, ported by the contents of the

report.
2. The report will make significant () () () () ()

improvements in the cost and or 7. The graphics, tables, and photo- () () () () ()
performance of my operation. graphs are well done.

3. The report acknowledges related () () () () ()
work accomplished by others. D Do you wish to continue getting IINCEL reports? YES NO I

4. The report is well formatted. () (0) (0) ( ) ( )

Please add any comments (e.g., in what ways can we
5. The report is clearly written. () () () () () improve the quality of our reports?) on the back of this

form.



Comments:

Please fold on line and staple

_ _ _ __-- -- -- --- --- --- --
DEPARTMENT OF THE NAVY
Naval Clvil Enginertng LaboratoryPort Hueneme. CA 93043-5003

Offcial Business
Penalty for Private Use $300

Code L03B
NAVAL CIVIL ENGINEERING LABORATORY

PORT HUENEME, CA 93043-5003


