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SUMMARY

This is the final report for Interagency Agreement DE-AI22-
87PC79660 on "Combustion Test" for vortex combustor (VC) develop-
ment for commercial applications. The work culminated in the
successful demonstration of a 2 MB/H proof-of-concept (POC) model
firing coal-water fuel (CWF).

This development is concerned with a new concept in combus-
tion; and there is a general lack of relevant information. The
work therefore began (in addition to the companion cold flow
modeling study) with the design and test of two subscale models
(0.15 and 0.3 MB/H) and one full scale model (3 MB/H) to obtain
the needed information. With the experience gained, the 2 MB/H
POC model was then designed and demonstrated. Although, these
models were designed somewhat different from one another, they
all performed well and demonstrated the superiority of the con-
cept.

In summary, test results have shown that VC can be fired on
several coal fuels (CWF, dry ultrafine coal, utility grind
pulverized coal) at high combustion efficiency (>99%), high
firing intensity (up to 6.44 MB/H-ft3), and at temperatures
sufficiently low for dry ash removal. The combustion.process is
completed totally inside the combustor. Conventional combustion
enhancement technigues such as: preheating (air and/or fuel),

pre-combustion, and post combustion are not needed.
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CEAPTER 1

INTRODUCTION

Since the early 1970's, the continual increase in oil price
and the potential oil shortage in the near future have led to a
great deal of interest in coal as a replacement fuel for pover
and heating applications. The United States has been endowed
with the largest total and recoverable coal reserves in the world
[1). However, coal has rarely been used during the recent dec-
ades in residential, commercial, and even light industrial sec;
tors 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 domi-
nated by fuel oil and natural gas for heating various buildings
such as hotels, institutions, warehouses, industrial plants,
apartment buildings, hospitals, office complexes, etc. [2].

Small-scale coal~fueled heating units are inconvenient to -
operate due to lack of automatic control, lack of fuel delivery
and ash removal infrastructure, and incapability of meeting the
enission standards in an economical way. Conventional coal
combustion technologies,'such as stoker-fired, pulverized coal
fired, fluidized-bed, and cyclone combustors, have shown success-
es in large-scale applications. Their potentials for commercial
heating applications in an environmentally and socially accept-
able way remain an uncertainty. Novel coal combustion technolo-

gies engineered for small- and medium-scale boiler applications



are therefore needed.

in 1986, the pittsburgh Energy Technology Center (PETC) .
U.S. Department of Energy, issued a Procurement of Research and
Development announcement (PRDA) (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 vortex combustor (VC) concept
was proposed to fire poth CWF and DUC for commercial space/water
heating applications. The developmental work of the VC was
awarded to the Naval Civil Engineering Laboratory (NCEL) for
combustion tests under an interagency agreement NO.: DE-AI22~-
g7PC79660, and to £he catholic University of America (Cua) for
cold flow modeling study under contract No.: DE-AC22-87PC79661.
This is the final report on the results of VC combustion tests, a

Bé-month research effort starting on october 1, 1987 [4].

Proiject Objective and Regquirements

The objective of this project is to develop a 2-4 MB/H
proof—of-concept (Poc) VC which meets the performance require-.
ments specified in the PETC's 1986 PRDA (3] and the design goals
characterizing the unique features of the VC as sunmarized in

Table 1.1.

The VC concept

The VC concept evolved from our pasic understanding of
swirling multiphase flows and combustion in vortex chambers [5-
g]. It is characterized by 2 strong swirl, low temperature

combustion environment, which integrates the advantages of



Table 1.1 Performance requirements and design goals for the VC.

BASIC REQUIREMENTS (PRDA SBpecifications):

Thermal input capacity 2 - 4 MB/H
Application range Commercial space/water heating
Primary fuel CWF or DUC
Secondary fuel 0il or gas
System thermal efficiency 280 %
Combustion efficiency 299 %
Turndown ratio 23 :1
DESIGN GOALS (VC Features):
Combustion temperature 1,600-2,200°F (870-1,200°C)
Ash removal Non-slagging (dry flyash)
Flow field in combustor swirling, recirculating,

and developing
Combustion air preheating = Not needed

cyclone combustor, swirl burner, multistage combustion, and
fluidized-bed combustof, while eliminating some of their inherent
disadvantages. As shown in Figure 1.1, the VC 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 is 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 dried, devolatilized, ignited, and finally burned out while
ascending to the exit at the top. Heat transfer surfaces, such
as water jacket, are provided to remove the excess heat and
control the combustor temperature to be always 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 VC,
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NGO, formation is inherently low and S§0;, if any, can be
effectively controlled by the well established limestohe (or
lime) injection technique. The pollutant emisfion of concern
from coal firing in VC therefore may be reduced to one of partic-
ulate matter removal only.

The benefits of swirl in both pon—reactive and reactive flow
systems have been recognized for many Yyears [9,10). Swirl flows
occur in a very wide range of applications. 1In non-reacting flow
systems, applications include cyclone separators, spraying ma-
chines, jet pumps, etc. 1In combustion (reacting) systems, the
design of strong swirls for the injected air and fuel are exten-
sively adopted as an effective technique for flame stabilization,
fuel burnout, and pollution abatement. These applications in-
clude 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 cham-
ber. Experimental studies show that the swirl can have large-
scale effects on gas-particle flow and combustion, such as en-
trainment and decay; heat and mass transfer; flame size, shape,
and stability; and combustion intensity [9].

Two types of conventional swirl combustors are widely used:
swirl burners and cyclone combustors. With sufficiently high
Reynolds number and swirl number, large toroidal recirculatien
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 vell~-
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
svirl burners the turbulence is primarily generated close to the
internal recirculation boundary and is not effectively utilized
for mixing control. The controlled mixing of gas-gas and gas-
particle is beneficial for controlling heat generation and dissi-
pation, minimizing pollutant formation, and enhancing flame
stability. Furthermore, the strength of swirl and level of
mixing in a swirl burner usually decays rapidly along the flow
direction, which may hindér the burnout of fuel particles and the
overall combustor performance. The conventional cyclone combus-
tor featuring single air-fuel inlet has a strong'swirl ané 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 VC and distributed
injection of combustion air warrant the above desired improvement
[11). From the standpoint of gas-particle flow, VC is unique in
creating, preserving, and'intensifying the swirl and the associ-
atéd intense gas-gas and gas-particle mixing. From the combus-
tion point of view, VC is unique in its low, non-slagging combus~
tion temperature which is beneficial in pollution abatement and

system operation.



Technical 2 )

Peing a brand new combustion concept and a novel combustion
device, no experimental or theoretical data is available
pertaining to the design and operation of a VC. The overall
technical approach therefore must include parallel efforts of
experimental study and theoretical analysis. Experiments should
include cold flow measurements of aerodynanmics and particle
dynamics, CWF atomization and compatibility tests, and combustion
tests and improvement of the VCs. Theoretical studies should
inciude refinement of the VC concept and mathematical modeling of
the VC processes. Cold flow measurements and mathematical
modeling of VC have been successfully completed and the results
are reported in [11). The work reported here is the :emaining
part of the overall developmental effort. It includes explorato-
ry studies in subscale and preliminary POC VC hot models and
systematic cambustion tests in a full-scale POC VC.

Figure 1.2 depicts the'technical approach adopted for the
development gnd demonstration of a POC VC and for the establish-
ment of the needed technical data base for VC design and opera-
tion. Based on cold flow studies accounting for the desired
thermal and combustion performances, and energy and mass bal-
ances, a pfeliminary exploratory (PExp) subscale hot model
("0.15 MB/H firing capacity) will be designed and tested. The
purpose of this PExp VC is to reduce the VC concept into practice
for the first time; achieve on-time ignition and flame stabiliza-
tion of all the fuels intended for this work (i.e., CWF, DUC and
PC); and explore the overall behavior and operational reguire-

ments of VC.



VC concept

Results of

Energy,/mass
cold flow

balance
Design modeling
requirements study

PEXD V fad ®, MBS/ I
Reduce concept to
practice -
operational requirements
Ignition/flame
~stability/burnou
CWF nozzle development
Atomization and
compatibility tests
vV -

Scale up feasibility
Ignition/flame stability
_ /burnout
Heat transfer
requirements

Numerical studies
continuation of
modeling work

v -
Controllability
Operational limits
JFuel flexibilit

Poc vec (2 MB/H)
Systematic tests
Fuel flexibility

PoOC
demonstration

Technical
data base

Technical approach for the development
and demonstration of a POC VC.

Figure 1.2



The CWF nozzles needed to match the unigque VC configuration
will be developed. The nozzle atomization and compatibility
tests will be conducted. A full-scale preliminary POC (PPOC) VC
hot model ("3 MB/H) will be designed and built utilizing the
experience and data obtained from the PExp VC. The purpose of
this PPOC VC is 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 combus-
tion control, and explore the limits of combustion performance
and operational requirements of a full-scale VC.

An improved subscale hot model (0.3 MB/H), the exploratory
(Exp) VC, will be built and tested to generate any supplemental
information needed for the POC VC design. Provisions of inde-
pendently controlled secondary air injection and heat removal
capabilities will be built into this model to evaluate the con-
trollability of VC performance via vortex generator and heat
transfer. The flexibility of VC firing different fuels will also
be explored.

With the data and experience obtained from PExp, PPOC, and
Exp VCs, a POC VC will be designed and built. Systematic combus-
tion tests of CWF, DUC, and PC will be conducted. Data on ther-
mal, flow, combustion, and pocllution performance of the POC VC at
full load and partial loads will be collected and analyzed.
Modifications will be made as necessary for both simplifying the
design and meeting the PRDA's performance reguirements.
Proof-of-concept tests of coal-fired VC for commercial heating

applications will be demonstrated.



In order to explore the detailed characteristics of the VC
performance and to help in any possible design modifications, nu-
merical calculations will be pursued simultaneously with the
combustion tests of the POC VC. These calculations will be a
meaningful continuation of the cold modeling study [11] into

practical applications.

Report Organjzatijon
This report is divided into six chapters. Chapter 1

discusses the background and objective, the VC concept, and the
technical approach of this project. Chapter 2 describes the
auxiliary subsystemé for VC test models, test fuels, and instru-
mentation for Vc combustion measurements. Chapter 3 describes in
detail the design considerations, features, and test results of
PExp, PPOC,‘;nd'Exp VC hot models. The design features of the
POC VC are also presented. Chapter 4 presents and discusses the
results of sysfematic combustion tests and performance character-
istics of POC VC firing CWF, DUC, and PC. Chapter 5 presents the
centralized operational concept and the economic analysis of a
commercial-scale VC heating plant. Numerical simulation of the
POC VC showiﬁg the detailed characteristics of flow, thermal, and
combustion performances is also presented in this Chapter.
Finally, Chapter 6 presents the achievements and conclusions of

this research effort.

10
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CHAPTER 2
AUXILIARY BUBSYSTEMS, INSTRUMENTATION, AND TEST FUELS

In this chapter, the auxiliary subsystems of VC 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 full-scale POC and PPCC VC models. The auxiliary
subsystems include air supply, water supply, fuel supply, flue
gas exhaust, ash collection, and ignition. The fuel supply
subsystems are described in Section 2.1 and other auxiliary
subsystems in Section 2.2. Figure 2.2 is a schematic diagram of
the test setup for subscale Exp and PExp VC models. The instru-
mentation for flow, temperatﬁre, combustion, and pollution meas-
urements and the computer-assisted data acguisition system are
discussed in Section 2.3. Section 2.4 discusses the fuels tested
in the VC models including CWF, DUC, PC, No.2 heating oil, and
propane gas. The performance of CWF nozzles specially developed

for the VC tests is also presented.

2.1 Fuel Bupply Subsystenms

Since the VCs are designed to burn both dry powdered coals
(DUC and PC) and their water slurries (CWF), two separate fuel
storage, handling, and feeding subsystems were installed for the
combustion tests. In order to ensure that CWF can be properly

atomized and burned in the VC, a separate CWF atomization test

11
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system was also built to study and improve the nozzle atomization

characteristics.

DUC/PC-Pr Air ¢ ] |

The dry powdered coal supply subsystem showa in Figure 2.1
is basically a screw feeding and pneumatic conveying system. it
consists of a 20-ft3 coal hopper, a vibra Screw coal feeder with
a vibrating bottom, a feed rate control pox (0 = 300 1lb/hr), a
portable high pressure centrifugal blower, conveying pipelines,
and feed nozzles. A preset rate of coal is fed by the feeder
jinto the primary air stream at roon temperature. A 1-hp blower
is used to provide primary air up to 30% of the total combustion
air. Coal-air mixtﬁre is then injected tangentially into the VC
pottom through either one or two feed nozzles. The hoﬁper can
hold about 800 pounds of DUC or PC, which ijs sufficient for 6
hours of continuous testing at 2 MB/H joad. When testing CWF,
this subsysten is used to supply only the primary air. For PEXp
and Exp VC model tests, a similar DUC/PC supply system but with a
smaller capacity was used, as shown in Figure 2.2.

one of ﬁhe problems encountered in combustion tests was the
fluctuation of coal feed rates at low loads, which often results
in unstable ignition and combustion. Several attempts have been
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 is injected into the conveying

pipeline.

14
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CWF _Supplv/Atomization Subsystem

Z As shown in Figure 2.3, the CWF supply/atomization subsystem
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, recirculation/back flushing loops, CWF
nozzles, and an atomization test chamber. The temperature and
pressure of CWF are measured and recorded during the tests. The
rotating speed of CWF pumps can be continuously varied to achieve
the desired feed rates up to 1.2 gpm (or 580 1lb/hr). The
recirculation loop helps stabilize CWF feed rate at low loads and
stir 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 found very
important to first run the‘system with water to moisten all
internal surfaces before switching to CWF operation. High pres-
sure atomizing air is coﬁnected to CWF nozzles through a pressure
regulator, a rotary flowmeter, and a steel-reinforced flexible
hose.

The atomization test chamber is a 29"x29"x28" enclosure made
of Plexiglas to facilitate spray visualization and measurements.
In CWF atomization tests, the spray cone angle, droplet size and
spatial distributions, CWF flow rate distribution, and other
atomization characteristics can be either observed or measured in
this test chamber or via a camera-assisted microscopic examina-
tion scheme [12,13].

The atomization quality of CWF nozzle and flow rate of each

supply line can be independently adjusted, a feature essential
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for achieving stable CWF combustion, particularly at high firing
rates. The same CWF supply line and atomization test system were

used for PExp and Exp VC models.

2.2 Other Auxiliary Subsystems

Air Supply Subsystenm

The primary air for each VC model was supplied by separate
small blowers, as shown in Figures 2.1 and 2.2. The secondary
air was supplied by a large high pressure blower (15 hp, 1,300
scfm, 47" of water static head). The blower (F.D. fan) is con-
nected to the VC models by several 2" PVC pipes via a 4" or 6"
he&der pipe. The flow rgkes are conveniently controlled by 7
valves at strategic lécations and monitored by 6 miniature Pitot
tube type flowmeters. A photograph of the POC VC and its various

subsystems is shown in Figure 2.4.

Water Supply Subsvstem
The water circulation subsystem for removing the excess heat

from combustion consists of a 1,600-gallon water tank, a pump,

and make-up water connecting pipeline. During combustion tests,.
water at ambient temperature is pumped into the water jacket or

cooling tubes of the test models. Hot water or low quality steam
is generated, measured, and finally discharged into the sewage
system. The flow rate and inlet and outlet temperatures are
monitored and recorded for combustor operation adjustments and

later for heat and mass balance calculations.

17
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Flue Gas Exhaust Subsysten

The flue gas exhaust subsystem 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' stack, and 14" con-
necting ducts [14]). The 5' dia. X 15' tall stainless steel
cyclone separator is also equipped with an internal water spray
to minimize emission of particulate matter. The particulate
concentration discharged into the atmosphere was found in most
tests to be around 250 mg/Nm3. 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 sys-
tem. The dampers and cold fresh air inlets were used to adjust
the draft in the combustor. This exhaust gas subsystem and the
performance of VC models have been reviewed by the environmental
control officerg of the Washington DC Government. A certificate
on environmental control was granted permitting us to conduct

coal combustion tests.

Ignition Sul !

Propane gas was used as the startiﬁg fuel. As schematically
shown in Figures 2.1 and 2.2, the ignition subsystem consists of
two 100 lb propane gas cylinders, regulators, miniature flowme-
ters, propane burners, an electric spark igniter, and connecting
tubing. Propane was first ignited by the spark igniter during a
cold start. Coal is injected immediately after the propane is
ignited. Both fuels are fired simultaneously for about 10 to 15

minutes to achieve a stable combustion. Tbe propane is then cut

19
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off and self-sustained combustion is usually established at this

point.

2.3 Instrumentation

A computer-assisted data acquisition system has been
developed to accelerate the data taking process and to eliminate
human errors. Four major typeé of instrumentation are used for
measurements in combustion tests: temperature, flow, combustion,
and pollutant emissions. These are summarized in Table 2.1 and a

schematic of the overall arrangement is shown in Figure 2.6.

emperature Measurements and Data uisitio stem

" Both K- and R-type thermocouples are used for temperature
measurenments. 'They are connected to an IBM AT compatible comput-
er 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)
[15), and data printout systems: color plotter and LaserJet
printer. This system has a 3g-channel capability for data col-
lection, reduction, and display. In most combustion tests, only
8 chanﬁels were enabled: 5 channels for temperature measurements
and monitoring, and one each for total air flow rate, CWF flow
rate, and oxygen or unburned combustible gas concentrations. 1In
PPOC VC tests, a total of 28 thermocouples were installed and
]inked with the data acgquisition system for monitoring various
temperatures in the test system. Real time temperature data can

be displayed on a computer monitor, printed, and stored on floppy
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Table 2.1 Instruments used for measurements.

Parameter Type Manufacturer, Range
Model No. (error)
Temperature, °F Thermocouples Omega 0-2375
K-, R-type Engineering (+0.3%)
Flow _
Air flowrate, 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
flowrate, lb/hr (£5 %)
puc/PC feed Contrel box AccuRate 600 0-300
rate, lb/hr (22 %)
|combustion/Emissions
CO, ppm Infrared -Beckman model 856| 0-2500
absorption (x6 %)
NO,, ppm Chemiluminescent| Thermo Elctron 0-1500
model 10A (x4 %)
SO,, ppm Ultraviolet Western Research | 0-500
absorption model 721A (£3 %)
HC, ppm Combustible United Tech. 0-1000
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 %)

22
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disks for later processing. The errors of temperature measure-

ments are about $0.3% of the readings.

Flow Measurements

A Kurz air flow transducer with a digital readout was used
to measure the total flow rate of secondary air to the VC test
model. The flow rates of all air nozzles are each measured sepa-
rately by use of Pitot tubes. A voltage-to-current analog con-
verter (PCP board model 132 4-20 mA) is connected between the
Kurz transducer and the inte;face board (WBFAI-B-8) for recording
air flow rate data into the computer system and display on com-
puter monitor and the Kurz digital readout, as shown in Figure
2.6. The measurement errors of air flow rates are *2% of the
readings.

Dry powdefed coal, either DUC or PC, is fed by the AccuRate
screw feeder with a feed rate control box into a pneumatic pipe-~
line. The primary air from a centrifugal blower carries and
injects the coal into the VC model through feed nozzles. The
feed rate is determined by the pre-calibrated rotating speed of
the screw of the feeder. The feed rate data from the control box
is linked to the data acquisition system for display and automat-
ic recording. (DUC and PC require different conversion factors
for feed rates.) The measurement errors are *2% in the range of
0 - 300 1lb/nhr.

The flow rate of CWF was measured by an electromagnetic
flowmeter with an operating range of 0.075 - 0.75 gpm. A Taylor
Instrument 1100 TB Mag-pipe transmitter was used to amplify the

AC signals generated from the sensing head of the flowmeter and
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convert them to a 4 to 20 mA DC output which is directly propor-
tional to the CWF flow rate. The converted signals are forwarded
to the data acquisition system for display and recording. The
measurement errors are 2% 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 VC model was monitored by a flowmeter and
frequently checked by a stop watch/graduated container arrange-
ment. The pressures in the combustor and auxiliary components

were monitored by various manometers and gauges.

ue s itio

A KVB continuous flue gés monitor console was used to meas-
ure 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 éontinuous basis [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 NO,/NO
and SO, measurements. In addition to the flue gas monitor con-
sole, a portable gas analyzer (ENERAC 2000) [17] was also used
to cross check the flue gas composition readings. These flue gas
measuring systems are shown in Figure 2.7.

Measurements of combustion products by the KVB console start

at the sampling probe which is inserted into the outlet of the

25
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center exhaust tube of the VC. The construction of this probe is
sh;wn in Figure 2.8(a). The sampled flue gases are transported
via a heated sample line to the console. This line maintains the
gas sample at approximately 170°F to prevent water condensation
and further reactions in the sample line. 1Inside the console,
the hot sample gas is first fast dried by running it through a
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 is then connected to the automat-

ed valving system and distributed for the following analyses:

1. Carbon Monoxide (CO)

Beckman model 865 anaiyzer was used to determine the concen-
tration of CO, which is based on a differential measurement of
the absorption of infrared energy [16]). Two egual-energy infra-
red beams are directed through two optical cells: a flow through
sample cel; and a sealed reference cell. Solid state electronic
circuitry continuously measures the difference between the
amount of infrared eﬁergy absorbed in the two cells. This
difference indicates the concentration of CO in the flue gas -
through the sample cell. The measurement range of CO is 0 -

2,500 ppm with measurement errors of +6% of the readings.

2. Oxides of Nitrogen (NO,)

Thermo Electron model 10A analyzer was used to measure the
concentrations of both nitric oxide (NO) and total oxides of
nitrogen NO, (i.e., NO + NO,) in the sampled flue gas. This
instrument utilizes chemiluminescence principle and can continu

ously measure NO and NO, in eight linear, full-scale ranges from
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2.5 to 10,000 ppmryfThe“measurement error is *4% of the readings

(18].

3. Sulfur dioxide (503)

A Western Research model 721A analyzer was used to provide
continuous analysis of 50;. It is based on ultraviolet absorp-
tion. The measurement range of SO, is 0 - 500 ppm with measure-

ment errors of 4% of the readings [(19]).

4. Oxygen (02)

The Teledyne model 326A analyzer uses 2 micro-fuel cell to
measure concentration of Oj. oxygen in the flue gas is consumed
by the cell which produces a micro-ampere current [16). This
signal is amplified by a solid-state IC anplifier which can
either drive a high inpedance chart recorder Or interface with
the data acquisition system as shown in Figure 2.6. The meas-

urement range of O, is 0 to 25 & with $1% measurement error.

car] Resid i Flvas)

The flyash sanpling system shown in Figure 2.8(b) was used
to extraqﬁ representative flyash samples from the flue gas to
determine‘%heir carbon contents for combustion efficiency calcu-
jations. It is composed of an jsokinetic probe, a vacuunm punmp, a
rotary flowmeter for measuring the sampling rate, and an inclined
manometer to monitor the isokinetic condition. The flyash sam-
pling point ijs located at the end of the center exhaust tube
where the most representative flyash sample can pe drawn. The
collected flyash is dried first at about 226°F in a Fisher Scien-

tific model 510 Isotemp oven for one hour and the mass measured
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by a digital balance. The dried flyash is then heated again in a
Fisher Scientific model 2000 muffle oven at 1,830°F for 3 hours.
The weight loss of flyash sample in the oven represents the
unburned combustible residues in the ash (basically carbon), and
ig used to determine the combustion efficiency. The measurement

errors are estimated to be 3%.

Unburned Combustible Cases

The amount of unburned volatiles and CO in flue gases was
peasured by a TLV Sniffer combustible gas analyzer. This instru-
ment has an overall detecting sensitivity range up to 10,000 ppnm.
It has a monitoring systenm providing an audible note of warning
in response to excessive negative drift in signals and other
palfunctions. The analog signal output of 0 - 100 nV is connect-
ed to the compute:-assisted data acquisition systenm as gshown in
Figure 2.6. Typical results of the ccmbustible gas concentra-
tions are about 500 ppm during DUC tests and 120 to 200 ppm
during CWF tests. This low level of unburned combustible gases
does not noticeably affect our combustion efficiency calcula-
tions. It may give indications of the extent of gas-gas and gas-
particle mixing in the combustor, however. The instrument error

is 2% of the readings.

2.4 Test Tuels and CWF Atomization Tests

one of the potential advantages of the VC concept is that
different fuels (types, properties, and sizes) may be purned in

it with high combustion efficiency by only adjusting the operat-
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ing conditions rather than the hardware or the design. To demon-
strate this important feature of VC, five types of fuels (pro-
pane, No. 2 fuel oil, CWF, DUC, and PC) have been tested. It
should be noted here that when burhing heating oil, the same CWF

supply/atomization subsystem could be used without any operation

and compatibility problems.

Fuel Properties

DUC, PC, and CWF used for VC combustion tests are all
prepared from the same parent coal from Upper Elkhorn, West
virginia (I.D. No.: UE3-191-PCO-E). It is a premium grade,
deep-cleaned coal with ash content less than 2% and sulfur
coqtent less than 0.7%. Analyses of the fuels used are
summarized in Table 2.2.

Fast sedimentation of CWF was observed in the shipping
containers, CWF storage tank, and supply pipeline. An effort was
made to determine the sedimentation rate. CWF was filled to 4"
high in a glass beaker and let stand still at rooﬁ temperature. A
0.2" sediment layer was measured in a 24-hour period which corre-
sponds to a sedimentation rate of 5% per day. Impurities and
large coal particles were also found in CWF, which intermittently
blocked the nozzles and interrupted the tests until extensive'

screening provisions were installed in the supply systemn.

o) s t
The atomization quality of a CWF nozzle directly affects the
ignitability, flame stability, and combustion efficiency of CWF

[20,21]). Ideally, the droplets in a CWF spray should be
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_  Table 2.2 Typical analyses of DUC, PC, and CWF used in
combustion tests.

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

Moisture 0.72 & . Carbon 86.83

L 3

Volatile Matter 34.80 & Hydrogen 5.14 &
Fixed Carbon 63.00 % Ooxygen 3.64 %
Ash 1.48 ¢ Nitrogen 1.54 %
Heating Value 14,756 Btu/lb Sulfur 0.63 %
Ash/Moisture 2.22 %

DUC BIZE DISTRIBUTION PC BIZE DISTRIBUTION
Mean Particle Dia. (um) 11.5 Mean Particle Dia. (um) 40
$ < 100 mesh (149 um) 100 $ < 100 mesh (149 um) 99.7
$ < 400 mesh (38 um) 98 % < 200 mesh (75 um) 86.9

CWF PROPEKRTIES CWF S8IZE DISTRIBUTION
Solid loading, % wt 65-67 Mean Parent Coal Size 30 um
Viscosity, 'cp@100/s <1,000/110 Top Coal Size 99% < 149 um
Specific Gravity @ 60 °F 1.2 SMD of Droplets 106 um
Heating Value, Btu/lb 9,930 Average Droplet Size 75 um

sufficiently fine and have a paximum specific surface area for
rapid evaporation and devolatilization [12]). Equally important
is that the droplets must be properly dispersed in the ignition
zone to ensure intimate fuel-oxygen mixing for complete -
combustion [22]). Furthermore, the shape and spatial distribution
of the spraylmust fit the geometric confinement of the combustor
to warrant high and uniform combustion intensity and to minimize
impingement and deposition on solid surfaces [23]. It must be
pointed out that the unigue configuration of the VC posted a
great challenge to the CWF nozzle development. Based on the above
considerations, we have developed two types of air-assisted CWF

nozzles for VC 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)).

Type A nozzles are for exploratory tests in subscale VC
models. Type B nozzles are for tests in full scale VC 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 a VC, CWF
nozzles have been designed with small cone angles to minimize
spray impingement on adjécent combustor walls. A typical pattern
of CWF spray from Type A nozzles (32° cone angle) is shown in
Figure 2.9(c).

CWF atomization tests with both Types A and B nozzles were
conducted in the atomization test chamber as explained in Section
2.1. 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 affected by the
droplet size because of ignition delay due to moisture evapora-
tion. Experience indicates that the atomization quality of a
nozzle is primarily governed by air/CWF mass flow ratio. In our
case this ratio is kept between 0.15 and 0.2. Good atomization
quality was achieved with Dy, (average or arithmetic mean droplet

diameter) ranging from 70 to 110 um and D,5 (Sauter mean diame-
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Figure 2.9 CWF nozzles and spray.
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Table 2.3 Typical results of CWF nozzle tests.

Parameter Type A nozzle Type B nozzle

CWF flow rate, lb/hr 25 60 132 200
CWF pump pressure, psi 40 S0 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, 1b/hr 5.2 11 24 30
Air/CWF ratio, % 20 18 18 15
CWF temperature, °‘F 68 70 68 68
Spray cone angle, deg 30 36 32 - 32
Average droplet size Dgy, KB 90 iOS 75 95
Sauter mean diameter Dyg, HID 98 165 106 140

ter) ranging .from 90 to 170 pgm. 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). pue to high
swirling jet in atomization, Type A nozzle spray exhibits z 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 impingenment. Test results showed
that deposition of undried CWF droplets, if any, did not cause
problems in stable and continuous operation of 6ﬂr subscale VC

models. Type B nozzle spray has 2 relatively flat spatial dis-
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persion 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 [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 opergting
ranges of CWF flow rates for both nozzles are also indicated in
the figure. Clearly, the atomizing quality of both types of
nozzles is satisfactory for VC combustion tests within the range

of applications.



. *sajzzou g adhy, pue y adL}, 10]
A11eab vorieZIwole uo ajeamo)j jo 129§ ¢ltZ @andid

14/9] *a1e1 MOf} MO
ooy 00€ 002 00t 0

e ) —
o———81 Lg% 140,
-100¢

K Hwun e - 60 o -."sm.:..e

O rzq 'y
e|zzou g adA} c2q -|00€
ejzzou y edAj O

-1 00V

wrl ‘Jajawelp ueaw }ajdoiq

39



40



CHAPTER 3

VC TEST MODELS

3.1 Design Considerations

Design Guidelines
Consistent with our VC concept and the required technical
performance discussed in Chapter 1, the design guidelines are
summarized as follows:
o Geometrically, a VC 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 in between the two tubes.

o

Fuels (CWF, DUC, or PC) are fed with primary air into the
combustor bottom where drying, devolatilization, and igni-
tion are achieved without the need of air or fuel preheat-
ing.

o

The vortex generator should produce a strong centrifugal
flow field, whose swirl intensity and quality of air injec-
tion can be adjusted and controlled.

o

The center tube will be designed to minimize fuel particle
elutriation and to maintain the rigidity of the strong swirl
for achieving the desired fuel residence time.

o Arrangement of air injection and heat removal surfaces
will be made to maintain the desired low temperature (around
1,600 °F at the combustor exit) with minimal temperature
variations in the combustor. Heat removal surfaces may
consist of fully or partially water-cooled walls.

o]

A proper combustor height-to-diameter ratio will be selected
to facilitate the stage combustion and heat removal surface
arrangements.

Design Calculations

The design calculations include basically mass and energy
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palances [24-26). It starts with the properties of the given
fuel and the desired firing rate. The excess air in the design ié
set in the range of 10-30%; Based on these parameters, the fuel
consumption, total combustion air requirement, amount of flue
gases and ash to be generated, and overall combustor dimension
are calculated first. Refinements are 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 a vc are practically non-
existent and must be developed also from this work. Based on the
features of strong swirl and low combustion temperature environ-
ment, the overall heat transfer coefficient in the VC was assuméd
to be around 20 Btu/Hft2°F in the preliminary design of PExp VC
model. With this, the needed area and location of heat transfer
surface can then be estimated. The average firing intensity
(volumetric Qeat release rate) of the VC, which affects the
overall size of the combustor, arrangement of heat removal sur-
faces, and seléction‘of combustor materials, is also not known.
Based on our experience with vortexing fluidized bed combustor
(6], an average firing intensity of 0.1 Mﬁ/ﬂft3 was chosen as
the starting value for the design. |

Heat transfer surfaces are used to: (1) control the desired
tehperature distribution.in the combustor and also the exhaust
gas temperature to be around 1,600 °F, and (2) assist in the
turndown operation. The total available area for heat removal and
total volume for combustion depend primarily on the height-to-

diameter ratio (H/D) of the Vc. Figure 3.1 shows the axial
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VC Mode! | Amax (in2) | Vmax (in3) | Xmax (in)
© PExp 1837 1824 [ 34
4 ppOC 10080 36200 | 24
v Exp 174 1900 a0 |
D roc 4283 0373 1]
i i
0.4 0.6 0.8 1

Streamwise coordinate, X/Xmax

Figure 3.1

Variation of available heat removal surface
area and combustion volume along the flow
direction in VC test models.
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distribution of available area and volume for the four VC models.
Jﬁdging from the assumed heat transfer coefficient and average
firing intensity, it can be shown that the available areas of the
VCs are more than adequate for the heat removal needs. This
allows flexibility to use the surfaces for reasons other than
heat removal, such as ignition and burnout.

The design of fuel nozzle (or atomizer) follows convention-
al engineering practice: the injecting velocity of fuel-air
mixture is chosen to be 40-70 ft/s, with the primary air fraction
being 5-30%. Being a part of the vortex generator, the fuel
nozzles are designed to be adjustable in protrusion length,
location on combustor wall, and injection angle. 1In the opera-
tion of VC models, up to 95% of combustion air may be supplied by
the secondary air nozzles. Design considerations for the air
nozzles are:

o Adjustable aii injection velocity of 100-180 ft/s;

}o Depending on the combﬁstor capacity, the air nozzles may be
arranged as a single vertical array, two arrays at opposite
position, or four arrays at 90° apart on combustor circum-
ference;

o 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 cyclone separator and
our experience with vortexing fluidized bed combustor [6], the
diameter ratio of the center tube and the combustor is kept close
to 0.5. The average velocity of the ascending hot gases in the
annular space should be kept below 15 ft/s 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 ft/s.
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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 VC models (PExp and Exp)
and two full-scale models (PPOC and POC) have been designed,
built, and tested. Table 3.1 summarizes the major parameters of
these four VC models. Thé design features and test results are

discussed in the following sections.

3.2 PExXp VC Model (0.15 MB/H)

The PExp VC model was designed under the situation that the
understanding of the vortex combustion processes was purely based
on theoretical considerations and no relevant technical informa-
tion was existent except for gas-particle flow characteristics.
This model is the one which for the first time reduced the VC
concept into practice. Based on the preliminary information
generated from cold flow modeling studies [11) and complete
energy and mass balance calculations [24]), the PExp VC model was
designed and built. Figure 3.2 shows the PExp VC model and its
auxiliary subsystems. It has the following design features:

o Sub-adiabatic configuration, including a refractory lower
chamber (adiabatic) and a water-cooled metal upper chamber
(non-adiabatic)

o A contraction between the upper and lower chambers to en-
hance recirculation and prolong the fuel residence time in
the lower chamber;

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

o Two feed ports for DUC and one for CWF 1located near the
combustor bottom. The secondary air was tangentially in-

jected at two fixed elevations and with a fixed injection
angle into the upper chamber.
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Table 3.1 Summary of major parameters of VC test models.

Parameter PEXpP PPOC Exp POC
Design
Firing rate, MB/H 0.15 3.0 0.3 2.0
configuration, in
D 7.5 32 7.5 19
a 3.5 15 3 8
H 34.5 45 24 a3
h (adjustable) 31 40 18 29
Overall 16x50 48x60 10x24 23x%40
operation (@ design capacity)
Swirl number 5.0 13.9 12.0 13.1
Average firigg intensity, .
MB/HEt 0.1 0.1 0.3 0.3
air injection velocity, ft/s 100 10 120 120
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 14.3 28.4 27.2
pesign features
see details in Chapter 3 §3.2 §$.3 §3.4 §3.5
PExp Preliminary exploratory
PPOC Preliminary proof-of-concept
Exp Exploratory
POC proof-of-concept
LI—
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About 30 test runs totaling

peen conducted firing both LUC and CWF.
running times were 11 hours for puc 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 VC model

firing DUC is given below:

The longest continuous

150 hours of test time have

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, °F
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% O5) 249 230
Thermal efficiency, % 88 87
Firing intensity, MB/Hft3 - 0.15 0.11
Combustion efficiency, % 98.9 99.4

The experience and lessons learned are summarized below:

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

- terms of compustion performance and operational convenience;

High combustion efficiencies (> 98%), large turndown ratio
(> 3:1), acceptable operating temperatures (1,500 - 2,100
°F) are achievable with DUC;

The PExp VC and its subsystems were found to be reliable and:
safe, and exhibit 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;

The contraction is helpful in fuel ignition and flame stabi-
lization. For a premium grade micronized cocal, such as
puUC, the combustion environment at the combustor bottom was
found to be sufficiently adequate, however.
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o Notable erosion of the refractory wall was oObserved after
120 hours of tests, a result mainly due to the impingement
of fast-moving burning coal particles in the strong, swirl-
ing gas stream. The center tube was burned through once at
the lower section after 30 hours of testing at high 1loads
(see Figure 4.8Db);

o The designed average firing intensity of 0.1 MB/Hft3 was low
and can be increased by use of heat removal surfaces;

o The operational characteristics of the PExp VC are depicted
in Figure 3.3. The difference in operating temperatures are
shown for different fuels during cold start and hot restart
processes. For all test runs, stabl:, 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 VC Model (3 MB/H)

Based on the data and experience obtained from PExp VC model
tests and the succe;sful development of CWF atomization nozzles
(see Section 2.4), a 3 MB/H full-scale PPOC VC model was designed
to explore the feasibility of scaling up, operational limité,
fuel flexibility, and ﬁhe role of heat transfer in combustion
controi. The pajor design and operational parameters of PPOC VC
are summarized in Table 3.1. Figure 3.4 is a pictorial view of
this model and its auxiliary subsystems. The design features and
major data are summarized below [29]:

o The combustor outer wall is practically adiabatic, made
of 5" castable refractory. A removable cooling coil made
of 1" copper tubing is inserted at the bottom for tempera-

ture control.

o The center tube is water cooled on both sides of the wall.
The height of the center tube is adjustable.

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

combustor bottom. Secondary air is supplied at three eleva-
tions, each with two adjustable air nozzles.
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o Adjustable fuel injection angle and deflecting air are
provided.

o A removable contraction is located below the top two rows of
secondary air nozzles.

A total of 27 test runs have been conducted with DUC and CWF

on this model to explore thc 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, °F
Bottom chamber 2,310 2,253 2,186
Contraction ' 2,000 1,994 2,011
Top chamber 1,837 1,850 1,532
Center tube 1,369 1,288 1,076
CO, ppm @ 3% © 1,544 1,237 625
NO,, ppm € 3% 3 397 404 348
Thermal effic;ency, $ 83 85 82
Firing intensity, MB/Hft3 0.16 0.15 0.11
Combustion efficiency, % 97.0 97.1 94.0

The data and experience obtained from PPOC VC model are

summarized below'

o Stable, on-time ignition, and self-sustained combustion of
DUC was easily achieved at all firing rates up to 3 MB/H.

o 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 2 MB/H load.

o Deflecting air was effective in preventing CWF deposition.
An innovative "spray shaper" (see Section 4.2) was developed
and was found to be extremely useful for intensification of
water evaporation and CWF ignition at full load. We were
able to ignite and burn up to 225 1lb/H of CWF in the narrow
annular space of the VC without deposition buildup.
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o We have successfully fired DUC and CWF up to 3 MB/H with
combustion efficiency up to $7%. This confirms the up scal-
ing potential of our VC concept.

o The in-furnace cooling coil can effectively absorb heat and
control the combustion temperature.

o Heat removal surfaces located either on the combustor wall
or the center tube can remove heat without adversely affect-
ing combustion.

o The adiabatic combustor wall was beneficial in fuel ignition
and burnout. However, it also has drawbacks of large ther-
mal inertia, large combustor size and space requirement,
and air leakage through gaps of refractory blocks.

o The average firing intensity can be further increased by the
increase of heat removal rate and vortex generator arrange-
ment.

o Type B CWF nozzles performed very well both in atomization

quality and in compatibility with the unique VC configura-
tion.

3.4 Exp VC Model (0.3 MB/H)

Research efforts on PEXp and PPOC VC models have pointed 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 PPOC vC model, the
combustion tests on this model, however, would require'a large
amount of fuel and excessive manpower. It was deemed not econom-
jical and feasible to continue further tests of CWF and DUC on
PPOC VC model. An improved subscale exploratory hot model of 0.3
MB/H, the Exp VC, was designed, built, and tested as shown in
Figure 3.5. This Exp VC model has the following features:

o The combustion chamber was made of a 7.5" I.D. mild
steel pipe. The center tube was a 3" I.D. stainless steel
pipe. The upper and lower 1/3 of the combustor inner wall

was lined with 0.5" refractory in order to meet the needs
for ignition and burnout.
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Figure 3.5 Pictorial view of Exp VC model.
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o Four runs of independently controlled water cooling cvils
were wound on the outer wall for studying the 1local heat
transfer characteristics along the height of the VC.

o Two feed ports were provided at combustor bottom for both
CWF and DUC. Deflecting air was used to prevent fuel depo-
ition and clinker formation.

o Seven independently adjustable secondary air nozzles were
arranged at four elevations. The injection angles, protru-
gion length, and flow rates can be individually varied
conveniently to afford a broad range of flexibility.

o A 1/4" thick Vycor glass plate was used as the combustor top

to facilitate visual observations of the flame and particle
behavior during tests.

o The overall design improved the average firing intensity to
as high as 0.44 MB/Hft>.

Numerous exploratory tests have been conducted. Typical

results with the fuels tested are summarized below and are

discussed in the following paragraphs:

Fuel type puc DUC PC #2 oil Propan%
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 b § 40
Secondary air fraction, % 82 70 61 99 60
Average combustion gas

temperature, °F ' 1,760 1,900 1,700 1,670 1,770
Thermal efficiency, % 86 83 84 87 89
Firing intensity, MB/HEt3 0.31 0.44 0.38 0.29 0.42
Combustion efficiency, L 97.6 95.4 95.8 99.4 100

Improvement of Firing Intensity

The use of refractory liner to cover only some areas of the
pasically water-cooled combustor wall has made the heat removal
capability of Exp VC much higher than PExp and PPOC VC models.
The flow and turbulence was substantially improved via the ar-

rangement of vortex generator. Consequently, a 3-fold improve-
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ment on firing intensity over PExp and PPOC models was achieved.

This paved the way for a successful design of our POC VC.

Establishment of local Heat Transfer Data

A series of tests were conducted with different fuels,
distinct heat removal surface arrangement, and various combina-
tions of other operating parameters. Heat removal by watef for
each run of the cooling coil was individually measured to estab-
lish local heat transfer data. This provided the needed informa-
tion on heat transfer surface design. The heat transfer coeffi-
cient ranged from 10 to 55 Btu/Hft2°F, depending on the swirling

flow and combustion temperature.

n bili o

The combustion temperature and its axial distribution can be
conveniently controlled by means of secondary air distribution, as
illustrated in Figure 3.6. I1f a large amount of secondary air is
injected at the lowest level (90% at level a, 10% at 1level b) of
the combustor, a "hot spot" of 2,500 °F would result near the
combustor bottom, accompanied by a sharp decrease of gas tempera-
ture along the combustor height, which inevitably increases the
NO, level. By varying the distribution of secondary air such as
45% at level a, 35% at level b, 15% at level c, and 10% at level
d, a2 more uniform gas temperature (2,000 * 200 °F) can be
achieved. The controllability of temperature is potentially
significant in applications and is highly beneficial in combus-

tion performance, turndown operations, and pollution control.
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Controllability of Particle Behavior

The flexibility of VC in controlling fuel particle behavior,
for example, elutriation and residence time, has been demonstrated
in our cold flow measurements [1l1]. Distinct particle trajecto-
ries 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.

Effect of Swirl

Figure 3.7 shpws the effect of swirl on flame and combus-
tion. Nofe the differences on flame shape and luminosity, burn-
out 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 VCs.
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 a VC to
attain high combustion performance at low temperature. The VC

technology is truly state-of-the-art in coal combustion.
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3.5 POC VC Model (2 MB/H)

with the data and expérience obtained from PExp, PPOC, and
Exp VC hot models, a 2 MB/H POC VC hot model was designed, built,
and systematically tested. The detailed design data and major
parameters are summarized in Table 3.1 and shown in Figure 3.8.
The design features are summarized below:

o Water jacket is used as the combustor wall. The lowest 1/4
of the wall is lined with castable refractory to ensure
positive ignition, particularly for CWF. 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.

o The vortex generator consists of a vertical array of six in-
dependent nozzles. The height, tip cross-sectional area and
configuration, and injection angle are all adjustable. ‘

o Two feed ports are provided for the fuels, both CWF and
puc/pcC. The fuel nozzles are designed and built to fire
multiple fuels. The primary air velocity is kept within 50
to 70 ft/s. To prevent CWF deposition on the chamber wall,
the stay cone angle is kept at about 30°.

o Two types of arrangement of heat removal surfaces have been
tested: 25% and 90% of water jacket areas are covered with
refractory liner.

o The center tube is made of 9" 0.D. steel pipe. For the con-
venience of installation and adjustment, it is cut into
three sections. The configuration of inlet cap, size of
inlet section, and the height of center tube are easily
adjustable.

o Great efforts have been devoted to simplification of the de-
sign and operation. The simplicity of POC VC enabled it ¢to
be fabricated and assembled by graduate students.

The detailed data, test results, and outstanding performance

of the POC VC model are presented in the next chapter.
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CEAPTER 4

TEST RESULTS OF POC VC MODEL

A total of 140 nours of combustion test time has been accu-
mulated on the POC VC model firing CWF (5,000 1b), DUC (4,000
lb); and ¢ (1,500 1lb). The longest continuous running time was 6
hours. The performance characteristics of the POC VC have been
extensively explored under various operating conditions. Sub-
jects of interest consist of: temperature distribution and varia-
tion, combustion efficiency, emission levels, heat fluxes to
cooling surfaces, and gas-particle flow behavior. Operational
1imits in fuel flexibility and system controllability, and per-
formance in-cold start, continuous full load operation, partial
load operation, hot restart, and shutdown also have been ex-

plored. This chapter presents and discusses these results.

4.1 Test Arrangement

L_L_EEEHB_AD__ML%

Figure 2.1 shows the test setup for systematic combustlon
tests of the POC VC model. The details of the auxiliary subsys-
tems and instrumentation have been presented in Chapter 2. Three
types of coals have been used for the tests: CWF, DUC, and PC,

whose properties are given in Table 2.1.

Test Plan and Procedure

parametric studies on the effects of excess air (0-65 %),
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firing rate (0.6-2.1 MB/H), secondary air arrangement, and igni-
tion and burnout characteristics have been conducted. A summary

of these tests is given in Table 4.1.

Table 4.1 Combustion tests conducted on POC VC model.

\
Parameter Fuel CWF PC puc
Excess air: 5 runs 5 runs S runs
< 20% M*» M M
20 - 40% M M M
> 40% M M M
Firing rate: 5 runs 1 runs 6 runs
< 1 MB/H M o* M
1.0 - 1.8 MB/H M M M
> 1.8 MB/H M (o] M
Secondary air: 2 runs 6 runs
Flow rate distribution (o] - M
Nozzle configuration o] - M
Center tube height: - - 4 runs
h/H = 0.6 - 0.9
Refractory liner 2 runs 1 run
' M o] M
Ignition/Flame stability 4 runs
. M o] 0
Burnout improvement 1 run 3 runs
M o] M

%« M - Measurement
0 - Observation

The test procedure is briefly described below:
Prepare, inspect, and adjust the combustor and its various
subsystems, including the instruments for various measure-
ments; load the fuels sufficient for 4 hours of testing; and
test run the subsystems.

o 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.

o Co-fire propane and coal for about 10-15 minutes to stabi-
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l1ize the flame, cooling water temperature, and combustor
performance at the preset test condition.

o Shut off propane and conduct systematic measurements on
flow, thermal, combustion, and emissions.

ata Collectio Analvysis

Except for the flyash samples which were collected manually
with a sampling probe system for residue carbon analysis, most
major experimental data were collected and reduced by the comput-
er-assisted data acquisition system discussed in Section 2.3 and
shown in Figure 2.6. The details of instrumentation and meas-
urement errors for combustion tests are given in Table 2.1. The
locations of flowmeters, thermocoupl!2s, 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 identi-
fy the effects of controlling parameters on combustor performance
such as fuel t&pe, fuel consumption, excess air, primary/second-

ary air ratio, and secondary air injection arrangement.

4.2 CWF Test Results

CWF is a more difficult-to-burn fuel than dry powdered
coals. Since CWF is the design fuel of VC, efforts have been
directed to resolve problems associated with CWF handling, atomi-
zation, 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 exploratory

testing on ignition characteristics and deposition prevention.
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The configuration of vc 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 dispe:sing into the main
swirling flow streamn. Fuel droplets must pe dispersed, dfied,
and ignited in the narrow annular space and in a very short time
to prevent wall impingement. otherﬁise, any undried CWF parti-
cles would deposit, rapidly buildup, and eventually block the
flow passage. As discussed in Section 2.4, two types of CWF noz-
zles, both with a small spray angle close to 30°, were specially
developed for VC applications. AS depicted 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 puildup. If the angle is too small,
the spray would be too strong for timely dispersion pefore it
hits the combustor wall downstream, and also form undesirable
depositions [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, tey: to be shorter than the droplet flight time, tg¢.

That is:
Qev S
tey = 57— £ T (4-1)
Qin n
vhere
Qev = heat needed for water evaporation,

66



Combuastor waill/

Burner

Propane/Alr

CWF oo
0

!

Alomizing air Compressed air N
for spray shaper
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(a) Deposition of CWF spray.

Burner

-----------
..................

Atomizing air Compresssd air
for spray shaper

’ Detieoting air
(b) Deposition elimination by deflecting air.

Figure 4.1 Control of CWF deposition in a VC
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i, = heating rate from the surroundings,
s° = droplet flight distance before impingement,
v = flight velocity of droplets.

Eq.(4.1) can be rewritten as:

- 2
d
P gc—=— (4-2)
AT Nu \
where  _
d. = mean droplet diameter,
NB = Nusselt number,
AT = average temperature difference between surrounding

hot gases and CWF droplet,
C = a constant.

According to Eq.(4-2),.the following measures wvere taken to

resolve the deposition/accumulation problem:

o Improve the CWF nozzle performance to achieve a finer spray,
or smaller d., which was accomplished and presented in
Chapter 2.

o Increase the local temperature, or AT, and Nu in the igni-
tion zone by partially lining the water-cooled surface with
refractory.

o 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 stream so that the droplets can fly a longer dis-
tances. 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.

o Adopt a novel "spray 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 are dried up

almost as soon as they leave the nozzle.
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Combustijon Intensification and Burnout Improvement

To achieve high combustion efficiency and intensity, thor-
ough 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 VC in these aspects.
Oowing to the strong swirl, the unburned fuel particles are thrown
toward the combustor wall by the centrifugal force and form
circulating masses of suspension layers [11]. They are trapped
in these layers until completely burned out. Finally, they
become small in size and mass and are entrained by the flue gas
leaving the combustor. The height and the inlet configuration 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 center tube
height h/H about 0.8. A flat steel flange mounted at the lip of
the center tube can prevent particles from rising along the
center tube outer wall and leaving the combustor prematurely.

In order to maintain a sufficiently high temperature envi-
ronment in the upper burnout zone for improved combustion effi-
ciencies, 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°F. Tests showed that the improvement in
burnout zone enabled us to burn CWF and dry powdered coals effi-
ciently at high firing intensity and relatively low temperatures
compared with most other combustors. With the measures mentioned
above, >99% combustion efficiencies have been consistently

achievable in firing CWF.
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Test Results

Systematic tests on firing CWF have been conducted to
accumulate performance data for VC design and operations,'and to
demonstrate the superiority of our VC 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 scme of the major
results of firing CWF. It should be noted that all CWF tests
were carried out with combustion air at ambient temperature of

around 50°F. The CWF tested contains 33-35% water by weight and

has a mean coal particle size of 30 um.

1. Effect of Excess Air

Excess air is one of the major operational parameters for
combustion adjustments. It also affects the heat loss via stack
gas and thﬁs the system thermal efficiency. A series of tesﬁs
was conducted for excess air ranging from 12% to 58%. Figure
4.3 shows the effect of excess air on combustion efficiency, gas
temperature, and emissions. The combustion efficiencies ranged
from 97.3% to 99.4%, with more recent results all above 99% (see
Table 4.2, ruh Nos. 25, 28, 29, and 30). It appears that combus-
tion efficiencies are above 99% around 25 § excess air, which was
also observed in DUC firing (see Section 4.3). Figure 4.3 also
shows that the combustion efficiency does not decrease with the
decrease of excess air. This enables the VC to be operated at
low excess air and hence high thermal efficiency.

NO, and CO levels range from 200 to 600 ppm which were
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Table 4.2 Major results of POC VC firing CWF.

Parameter Run No. 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 8s 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, °F :
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 4% 45 41 49 47 45
By flue gas 40 43 47 39 44 47
Emissions, ppm @ 3% O,
NO, ‘ 680 528 614 588 776 595
SO, az2s 417 ass 308 244 201
co 496 440 477 597 469 an
Thermal efficiency, % 87 88 87 eé 89 89
‘Firing intensity, HB/Hft3 0.16 0.17 0.16 0.18 0.23 0.27
Combustion efficiency, % 97.5 99.1 8.8 99.0 99.4 99.1
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obtained with no special effr_¢ in emission reduction. Since the
VC design is effective in staging the air, the present results
suggest a high potential for low NO, combustion in VC firing. The
exiting flue gas temperature and the average gas temperature
decrease generally with the increase of excess air. The differ-

ence in temperature becomes higher at higher excess air.

2. Effect of Firing Rate

Figure 4.4 shows the combustor performance at firing rates
between 1.0 and 1.9 MB/H. Stable ignition, self-sustained com-
bustion, and high combustion efficiencies have all been achieved.
All combustion efficiencies are above 97%, and the combustion
performance is the best (>99%) at around 1.2 MB/H (or 0.2 MB/H
££3). NO, and CO levels generally increase with increasing
firing rate and fluctuate within 200 ppm. The 1verage gas tem-
perature was found to be about 200°F higher than the flue gas
temperature. Both temperatures seem to be relatively insensitive

to the change of firing rates.

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% for the center tube at h/H = 0.6, 0.7, 0.8, and 0.9, re-~
spectively. The center tube height was found to have a signifi-
cant effect on the combustor performance. The optimal height is
around 0.8 at which the combustion efficiencies usually exceed
99%. When the center tube height increases, the levels of CO and
NO, tend to decrease. This trend is particulary clear for the CO

level. A higher center tube generally gives somewhat higher
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average and flue gas temperatures (within 100°F) .

4. Effect of Inlet Configuration‘of Center Tube

The inlet configuration of the center tube may directly
affect the local gas flow field, particle trajectory, and resi-
dence time, which in turn, affect the combustion performance.
Exploratory studies with different configurations at the center
tube inlet have been conducted.: The results presented in Figure
4.6 show the comparison between a plain tube (original)'and one
with a flange at the lip (improved). A great improvement of
combustion efficiency (72%) was found with the flanged configura-
tion. The effect of flange on NOy level was not clear. It is
very effective in reducing the CO levels, however, which suggests
a substantial improvement of gas-gas mixing in the bﬁrnou£ zone
with a flanged tube. At 25% excess air, a 3-fold improvement on
cO emission (about 400 ppm‘reduction)‘was acanieved with the
flange. The average gas temperature in the combustor was about
100 °F lower, a result also of the presence of the flange on the

center tube.

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 incrnsased from 253 to 90%. This 1liner
affects the local temperature, the combustion, and the heat
removal capabiiity. Figure 4.7 shows that the combustion effi-
ciency was raised by about 0.5% when the refractory-lined area
wus enlarged from 25% to 90%. The average gas temperature in-

~reased by almost 200°F, as expected. NO, emission was found to
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increase by about 100 ppm and CO emission decreases by about 250
ppm. This is caused primarily by the higher temperature which

promotes the formation of thermal NOy.

4.3 DUC Test Results

About 50 hours of combustion tests have been conducted in
firing DUC. The systematic measurements and observations con-
ducted are given in Table 4.1. Table 4.3 summarizes some of the

major test results.

MMM

The major difference between puC and CWF is their ignition
characteristics. DUC contains less than 2% of moisture which
will not cause delay or other problems as there will be for CWF
in ignition. The average diameter of DUC (12 um) is only 1/9
that og the average CWF droplets (106 pym) . This means that their
particle masses OT volumes may differ by 3 orders of magnitude.
DUC can be ignited almost as soon as it enters the combustion
chamber and burnéd very fast, resulting in a high temperature
zone near the combustor bottom. The excellent ignition and
combustion characteristics of puUC should present no difficulty in
general in VC design and operation. However, since the POC VC
model was designed for.CWF firing, we encountered some difficul-
ties in controlling the DUC combustion process under the same
design configuration as for CWF. Higher temperatures can damage
the combustor even in a few hours. Figure 4.8(a) shows a melted
center tube made of 3/8" thick low carbon steel after a é-hour

continuous <test of DUC at 1.5 MB/H. To contrast, Figure 4.8(b)
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Table 4.3 Major results of POC VC firing DUC.

Parameter Run No. 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 o 0 0 0
Nozzle H 0 0 0 0 0 0
Gas temperatures, °F
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
Enissions,; ppm € 3% O,
NO,, 378 500 455 600 578 567
S0, 69 196 312 320 175 296
co 109 153 266 203 571 453
Thermal efficiency, % 80 86 83 84 89 89
Firing intensity, MB/Hft3 0.20 0.30 0.10 0.23 0.17 0.12
Combustion efficiency, % 7.6 98.7 98.4 98.4 98.3 99.0
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shgws the burn-through hole in the center tube of the PEXp model
after 30 hours of tests.

Two measures were taken to resolve 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; (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 im-

proved.
sults

1. Effect of Excess Air

Figure 4.9 shows the effect of excess air on combustion
performance. The combustion efficiencies were all above 97%, and
changed very little over the whole range of 6-47% excess air
tested, indicating a stable combustion performance over a large
operating range. The calculated thermal efficiencies follow the
same trend and are around 85%. CO levels range from 150 to 300
ppm. Excess air in the range of 25-30% was found to give the
best combustion efficiency (>99%) and thermal efficiency
(>85%) . Within the excess air range of 6-47%, NO, levels range
from 200 to 550 ppm, which is the case with no special efforts to
fine tune the combustor for NO, reduction. It is believed that
less than 200 ppm NO, level can be achieved if a nominal research
effort is made. Figure 4.9 also shows the peak values of average

gas and flue gas temperature occurring near 273% evcess air.
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"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 efficiencies range from
97.4% to 99.1%. In the optimal firing range (1.3-1.5 MB/H), the
combustion efficiencies were all above 99%. Results also show
that the combustion efficiency doesn't seem to be adversely
affected by the firing rates in the three-to-one turndown range.
Little effect of firing rate was found on emission levels either.
NO, and CO levels are all within 550 ppm. Different from what
was concluded for CWF combustion, the average gas temperature in
DUC combustion increases consistently with the firing rate, as

expected.

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 igniiion, 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%, the combus-
tion efficiencies are all above 97%. At 23% primary air, the
combustion efficiency exceeds 99%. The available secondary air
traction of 77% for this case is considered adequate for com-
bustion performance adjustments. .As the primary air increases,
the level of CO increases and the level of NOy decreases, a
result believed to be due to the decrease in gas temperafure.
The average temperature drops about 400 °F when primary air

increases from 10% to 30%.
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As also was observed in Exp VC model tests that the second-
ary air injection in POC VC model has 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 largely controllable by
secondary air injection. Combined with heat transfer surface
adjustments, a large degree of flexibility in combustion control

may be realized in a VC.

4.4 PC Teat Results

Combustion tests with PC were conducted to further evaluate
the fuel flexibility of the POC VC model. As mentioned in Chap-
ter 2, PC diffgrs from DUC only in particle size. The mass oOr
volume of an average PC particle (30 pum) is 17 times larger than
an average DUC particle (11.7 um). The controllability and
flexibility in firing different gsize particles in VC have been
studied in the POC VC model. Table 4.4 summarizes the major.

results.

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 éuite
astonishing to find that combustion efficiency as high as 98.7%
wvas achieved for PC, being almost the same as DUC. Our results

further demonstrate the superior performance of the VC concept in
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Table 4.4 Major results of POC VC firing PC.

Parameter Run No.

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 3 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, °‘F

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% O,

NO,, 718 540 485 552 656

50 532 357 97 98 310

co 607 344 614 sl 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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fuel flexibility. Compared with DUC, the only differences found
in PC combustion tests are: it is easier to clinker and inferior
in ignition characteristics. Understandably, the ignition of »C
is a longer process. Because of the centrifugal force, PC parti-
cles tend to slide or rotate on the combustor wall, and collide
with each other and form clinker on the wall. Duriug the devo-
1atilizatiqn processes, viscous soot may also be produced which
promotes agglomeration and clinker formation.

Adjustment of combustion air distribution was used during
the tests to prevent clinker formation. More air was injected
into the lower portion of the combustor so that a vigorous turbu-
lent flow and a more oxygen-rich atmosphere were produced in the
ignition zone which accelerated PC devolatilization and combus-
tion of volatiles, and reduced the formation of viscous soot. 1In
this way, clinker was prevented and the operations became satis-

factory.

Test Results

Systematic tests of the effect of excess air on PC combus~-
tion in POC VC model were conducted for a total of 20 hours.
Figure 4.12 shows the results (see also Table 4.4). For excess
air ranging from 10% to 50%, the combustion efficiencies were
higher than 97%. The optimal range of excess air was 25-30%, the
same as for DUC and CWF firing( The highest combustion efficien-
cy was 98.7%, slightly lower than those from DUC and CWF firing.
NO,, and CO levels range from 500 to 650 ppm and 350 to 600 ppm,
respectively. As excess air increases, both levels reduce

slightly. The average gas and flue gas temperatures decrease
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with the increase of excess air. The temperature drops about
200°F when excess air changes from 10% to 50%. The average gas

temperature was about 2,000°F in the optimal excess air range of

25-30%.

4.5 Discussions

The combustion of coal fuels may be considered roughly in
three overlapping stages: water evaporation, devolatilization and
ignition, and homogeneous combustion of volatiles and heterogene-
ous combustion of char. pifferent water contents and fuel parti-
cle sizes normally Yill require different design and operational
adjustments of the combustor to ensure stable and complete com-
bustion. Large water content may delay the ignition and slow
down the early-stage combuétion processes because of the low
sufrounding temperature and high water vapor concentration (or
dilute 6xygen distribution). Fuel particle size is critical for
ignition and burnout. In most traditional designs of coal com-
bustors or burners, little flexibility on fuel properties and
particle sizes can be tolerated because they significantly affect
the performance of flame stability, temperature distribution,
boiler rating, and combustion efficiency. The test results pre-
sented in this chapter, strengthened by our cold model results
[11], have conclusively demonstrated the superiority of the VC
concept in high combustion efficiency, good operational perform-
ance, and fuel flexibility, a significant stride in coal combus-

tion technology.
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With regard to fuel flexibility, the POC VC model has demon-
strated its potential to burn both dry powdered coals and coal-
water slurries as illustrated in Figure 4.13. When burning these
fuels: DUC (12 um mean diameter), PC (30 um mean diameter), and
CWF (106 um mean droplet diameter), on-time ignition, stable
flame, intense combustion, and high combustion efficiency
(>98.7%) have all been achieved. It should be noted that many
large particles with diameters above 300 um could exist in the
combustor when burning either PC or CWF with poor atomization and
aggravated agglomeration. The POC VC model can ignite and effec-
tively burn these fuel particles to completion. This performAnce
of fuel flexibility is.attributed to the inherent superiority of
the VC concept: long and controllable residence time, vigorous
recirculations, intense turbulent mixing, and large gas-particle
slip motion. |

Figure 4.14 illustrates the advantage of the VC 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 com-
bustion temperature. The residence time, however, increases
rapidly with particle diameter due to the interaction of strong
centrifugal force and gravity. It is seen also that the particle
residence time is always longer than the needed burnout time in a
vc, 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
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Firing rate, MB/H 2.02 0.8 1.68 1.1 1.64
Excess air, % 27 27 28 27 26
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Figure 4.13 Fuel flexibility of POC VC model.
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combustor which can be effectively controlled by means of second-
ary air injection. This feature of VC helps achieve high combus-
tion efficiency, burning lower grade fuels, suppressing particle

elutriation, and reducing pollutant emissions.
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CEAPTER 5

ECONOMIC ANALYSIS AND NUMERICAL CALCULATIONS

5.1 Operational Concept

The operation and maintenance (O&M) costs, extent of'éystem
automation, and fuel supply/ash removal network for small coal-
fueled boilers can significantly impact the overall economics,
serviceability, and maintainability. Conventional practice using
dedicated O&M crew 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 VC systems unattended using automatic con-
trols. A cenfralized O&M concept serving a group of VCs 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 unexpected repairs, etc..
Figure 5.1 is a schematic showing this concept where a center of.
about 30 persons will serve about 100 VC systems. The operations
between the center and satellite VC systems will be monitored and
controlled via Energy Management Control System (EMCS). 1In this
fashion, dedicated operators are eliminated and O&M costs greatly
reduced.

The VC and the required various auxiliary subsystems can be
easily packaged into a turnkey steam or hot water generating

system made up of individual functional modules such as: the
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combustor itself, steam/hot water generator, baghouse/ash collec-
tor, fuelsair supplies, flue gas exhaust, controls, etc. These
will be completely shop-assembled, packaged, and tested. The
complete VC system will fit into the envelope of a standard
8'x8'x20' shipping container for easy shipment and fast installa-
tion. The system will be automatically controlled and operated
unattended. All scheduled routine inspection and servicing and
unscheduled repairs will be conducted by technicians from the

service center.

5.2 Basis of Ecomomic Analysis

The development of CWF has provided the industry with a.new
fuel option. 1In general, retrofit of 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, retrofitting oil-fired poilers to CWF
firing is unlikely to be economically attractive at the present
time, especially for the small and medium size boilers concerned
here.

The economic analysis, therefore, is based only on a new,
prepackaged, turnkey unit of VC space/water heating system firing
CWF. It includes capit&l jnvestment, operating cost estimates,
and related sensitivity analysis. The firing rate of the ve
heating system considered here is 4 MB/H (producing 2,800 1b/H
saturated steam at 120 psig or equivalent amount of hot water) at
a system thermal efficiency of 85%. The annual capacity factor

is assumed to be 80% typical for neating applications in hospi-
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tals or other commercial buildings in mid-Atlantic states. Major
assumptions and data used in the economic analysis are given in

Table 5.1 below.

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, 1lb/H (MB/H) 2,800 (3.4)
Steam pressure, psig 120
Steam temperature (saturated), °F 341
Feedwater temperature, °F 68
Air temperature, °F 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, pa 15
Ash content, wt% ' 1.0
Sulfur content, wt#d 0.42
Moisture, wt% 34.5
Solid loading, wt% , 65.5
Heating value, Btu/lb 9,740
MATERIAL CONSUMPTIONS: Hourly Annually
CWF 411 1b 1439 ton
Air 39,060 Nft3 274 MNft3
Limestone (optional)
Makeup water 280 1b 981 ton
Electricity 21 kw 147,000 kWh
Chemicals (optional) -
WASTE GENERATION:
Flue gas 51,840 Nft3 363 MNft3
Ash 4.1 1b 13 ton
sulfur Dioxide (max.) 0.006 1b 42 1b
Nitrogen oxides (€200 ppm) 1.17 1b 8,190 1b
waste water 140 1b 491 ton
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5.3 Cost Estimates

The primary criteria for selecting a heating system are
minimal initial and operating costs 8O that the steam.or hot
water may be supplied to the consumers at the lowest possible
price. 1In general, a number of factors, such as energy policy,
zoning regulations, maturity of the technology, capital costs,
fuel prices, prevailing interest rate, and inflation index would
affect the "bottom-line" economics of a heating system and its
performance trade off. Here we shall simply consider the capital

jnvestment and operating cost of a 4 MB/H VC heating plant firing
CWF.

ipme o

There are several commonly used capital cost estimating
methods which vary in accuracy depending on the stage of develop-
ment of the project. The method of purchased cost factors is
used here because it considers certain cost categories in a
turnkey project, such as installation costs, freight and taxes,
etc. as a fixed percentage of the equipment costs. This method
is useful for determining whether the heating syster merits
further consideration and for comparing with other alternative
designs [31,32].

Table 5.2 summarizes the costs of major equipment of a shop-
assembled, packaged VC heating system. The costs of individual
equipment is given on an FOB basis. These costs were obtained
either directly from quotations of equipment vendors, ©or using
conventional engineering practice, or based on our experience

accumulated from this research. All cost data are converted to
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Table 5.2 Cost estimates of a 4 MB/H packaged, CWF-fired
VC 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,
S6H 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, ptainless steel, 1,200

zeolite water softener
42,580 43.1
3.Flue gas/ash system:

Baghouse - 800 ft2 filter area, 4" 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 squipment cost (5-8) 98,683 59.0
6.Freight, insurance, tax (BV), 108+ 9,869 $.9
7.Installation cost, 17% 16,776 10.0
g8.others direct cost,18% 17,763 10.6
9.Total direct cost (5-8) 143,091 B85.5
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

* Percentagek of items 6-~12 are based on item 5.
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'Jaﬁuary 199" dollars based on the Marshall and Swift all-industry
index [33). It is estimated that the costs of instrumentation

and control devices are 30% of other equipment costs.

ves e
Before an industrial system can be put into operation, fixed
capital investment is needed to cover costs of shipment, érec-
tion, building renovations and additions, minor equipment, piping
and installation, instrumentation, etc.. The cost breakdown for
a grass-roots VC heating system is shown in Table 5.2 [31,32,34].

Brief explanations are given below:

o Freight and taxes =~ The sales taxes, freight, and
insurance charges of purchased equipment are estimated to
be 10% of item 5 of Table 5.2 [31].

o Installation cost - Costs for eqguipment installation and
integration with other tie-ins at the operation site, at
the 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
costs factors for each subsystem in Table 5.2 are estimated
differently [31,32). The average factor is about 17% of
item 5.

o Other direct costs - Other costs, such as electrical fa-
cilities, buildings, and site improvement are estimated to
be 18% of item 5 [31,32).

o Engineering and construction - The costs for construction
design, engineering drafting, technical document prepara-

tion, project management, and start-up cannoct be directly"

charged to equipment, materials, or labor in capital in-
vestment. It is normally considered as an indirect cost
and is estimated to be 5% of items 5 [31,32].

o Contractor's fee - The contractor's profit is estimated to
be 6% of items 5 [31].

o Contingencies - The contingency factor is to compensate for
those overlooked or unanticipated elements and unpredict-
able expenses. It is estimated to be 10% of the total
system cost [31,32].



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 VC heating systems of

other capacities [32].
c, = r-3¢ (5.1)

where C, is the costs of VC system of capacity other than 4 MB/H;
C the known costs of a 4 MB/H VC system; r the ratio of VC capac-
ities.

Figure 5.2(a) shows the estimated capital investment versus
design capacities of VC heating systems. it increases almost
linearly with the capacity. For a 4 MB/H VC 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).

Operating Costs

The operating costs of a VC 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 Qt $4.1/MB
delivered ([35]. For CWF with a heating wvalue of 9,740
Btu/lb, the fuel price is $0.04/1b (based on parent coal at
$50/ton).

o Operating labor cost - Based on the centralized servicing
concept discussed in section 5.1, only a small group of O&M
personnel will be required to take care of many VC plants
at the same time. Thudg, it is possible to use only one
dedicated man-hour per day and two additional man-hours per
week for operating one VC system. Assuming the hourly rate
of $40 [32), the needed annual labor cost per VC system is
376 man~hours or $15,040 which is only about 11% of the
operating labor cost of the other coal fired systems re-
quiring one dedicated full-time operator.
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o Utility cost - The price of electricity is assumed to be
$0.065 per kWh.

0o Maintenance - The maintenance expenses include costs for
labor and materials (assumed to be 3% of total direct cost
[31]).
© Overhead and supervision - this cost covers the general
expenses for supporting offices, overhead, safety and
protection, and laboratory fees. It is assumed to be 70%
of the operating labor cost [31].
© Annual capital charge - To recover initial investment, the
total fixed-capital investment is amortized over the life-
time of the equipment at 8% interest.
Steam Production cost

Total production cost of steam or hot water is usually
calculated on annual basis. The annual production cost can
smooth out the effects of seasonal variations and permit a quick
c?lculation of operating costs at partial loads. Table 5.3 shows
the estimate@ unit production cost of steam or hot water for a 4
MB/H VC space/water heating system. For a 25-year payback, at 8%
interest and $4.1/MB CWF, the operating costs of a 4 MB/H VC
system reguire the steam to be sold at $7.15/MB, in which the
fuel costs 67.6%, capital investment 5.2%, and others 23.2%. The
cost breakdowns are also plotted in Figure 5.2(b).

Table 5.3 Production cost of steam or hot water.

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

106

g T



a bac e

- Figure 5.3 shows the effect of year payback and interest
rate on the steam/hot water production costs of a 4 MB/H VC
heating system. It is seen that the unit production cost de-
creases with the decrease of interest rate but with the increase
of year payback. At the assumed CWF price of $4.1/MB and 8%
interest, steam cost is $8.25/MB for 5 years payback, which drops
to $7.45/MB for a lo-year‘paybgck and to $7.15/MB for a 25-year
payback.

At a 25-year payback and $4.1/MB of CWF price, the produc-
tion cost drops only from $7.91/MB (at 20% interest) to $7.04/MB
(at 6% interest). The effects of year payback and interest rate
on overall economics‘are only very minor. This is understand-
able because of the ﬁinor role.of total equipment costs (only

9.2%) in steam producticn cost.

§.4 Numerical Simulation of POC VC Firing DUC

The recently developed mathematical model and computer code
[7,11,36,37) wefe used to simulate the conditions in the POC VC
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 strong-
ly swirling flow feature, while the axial velocity profiles show

the developing type of flow. Due to the presence of a center
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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
Chamber height, in
Center tube 0.D., in
Center tube height, in

HEAT REMOVAL SURFACE
Chamber wall

Top
Bottom
Center tube

FUEL (DUC)
Feed rate, 1lb/hr (MB/H)
Mean Diameter, um
Proximate Analysis (%wt)
Moisture
Volatile matter
Fixed carbon
Ash
Heating value, Btu/lb

Volatile Composition (assumed):

Methane, $wt
Nitrogen, $%wt

AIR SUPPLIES
Overall excess air, %
Primary air/Secondary air
Air inlet temperature, °F
Primary Air
Nozzle height, in
Flow rate, scfm
Velocity, ft/s
Secondary Air Distribution
Nozzle height, in
Flow rates, scfm
Velocity, ft/s

19

33
8.5

29

Water-cooled, 1/4H
refractory lined
Water-cooled
Refractory
Mild steel

137 (2)
12

0
36.9
60.8

243
15,049

68
32

26
12/88
50

5
48.9
66

5/9/13/16.5
91.1/91.1/91.1/91.1
98
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Gas Axial Velocity (ft/sec) |Gas Tangential Velocity (ft/sec)

Total air flow
rate: 413 scfm

Air temperature:

50°F
Excess air: 26%
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tube, the tangential velocities in the annular space are consist-
ently high and relatively uniform, which is beneficial for com-
bustion and pollutant abatement. Due to the arrangement of
progressive 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. 1In the top cylindrical zone, the
tangential velocity profiles exhibit the general behavior of
Rankine typé of flow: a rigid body in the core region surrounded
by a free vortex. The axial velocitiss 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 recircu-
lating flow pattern in the combustor. The vigorous tori 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 2zones near the secondaty air nozzles are seen,
which can promote the mixing of the injected air and ascending
flue gas/particles. The sizable recirculation (or torus) near
the top corner can help trap and throw the burning particles‘
toward the chamber wall, prolong their residence timés, and thug
enhance the burnout.

Figure 5.5 also shows the contour of gas temperatures in the
POC VC 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 2,400°F was found immediately downstream of

the secondary air injection, which was also observed (100°F less)

-\!1\,
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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, in the VC. For particles of 12 um 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 a VC. The slip velocity near the fuel
feed port is large, which is favorable for coal particles to
meet with hot flue gases for drying, devolatilization, and igni-
tion. 1In 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 cylin-
drical burnéﬁt gone 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 vola-
tiles and ox&gen. The volatile combustion process can be 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.; consuned) .

Figure 5.7 shows the calculated active zones of coal devo-
jatilization, volatile combustion, and char reaction. It is
shown that the char reaction 2zone basically coincides with the
volatile combustion zone suggesting that volatile combustion and
char combustion tend to take place simultaneously rather than
sequentially in the VC. Char reaction zone in the annular space

is close to the center tube. This is believed to be due to the
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debletion of coal mass (or shrinking fuel 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
VC. 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 VC 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 signifi-
cant that the volatile combustion zone almost coincides with the
high temperature and low oxygen zones. These results demonstrate
the strong linkage among the different variables in the VC com-
bustion processes.

The above detailed results of combustor performance illus-
trate the unique gas-par‘.icle flov and combustion features of the
VC: strong swirling, decveloping, and recirculating flow, vigor-
ous 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 [11] and the combustion tests

reported here and earlicr [27,28,38-40].
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CHAPTER 6

CONCLUSIONS

This 36-month research program for the development of a
proof-of-concept, non-slagging vortex combustor for commercial
space/water heating applications has been successfully completed.

The major accomplishments are summarized below:

o The VC voncept has been refined and used to guide the design
of two exploratory subscale models (0.15 MB/H PExp and 0.3
MB/H Exp VCs) and one preliminary full-scale model (3 MB/H
PPOC VC). Tihe auxiliary subsystems and measuring devices
for testing these VC models have been successfully de-
veloped. .

o A total of 250 hours of combustion tests of CWF, DUC, PC,
No. 2 heating o0il, and propane have been conducted on the
above three VC models. Systematic evaluations of these VC
models have also been conducted on the combustion character-
istics 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 VC was established.

o Two types of CWF rozzles and a special atdmizing technique
compatible with the VC configuration and applications have -
been designed, fabricated, and successfully demonstrated.

© A 2 MB/H POC VC capable of firing CWF, PC, and DUC has been
successfully demonstrated to PETC and Navy sponsors and
guests. A total of 140 hours of ssstematic combustion tests
have been conducted.

© The VC concept has been demonstrated o be a superior multi-
ple fuel combustion device for small boilers. Unlike some
coal combustors which rely on a combination of precombus-
tion, post combustion, and preheating combustion air and
fuel, the burning of fuel in a VC is totally completed in
the combustor itself without the requirements of preheating
a either the air or the fuel.
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The test results of POC VC have been demonstrated to meet

-

the PRDA's performance requirements. The advantages of the VC
technology as previously claimed in our 1986 proposal have all
peen verified both experimentally and theoretically. Because of
the strong swirl, low temperature, and unique configuration, the
coal-fired VC technology is ideally suited for small- and medium-
scale boiler heating applications. The advantages inherent with

the VC can be summarized as follows:

o Working concept and scaling - The VC concept has been
brought into reality for a wide range of sizes (0.1 - 3
MB/H) . No adverse impacts on technical performance were
noted. Potential for up-scaling still exists.

o High combustion efficiency - Consistently greater than 99%
for firing both DUC and CWF can be achieved. The thermal
efficiencies are also high ranging from 82% to 89%.

o High average firing intensity - 0.1 = 0.45 HB/Hft3 (an order
of magnitude higher than typical pulverized coal-fired
utility boilers). This enables the VC to be made very
compact.

o lLarge turndown capability - greater than 3:1.

o Fast, on-time ignition - Less than 15 minutes from cold to
full load operation.

o Broad fuel flexibility:
Fuel type - dry powdered coals, coal slurries, heating
oil, and gas fuel;
particle size - DUC (12 um), PC (40 pm), and CWF (120 um).

o NO, and S0, jevels are respectively around 400 ppm and 300
ppm (at 3% 0j) 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.

o No preheating - No air/fuel preheating is needed for all
fuels to achieve high combustion performance.

o Controllable combustion temperature - The temperature level
is controllable and can be maintained low (1,600-2,200 °F)
to facilitate pollution abatement and non-slagging/dry ash
removal.
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o Controllable particle behavior - Fuel particle residence
time can be controlled to ensure complete burnout of the
fuel. : '

o Simple construction and stable performance ~ High level of
safety and reliability.
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