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1.1 ABSTRACT

The NOXSO Process uses a regenerable sorbent that removes SO, and NO,
simultaneously from flue gas. The sorbent is a stabilized vy-alumina bead impregnated with
sodium carbonate. The process was successfully tested at three different scales, equivalent to
0.017, 0.06 and 0.75 MW of flue gas generated from a coal-fired power plant. The Proof-of-
Concept (POC) Test is the last test prior to a full-scale demonstration. A slip stream of flue gas
equivalent to a 5 MW coal-fired power plant was used for the POC test. This paper summarizes
the NOXSO POC plant and its test results.




2.0 INTRODUCTION

The NOXSO Process is a dry, regenerable flue gas treatment system that simultaneously
removes 90% of the SO, and 70-90% of the NO, from flue gas generated from the combustion
of coal. The process has been successfully tested at small scale (0.017 MW) on high sulfur coal
(2.5%) at the TVA Shawnee Steam Plant. The test results are contained in two U.S.
Department of Energy reports.?

Tests of a NOXSO Process Development Unit (PDU, 0.75 MW) were conducted at the
Pittsburgh Energy Technology Center (PETC) under a cooperative research agreement between
NOXSO and the Department of Energy (DOE). Testing in the adsorber was done by
continuously feeding a batch of sorbent into a fluidized bed adsorber and collecting the spent
sorbent from the adsorber overflow. Regeneration took place in a separate batch reactor. The
test results were reported by Yeh et al. in 1987,% and by Haslbeck e al. in 1988.9

A Life-Cycle Test Unit (LCTU, 0.06 MW) was built at PETC in 1988 to test the
NOXSO Process in an integrated, continuous-operation mode. The LCTU test program was
designed to determine long-term effects of the process on the sorbent reactivity and attrition
properties. The LCTU unit was operated for over 1200 hours on flue gas. The test results were
published by Ma et al. in 1991,” and by Yeh ez al. in 1992.©

The POC test is the last test prior to the full-scale demonstration. The POC test collected
all of the information needed to design the full-scale NOXSO plant: e.g., data pertaining to
materials of construction, process performance and cost, process safety, process control. sorbent
activity, sorbent attrition, heat recovery, etc. The POC plant (5 MW) is located at Ohio
Edison’s Toronto power plant in Toronto, Ohio. Flue gas was first introduced to the plant on
November 23, 1991. The current test results and process performance are presented in this
report.
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3.0 PROCESS CHEMISTRY

The NOXSO sorbent is prepared by spraying Na,CO, solution on the surface of v-

alumina spheres. Both sodium ions and alumina contribute to the NOXSO sorbent’s capacity
to adsorb SO, and NO, from the flue gas. In this chapter, the existing reaction models are
reviewed and a new model is presented based upon the latest findings in the POC pilot plant and
in NOXSO’s Clairton Research Center (CRC).

3.1 Existing Reaction Models
In this section, the existing reaction models proposed in earlier reports are reviewed.
3.1.1 Sorbent Adsorption

The reaction of the alkali in the NOXSO Process is described in earlier reports as
follows:

Na,CO; + ALO; — 2 NaAlO, + CO, (3.1-1)

2 NaAlO, + H.0 2 2 NaOH + ALO; (3.1-2)

2 NaOH + SO, + 1/2 0, = Na,SO, + H,0 (3.1-3)
2 NaOH + 2 NO + 3/2 0., & 2 NaNO; + H,0 (3.1-4)
2 NaOH + 2 NO, + 1/20, - 2 NaNO; + H,0 (3.1-5)

Equation (3.1-1) should only be carried out in the first several cycles of the sorbent
circulation in the system until all the Na,COj sites have evolved CO,. The model emphasized
the role of water in the process, but failed to explain recent findings: the formation of NO;
during the adsorption process, and the fact that the SO,/NO adsorption can proceed without
water.

3.1.2 Sorbent Regeneration

In the current process design, regeneration occurs in a two-stage regenerator at 620 °C.
Upon heating to the regeneration temperature, the adsorbed NO, is evolved in the sorbent heater.
The heated sorbent is then charged into the first stage of the regenerator and contacted with
natural gas. The adsorbed SO, on the sorbent surface reacts with the reducing gas (natural gas)
at the regeneration temperature and produces SO,, HaS, COS, CS, and H,O. A part of the
sodium sulfate on the sorbent surface is also reduced to sodium sulfide. Therefore, the sorbent
is subsequently treated with steam hydrolyzing the sulfide and producing H,S. The offgases
from both stages are sent to a Claus plant in order to produce saleable elemental sulfur.

The regeneration Kinetics studies carried out to.date® have shown that the kinetics of the
regeneration process are first order. The reducing gases investigated include H,S, CO, H.,
CO/H,, natural gas (CH,), etc. The following reactions were suggested in earlier reports for
the regeneration:*'?
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Using Methane:

4 Na,SO, + CH, — 4 Na,SO; + CO, + 2 H,O (3.1-6)
4 Na,SO; + 3 CH, —» 4 Na,S + 3 CO, + 6 H,0 (3.1-7)
ALO; + Na,SO; 2 2 NaAlO, + SO, (3.1-8)
ALO; + Na,§ + H,0 2 2 NaAlO, + H.S (3.1-9
Using Hydrogen:

Na,SO, + 4 H, - Na,S + 4 H,0 (3.1-10)
Na,S0, - ALO; + H, — 2 NaAlO, + SO, + H,0 (3.1-11)
Na,SO, - ALO; + 4 H, = 2 NaAlO, + H,S + 3 H,O (3.1-12)

Using Carbon Monoxide:
Na,SO, + 4 CO — Na,S + 4 CO, (3.1-13)
Na,SO, - AL,O; + CO - 2 NaAlO, + SO, + CO, (3.1-14)
Na,SO, - ALO; + 4CO — 2 NaAlO, + COS + 3 CO, (3.1-15)

The sodium sulfide formed in the above reaction is hydrolyzed by steam in the steam treatment
vessel to produce H,S®:

Na,S + ALO, + H,0 > 2 NaAlO, + H,S (3.1-16)

The relative distribution of sulfur products formed on regeneration depends upon the type
of reducing gas used®:

Mole. %
Reducing Gas SO, _H,S Sulfur
H, 64 27 9
CO 30 62 8
H,/CO 46 49 5
H,S 21 35 44
CH, 65 30 5

The SO, and H,S produced from the above regeneration process are then converted to
elemental sulfur in a Claus-type reactor.

3.2 New Findings and Proposed Reaction Model

In the past year, extensive efforts were devoted to a better understanding of the chemistry
in the NOXSO Process. Although most of the laboratory work concentrated on the sorbent
adsorption in the adsorber and the NO, desorption in the heater, some studies were also
conducted on the sorbent regeneration. In the following sections, the new experimental findings
both from POC pilot plant and from the laboratory are illustrated and discussed. Based on these
observations, two sets of reaction models were proposed, one for the SO,/NO, adsorption in the
adsorber, and the other for NO, desorption. A model for the sorbent regeneration is also

provided based only on the POC resuits.
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3.2.1 Sorbent Adsorption

From numerous laboratory experiments, the important findings in sorbent adsorption can
be summarized as follows:

Reaction of NO, SO, and O, on sorbent produces NO,.

NO, adsorption produces NO.

NO removal efficiency improves with higher O, concentration.

NO adsorption strongly enhances SO, adsorption.

NO, adsorption proceeds in the absence of SO, and O,.

SO, adsorbed without O, in the flue gas evolves upon heating the sorbent.
The presence of O, and SO, in the flue gas is vital to NO adsorption.

Temperature also exerts a strong effect on SO,/NO, adsorption. Figures 3-1 and 3-2
compare the SO, and NO, adsorption curves, respectively, using a fixed-bed reactor. Clearly,
lower temperature promotes NO, adsorbing capability, but does not change SO, adsorption in
the POC operating range, i.e., about 1.2 wt% of sulfur loading from the adsorber.

In Figures 3-3 and 3-4, the effect of water is given for SO, and NO, adsorption,
respectively. Apparently, the presence of water may also promote the adsorption of SO, and
NO,.

In an EPRI report®, a mechanism of SO,/NO, adsorption using sodium carbonate
(Na,CO;) was proposed. It was found that this mechanism fit the results obtained from POC
and laboratory testing. The mechanism is:

Na,O + SO, 2 Na,S0O, (3.2-1)

Na,S0O, + 1/2 0, = Na,SO, (3.2-2)

Na,0 + SO, + NO + 0, & Na=SO0, + NO, (3.2-3)
Na,0 + 3 NO, & 2 NaNO; + NO (3.2-4)

Multiplying Equation (3.2-3) by 3 and then adding Equation (3.2-4) shows that
4 Na,0 +380,+2NO+30, # 3 Na,SO, + 2 NaNO; (3.2-5)

The above equation indicates that when the reactions approach steady state operation, 1.5
moles of adsorbed SO, are needed for each mole of adsorbed NO. Meanwhile, Equations (3.2-
1) and (3.2-2) suggest that there is another SO, adsorption reaction occurring in parallel.
Therefore, for a steady state operation, 2.5 moles of SO, are necessary to be adsorbed on the
sorbent surface for adsorbing each mole of NO. Figure 3-5 shows the experimental evidence

for the above argument.

Figure 3-6 demonstrates the adsorption of NO, by NOXSO sorbent as suggested by
Equations (3.2-4). From simple integration, the adsorbed amount of NO, is three times that of
evolved NO, which is identical to the stoichiometric ratio used in Equation (3.2-4).
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3.2.2 NO, Desorption

When the spent sorbent was heated in the sorbent heater, the adsorbed NO, was evolved.
This observation was made at the POC pilot plant as well as in the laboratory. The observations
showed:

o NO, desorption produces both NO and NO,, where the latter is about 65-75% of
the evolved NO,.

. The type of gas (air, N,, H) used to heat the sorbent does not affect the
production of NO and NO, significantly.
. A small fraction of SO, may also be evolved while heating the sorbent.

Figure 3-7 shows the typical NO, concentration curves produced on heating the sorbent
used in the NO, adsorption test. The ratio of the evolved NO, to NO is between 2 to 4.
depending upon the operating temperature. Based on the findings, the following reactions are
proposed to explain the NO, desorption.

2 NaNO, — Na,0 + 2 NO, + 1120, (3.2-6)
2 NaNO, - Na,0 + NO, + NO + O, (3.2-7)

Part of the adsorbed SO, was also evolved while heating the sorbent to the regeneration
temperature. This is believed to be the decomposition of the sodium sulfite which is less stable
than sodium sulfate. The reaction is, therefore, the reverse reaction of Equation (3.2-1), or
Na,S0; 2 Na,0 + SO, (3.2-8)
3.2.3 Sorbent Reduction

After all the adsorbed NO, evolves on heating, the sorbent carrying mainly sulfate enters
the regenerator. Based on the POC results, the following regenerator mechanism is proposed:

1/4 CH, + Na,SO, — 1/4 CO, + SO, + 1/2 H,0 + Na,0 (3.2-9)
SO, + Na,0 — Na,S0, (3.2-10)

3/4 CH, + Na,SO, — 3/4 CO, + H,S + 1/2 H,0 + Na,0 (3.2-11)
H,S + N2,0 2 Na,S + H,0 (3.2-12)

CO, + Na,S - COS + Na,0 (3.2-13)

1/2 CO, + Na,S — 1/2 CS, + Na,0 (3.2-14)

3.3 Summary

The proposed mechanisms of SO,/NO, adsorption, NO, desorption, SO, desorption, and
SO, reduction can explain the observations from both POC and CRC. Although more studies
are needed to illuminate the role of alumina and water, the current models are suitable for the

purpose of process design.
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4.0 THE NOXSO 5 MW PILOT PLANT
4.1 Pilot Plant Description

The NOXSO POC at Toronto, Ohio is shown schematically in Figure 4-1. A slip stream
of flue gas (equivalent to 5 MW coal-fired power) is extracted from either Boiler #10 or #11 of
Ohio Edison’s Toronto Power Plant. The flue gas first flows through a 250 HP, 1.D. fan, then
is cooled to 160°C (320°F) by spraying water into the flue gas ducts. The cooled flue gas then
enters a 3.2-m (126") diameter single-stage, fluid-bed adsorber. The NOXSO sorbent, 1.23mm
diameter v-alumina beads impregnated with 5.2 wt% Na, removes the SO, and NO,
simultaneously from the flue gas as it passes through the fluid bed adsorber. The cleaned flue
gas mixes with the hot offgas from the sorbent heater, then passes through the baghouse to
remove all the attrited sorbent before the gas vents to the atmosphere through the power plant’s
stack. A cyclone is installed after the adsorber to recycle fines to the bed (50% efficient on 50
micron diameter particles).

The spent sorbent in the adsorber underflows into the dense-phase conveying system
where 128.9 kPa (35 psig) air lifts the sorbent 24.4-m (80 ft) high to the top of the sorbent
heater, which is a 2.34-m (92") diameter, three-stage, fluid bed vessel. A natural gas-fired air
heater supplies the hot air to heat the sorbent in the sorbent heater to 621°C (1150°F). During
the sorbent heating process, all the adsorbed NO, and a small portion of adsorbed SO, desorb
from the sorbent. The hot sorbent heater offgas can either be directly vented to the atmosphere
through the power plant’s stack or can be mixed with the cleaned flue gas to enter the baghouse.
Mixing with the flue gas is needed to protect the baghouse from exceeding the high temperature
limit of the bags. No cyclone is installed on the top of the sorbent heater. The hot sorbent in
the bottom bed of the sorbent heater underflows into a J-valve (hereafter called top J-valve).
Either nitrogen or steam can be used to carry the sorbent through the J-valve into a 1.22-m (48")
diameter moving-bed regenerator. Natural gas is used as the regenerant to treat the hot sorbent.
The sulfate on the sorbent is reduced to SO,, H,S, and sulfide. Steam is then used to hydrolyze
any residual sulfide to H,S. The offgas from the natural gas treater mixes with that from the
steam treater before the combined stream enters the incinerator, in which all the sulfur species
are converted to SO,.

The regenerated sorbent flows into a second J-valve (hereafter called middle J-valve
because of its relative elevation to other J-valves) from which it enters the 1.73-m (68")
diameter, three-stage, fluid-bed cooler. A fan supplies ambient air to cool the sorbent. The heat
of the regenerated sorbent is recovered by the cooling air which is then used as the combustion
air in the air heater. The cool sorbent in the bottom bed of the cooler overflows into a 1.83-m
(72") diameter surge tank. A third J-valve (hereafter called bottom J-valve) is used to transport
the sorbent from the surge tank to the adsorber.

The top and middle J-valves isolate the reducing section (regenerator) of the NOXSO
plant from its oxidation section (heater and cooler train). The steam (for normal operation) or
nitrogen (for start-up) enters the middle and top J-valve to carry the sorbent upward. Since the
steam is introduced at the lowest point of the J-valve, which is also the highest pressure point
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between the two vessels. a steam barrier is, therefore, created to prevent the mixing of the
reducing gas with the oxygen or vice versa. The bottom J-valve is operated with air to lift the
sorbent from the surge tank to the adsorber.

Since the POC plant uses only a slip stream of flue gas from the power plant, the amount
of NO, evolved from the sorbent heater is too small to affect the NO, thermal equilibrium inside
the coal combustor. Therefore, NO, is not recycled to the coal combustor during the POC
testing. However, the ability of a coal combustor to reduce excess NO, introduced into the
combustion chamber was proven in a series of simulated NO, recycle tests. The simulated NO,
recycle tests were carried out in PETC’s tunnel furnace and 227 kg/hr (500 Ib/hr) pulverized
coal combustor.®* In order to obtain the NO, recycle data to design the NOXSO full-scale
demonstration plant in Niles, Ohio, a simulated NO, recycle test program was conducted in
parallel to the POC test at the Babcock and Wilcox (B&W) modular cyclone coal combustor in
Alliance, Ohio.®

4.2  Analytical Equipment

The gas monitoring system measures concentrations of gas components in the process
streams. These measurements are used to assess system performance and characterize process
streams. The measurements are used to determine gas and gas-solid mass balances for reaction
vessels. Gas samples are continuously pulled from six points for analysis. They are analyzed
using both a series of continuous analyzers and a process mass Spectrometer. Sample locations.
sample type, analyzer type, and components measured are listed in Table 4-1. The monitoring
system is diagrammed in Figure 4-2.

Table 4-1. Gas Monitoring System Sample Points
Sample Location Sample Type Analyzer Components Analyzed
Adsorber Inlet Flue Gas Continuous SO,, NQ,, CO. CO,, O,
Adsorber Outlet Flue Gas Continuous $0,, NQ,, CO. CO,, 0,
Sorbent Heater Outlet Flue Gas Continuous S0,, NO,, CO, CO,, 0,
Incinerator Outlet Flue Gas Mass Spec S0,, 0;, N., CO,
Regenerator Offgas * Process Gas | Mass Spec H,0, H.,S, SO., CO,, CH,, CS,. COS
Steam Treater Offgas * Process Gas | Mass Spec H,0, H,S, S0,, CO,, CH,, CS,, COS

* These gas samples are diluted 10:1 with 10% Ar/90%N, at the sample point.

Gas streams are sampled using two different extractive techniques. The flue gas type
streams (adsorber inlet, adsorber outlet, sorbent heater outlet, and incinerator outlet) are sampled
using filtered extractive probes. Two types of filter probes are used. For samples with very
low dust loadings (adsorber inlet and incinerator outlet) a Balston type 30/25 sample filter is
connected to a 3/4" diameter SS tube extending into the center of each duct. Mott model 7611

4-3

A R Liier 2\ e o At e o 4R T T e




walsAg Buuolluoly sen

¢t ainbyy
3 5334080 001
BN X0O CHOILIONGD YD C3LVAH
BEaas L e,
- L)
soLons tafoin v ' GIVINIS Y0 N
OL (WA 34V SAIVA WOIDTES HIZATWIY '

S35VD TULHYS HIVAIL HYALS (W HOLNEE0M ' : $35Y0 NOLLVMEVO

CAIVUOY 3HY SIATVA HO193135 HiDA @ :
ﬁ ' _ S=OALH0 MOY OL
| I —— H m_ B0 vvau wass

[]

SN AL WISHEY

Y 04 . =-UMI00 MO OL
BATVA H010388 | e ‘
O O : m_ " TEV0-:40 MOLIVIEREON

H A
s REREEEE CEETE . : 1 535V0 HOLLVVEL'NVD
) ' : {3}
Savdl M3IYM | ' ' 13UND HOLYVIEMDNE
ON SBSE000 ) ;
] ] .
) ' : &
]
EEo § .r-..u..,..Ju.... b : AVA 010385 W 130 MELV3H Leans
NVHO OL n {3l 1TUN0 MBA0STY
: [3}
NIVHO NV 31714 i Tus SV | = _
VAL :
INESI XOV8
ﬂ& I R SUOUOPPROI RSN eeeeeecennenmneenanaonnd
3 X08_JUVTEVD
NS 0LV HON
HEZA MY 205
HOWE3W NELSIA 2 Vet HEILATAY XN 002 HOLONE HOvA 0L
e Bmmeee
vaA o1 LA 0L LEAOL



inertial gas sampling systems are used on the adsorber outlet and sorbent heater outlet. These
probes allow particulate free samples to be collected without pulling samples through a filter
cake of particulate. The second extractive technique is applied to the regeneration offgas and
the steam treater offgas. These streams are diluted 10:1 with a mixture of 10% argon and 90%
N, at the sample point. This dilution allows sample collection and analysis without condensation
of water from the sample. The argon in the dilution gas allows accurate measurement of the
dilution ratio. Gas samples are conveyed from the sample point to a heated sample conditioning
box (100°C) through 3/8" Teflon tubes in heated tube bundles (130°C). The gas is filtered in
the sample conditioning box. Two actuated sample valves in the conditioning box are used to
select the gas sample analyzed by the continuous analyzers and the mass spectrometer. The
mass spectrometer samples are analyzed hot and wet (with no condensing of the water in the
sample). The continuous analyzer sample is analyzed (hot and wet) for NO, using a heated
sample capillary assembly. This allows for accurate measurement of NO, in the sample gases
(if water was condensed from the sample, NO, would be scrubbed from the gas and produce 1/3
NO). Water is condensed from continuous analyzer samples prior to analysis for SO,, O,, CO,
and CO,

A single bank of continuous analyzers are used to sequentially measure SO,, NO,, O..
CO, and CO- in the adsorber inlet, adsorber outlet, and sorbent heater outlet. The continuous
analyzers,which are calibrated daily, are listed in Table 4-2. Each stream is analyzed for 10
minutes, followed by a change to the next stream. After switching sample streams the system
is allowed to purge for five minutes prior to collection of data. The total time for analysis of
the three streams is 45 minutes. Data from the analyzers is transferred to the Bailey Network
90 process control system for operator display and data collection.

Table 4-2. Continuous Analyzers

Component Analyzer Type Analyzer Manufacture & Model
SO, uv Western Research Model 721AT
NO, Chemiluminescence Thermo Environmental Model 10S w/

Model 700 Heated Sample Capillary
0, Paramagnetic Pressure Horiba Model CMA-3X1A
Cco Cross Modulation NDIR Horiba Model CMA-3X1A
Co, Cross Modulation NDIR Horiba Model CMA-3X1A

The process mass spectrometer is a Milton Roy Prospec 2000. The mass spectrometer
is calibrated once a month. Sample gas is introduced to the analyzer through a heated sample
capillary assembly and into an jonizer chamber. The sample is ionized and the resulting ions
separate by mass/charge ratio in the quadrapole section of the mass spectrometer. Tons used for
each component in the analysis are listed in Table 4-3.
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Detection of the separated ions is by an electron multiplier. Sampling, analysis, and data
storage is controlled by a dedicated Compaq 286 computer. Concentrations measured by the
mass spectrometer are also output to the distributed control system using a 4-20 mA interface.

The mass spectrometer sequentially analyzes the regeneration offgas, steam treater offgas,
and incinerator offgas. In addition to the sample analysis, a flue gas standard of SO,, O,, N,,
and CO, is analyzed as part of the sequence. Each stream is analyzed once every 20 minutes.

Table 4-3. Radical Ions Used for Mass Spectrometer Analysis
Component Mass Peak for Analysis (M/Z)

H,O 18

H,S 34

SO, 64

co, 44

CH, 15

CS, 76
COS 60

o, 32

N, 14

4.3 Data Acquisition and Reduction

Data from field devices are transmitted to the Bailey net 90 distributed control system
in analog signals and are converted to digital data by the input slave converters. The digital data
are then available to the PCU data bus for the control modules and for transfer by serial
communications to the DC90 program operating on a dedicated personal computer. Following
each shift of operation the DC90 software is used to convert the data files to Lotus spreadsheet
format. The Bailey system also makes data values and trend lines available to the operator on
the operator interface screens. Trend lines contain one week of data before being overwritten.

The first step of the data reduction process is the plotting of key process variables versus
time from the 5 minute data samples. These plots are reviewed to determine if data must be
rejected, either because the process was not at steady-state or because of excessive variations in
gas concentrations. After rejecting unsuitable data, averages of all process variables are
computed and transferred to an ASCI data file. The ASCII data file then serves as input to a
FORTRAN program which calculates mass and energy balance closures and the performance
of key unit operations. Data is rejected if the mass balances are not closed to within + 15%.



4.4  Pilot Plant Availability

From November 1991 through December 1992, the NOXSO pilot plant processed flue
gas for a total of 5213 hours. An additional 1615 hours was spent operating hot inert, i.e.
sorbent was circulated throughout the system and heated, but air, instead of flue gas, was fed
to the adsorber. Figure 4-3 shows the number of hours per month that flue gas was treated at
the pilot plant.

Figure 4-4 shows the pilot plant availability factor per month. The plant availability
factor is defined as the number of pilot plant operating hours on flue gas expressed as a
percentage of the total number of hours in which flue gas was available for processing. The
NOXSO pilot plant availability factor per month ranged from a low of 0% in January to a high
of 94% in the month of June. :

The first four months of operation were hampered by the usual startup/shakedown
problems encountered in a first-of-a-kind installation. For example, the plant was shutdown the
entire month of January (0% availability) to replace all seven grid plates in the fluid beds. The
original 1/16" grid holes proved to be too small and plugged. However, the monthly average
pilot plant availability over the period April - December 1992 was 76%. This is an excellent
result for a pilot plant. The average availability for commercial FGD plants in 1989 was
82.9%."2 Pilot plant availability is generally much worse than a commercial installation, since
the pilot plant is a first-of-a-kind design and is subject to frequent changes in operating setpoints
that stretch the limits of plant operability. Nevertheless, the NOXSO pilot plant availability
factor was close to the industry standard for commercial plants over the last eight months of the
POC test. This is proof that the process is simple, reliable and adjusts easily to changing
operating conditions.

The pilot plant was run by two operators. A minimum of two was required for safety
so that, in the event of an injury to one man, the other could assist the injured and call for help
or emergency response. In actuality, our experience is that less than one full-time operator is
needed to operate the pilot plant since process controls and process safety systems are fully
automated through the Bailey distributed control system. Aucxiliary personnel for maintenance.
instrument calibration and repairs, etc., would be required on an as needed basis.

4.5 Sorbent Sampling and Analysis

Sorbent samples are collected on a routine basis to measure process performance and
monitor changes in the NOXSO sorbent. Sorbent samples are taken from the operating process
every six hours for measurement of sulfur content. The sample locations are listed below:

Cooler Top Bed
Adsorber Outlet
Middle Regenerator
Bottom Regenerator
Steam Treater
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The samples are removed from the process through sampling lockhoppers. The
lockhoppers for the cooler top bed and adsorber outlet are unpurged; while the regenerator and
steam treater sample lockhoppers are purged with nitrogen to remove hazardous gases. Sorbent
samples are analyzed for sulfur content using a LECO model 132 sulfur analyzer. This analyzer
heats (furnace temperature = 2500°F) a weighed sample of sorbent in oxygen, driving off sulfur
from the sample as SO,. The gases from the combustion zone flow through an infrared cell for
measurement of SO,. Tungsten and iron powder accelerants are added to the samples to drive
all of the sulfur from the sample. The analyzer is calibrated on a daily basis using NBS
traceable coal standards. The results are used to perform mass balances around the adsorber and
the regenerator.

In addition to the sulfur analysis samples, solid samples are taken from the process on
a routine basis and analyzed in W.R. Grace laboratories. Table 4-4 lists the solids sampling
locations, analysis frequency, and analysis performed. The cooler top bed was chosen as the
primary sample location for sorbent samples since samples at this point are regenerated and have
a sulfur content relatively independent of process conditions. Bottled samples are logged into
W.R. Grace’s Laboratory Information Management System (LIMS) system and sample labels
printed and applied at the site. Analytical results are entered into the LIMS system and made
available at the site via computer modem. Unanalyzed (retain) samples are taken and stored for
possible future analysis should it be required.

Table 4-4. Sorbent Sampling Locations, Frequency and Analysis
Sample Location Analysis Frequency
Cooler top bed S 4 times/day
Adsorber outlet S 4 times/day
Middle regenerator S 4 times/day
Bottom regenerator S 4 times/day
Steam treater S 4 times/day
Cooler top bed ACS, SA, HGPV, TV, ICP, SiO, Daily
Cooler top bed CBD, PSD, AJA Twice weekly
Cooler top bed Carbon Weekly
Top J-valve Carbon Weekly
Middle J-valve Carbon Weekly
Baghouse TV, ICP, PSD, SiO, Weekly
Adsorber cyclone dipleg TV, ICP, PSD, SiO, Weekly
Adsorber outlet S,N Weekly
Makeup sorbent drums ACS, CBD, SA, HGPV, TV Each drum
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ACS - Crush Strength

AJA - Air Jet Attrition

Carbon - Carbon Content

CBD - Compacted bulk Density
HGPV - Mercury Porosimetry

ICP - Elemental Analysis by Inductively Coupled Plasma
N - Nitrogen Content

PSD - Particle Size Distribution

S - Sulfur Analysis

SA - BET Surface Area

Si0, - Silicon Measurement by ICP
TV - Total Volatiles (1750°C)

Analyses performed at the W.R. Grace laboratories measure both physical and chemical
properties of the sorbent. Sorbent crush strength (ACS) is a measurement of the force required
to break sorbent pellets. Loss of sorbent strength would indicate a loss of sorbent integrity and
accompanying increases in sorbent attrition. The surface area analysis (SA) measures the total
surface area of the sorbent on a mass basis. As with most adsorption processes, sorbent
performance is strongly influenced by surface area. Mercury porosimetry (HGPV) measures the
pore size distribution of the sorbent. Inductively Coupled Plasma (ICP) measures the metal
contents of the sorbent. This is a check for any accumulating metals on the sorbent from
process operation or flyash in the flue gas. Changes in sorbent particle size due to attrition of
sorbent will appear in measurements of the compacted bulk density (CBD) and particle size
distribution (PSD). The air jet attrition (AJA) test is a laboratory measurement of the sorbent’s
attrition resistance. The carbon analysis is for establishing a carbon balance of sorbent passing
through the regenerator with the gas flows (natural gas, regenerator offgas, and steam treater
offgas).

4.6 Plant Safety

The NOXSO POC pilot plant has been instrumented for intrinsically safe operation. The
process and installation have been thoroughly reviewed to insure safe design and operation.
There have been no lost-time accidents during the entire POC project. The process has operated
safely for over 5213 hours on flue gas and 1615 hours hot inert operation during 18 months.
This record is a direct result of proper design and operation of the NOXSO Process. Two
system safety hazard analyses (what ifs) were performed by MK-Ferguson. One analysis was
performed on the process as designed and a second after the process was constructed. W.R.
Grace also performed two complete haz-op reviews of the process (one as designed, a second
as installed). A safety inspection of the site and operation was performed by MK-Ferguson’s
director of corporate safety prior to system startup.

Nuclear level gauges are used at three locations in the pilot plant to measure the sorbent
level. These gauges require five radioactive sources licensed by the U.S. Nuclear Regulatory
Commission (NRC). The NRC performed a compliance inspection of the site in October 1992.
Monthly inspections of these sources and procedures are performed by MK-Ferguson, with
results sent to MK-Ferguson’s director of radiation safety. All site workers use radiation film
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badges to monitor the absence of exposure to the radiation sources. Monthly safety inspections
are performed on safety equipment and the overall site by the NOXSO safety coordinator.

The process is controlled using a Bailey Network 90 Distributed Control System (DCS)
with two operator interface stations. The DCS system has redundant control modules within the
DCS, communication modules between the DCS and operator interfaces, and operator interfaces.
If any of these items fail, the redundant module will automatically replace the failed module.
Almost all of the process measurements and the control elements are tied into the DCS. The
operator interface stations display measured values, control outputs, and sound alarms through
over 20 graphic screens. The system was designed to shutdown safely in the event of a total
power failure, with valve fail modes designed to shut off all natural gas to the tower and
nitrogen purging of the regenerator.

Alarms on process values occur through the DCS and are displayed on the operator
screens. The control system is designed to automatically take corrective action through process
trips to insure process safety. A total of 34 process criteria interlock into 24 trip devices. Three
independent trips exist to insure separation of the oxidizing environment in the heater/cooler
system from the reducing environment in the regenerator. These are:

1. Sorbent heater bottom bed level: normal operation at 11" with trip at 3",
measured by three separate pressure differential measurements and a nuclear level
gauge.

2. Sorbent heater to regenerator differential pressure: normal operation at 10" H,O.

trip at 0" H,O, measured by three separate pressure differential measurements.

3. Oxygen and methane measurements in the top and middle J-valves to detect gas
transfer through the J-valve.

To ensure operator safety against hazardous gas leakage, the process tower is equipped
with nitrogen purging of the regenerator and 16 remote gas sensors for H,S (8 sensors), SO, (4
sensors), and CH, (4 sensors). These sensors are placed on the tower near areas of possible
leaks. The sensor displays are in the control room and the sensor alarms are output to the DCS.
A sounding alarm and flashing light at the base of the tower warns if concentrations of these
gases exceed safe levels.

Operators are trained to operate the process safely, respond appropriately to process
changes, and use proper safety equipment. A partial list of the available safety equipment is in
Table 4-5. Hard hats, safety shoes, and safety glasses are required in the process area. Lockout
procedures are used for all mechanical equipment and dangerous gases to ensure they will not
be started during maintenance activities. Vessel entry forms are used for each process vessel
to ensure safe confined space entry. Operator safety training includes an eight-hour, first-aid
course certified by the Red Cross and eight hours of POC safety training. The POC safety
training includes process review, hazard notification, respirator training, review of pertinent
MSDS sheets, and use of safety equipment.
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and trip values for the process.

Table 4-6 shows the original trip initiators, their normal operating range, alarm points,
When a trip occurs, the control system automatically takes
action through 22 trip devices to protect personnel and equipment. Table 4-7 shows the 22 trip
devices. Only some of which are activated for each trip initiator.

Table 4-5. Safety Equipment at the NOXSO POC

2 SCBA (self contained breathing apparatus) with 30 minute O, tanks

3 air line respirators, 2 emergency escape breathing apparatus

Dual cartridge respirators for organic and acid gases, dust masks

Earplugs, oxygen level meter, co

mbustible gas meter, geiger counter, sound level meter

Drager tubes for H.S, SO,, CO, and NO, concentration measurements

Dosimeter tubes for H,S, SO,, CO, and NO, exposures

First aid kits, fire extinguishers (1 on each tower level and each trailer)

Emergency use oxygen (15 minute)

Available at power plant: backboard, blankets, resusci-kit

Table 4-6. Original Trip Initiators

Trip Normal Alarm Trip
No. Operating Range | Point Point Notes
1 High temperature at spray 220-315°F 325°F | -
outlet (TAHH-107)
3 High gas temperature sorbent 650-765°F - 850°F 900°F
heater outlet (TAH-0533)
4 Low AP bottom bed sorbent 5-9" H,0 3.5" 2.0" AP = 7.7" H,0O/ft
heater (PDALL-517) H,0 H,O sorbent bed height =
0.68-1.14 ft
5 High temperature bottom bed 1200-1250°F 1300°F 1325°F | Heater design
sorbent heater (TAHH-526) temperature = 1400°
6 Low sorbent level bottom bed 8-14" 5.5" 3" Bed height = 0.68-1.14
sorbent heater (LALL-501) ft
7 High skin temperature sorbent 1341-1381°F 1400°F 1425°F | Heater design
heater (TAHH-535) temperature = 1400°F
8 Low aeration/lift flow 15"/scfm 10"/scfm | 5"/scfm
heater/regenerator J-valve
(FALL-557)
9 High aeration/lift flow 15"/scfm 25"/scfm | 30"/scfm

heater/regenerator J-valve
(FAHH-557)

PR
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Table 4-6. Original Trip Initiators

Trip Normal Alarm Trip
No. Operating Range | Point Point Notes

10 Low sorbent level regenerator 3-15ft 2 ft 1f
(LALL-302)

11 High skin temperature top of 1160-1250°F 1300°F 1350°F | Alarm set to indicate
regenerator (TAHH-332 & possible runaway
TAHH-336) reaction of CH,

combustion

12 | High AP between sorbent 8-12" H.O 15" H,0 | 20" H,0 | Pressure in regenerator is
heater and regenerator higher than pressure in
(PDAHH-518) sorbent heater

13 | High skin temperature bottom 1050-1200°F 1275°F.| 1325°F
of treater (TAHH-341)

14 High oxygen in sorbent heater 0% 0.5% 1.0%

J-valve (AAHH-560A)

15 High methane in sorbent heater 0% 0.5% 1.0%
J-valve (AAHH-560B)

16 High oxygen in line between 0% 0.5% 1.0%
regenerator and incinerator
(AAHH-324)

18 Low purge flow 6-12"/scfm 5"/scfm | 37/scfm
regenerator/cooler stripper
(FALL-348)

19 High purge flow 6-12"/scfm 13"/scfm | ~----
regenerator/cooler stripper
(FAH-348)

20 High methane in sorbent cooler 0% 0.5% 1.0%

(AAHH-421)

22 High level bottom bed sorbent 8-14" 24" | - 44’between grids
heater (LAHH-501)

23 Low steam pressure in supply 15 psi 12 psi 10 psi
heater (PALL-703)

24 Low sorbent temperature in 1130-1250°F 1115°F 1100°F
regenerator (TALL-352H)

25 High temperature baghouse 330-350°F 375°F 400°F Bags designed for 400°F
inlet (TAHH-120)

26 | Low pressure in air heater 80-100 psi 70 psi 50 psi
(PALL-803)

27 Incinerator trips out (UA-625) ——— ————- ———em

(vendor package)

4-14




Table 4-6. Original Trip Initiators

Trip Normal Alarm Trip
No. Operating Range | Point Point Notes
28 Air heater trips out (UA-622) —_— e —
(vendor package)
29 | Operator initiated trip | - | - ———
30 | High AP bottom bed sorbent 59" H,0 14" H,0 ————- AP=7.7" H,O/ft sorbent
heater (PDAH-517) bed height=0.68-1.14 ft
31 High pressure sorbent cooler 0.75-2.0 psig 2.8 psig | 3.2 psig | Fan maximum discharge
outlet (PAHH-402) pressure=113" H,0 (4.1
psig)
32 High aeration/lift flow 15" /scfm 25"/scfm —--
regenerator/cooler J-valve
(FAH-322)
33 High O, regenerator/sorbent 0% 0.5% 1.0%
cooler line (AAHH-349)
34 Low AP between regenerator 10-70" H,0 8" H,0 4" H,0
and incinerator (PDAHH-610)
37 Adsorber feed blower (K-101) | == | - ——--
not running (XI-116)
38 High purge flow to sorbent 6-12"/scfm 13"/scfm -——--
heater stripper (FAH-555)
39 Low purge flow to sorbent 6-12"/scfm 5"/scfm | 3"/scfm
heater stripper (FALL-555)
40 Low aeration/lift flow to 15" /scfm 10"/scfm | 5"/scfm
regenerator/cooler J-valve
(FALL-322)
41 Low AP regenerator/cooler 200-50" H,0 30" H,O | 20" H,O
stripper (PDALL-309)
42 Low AP heater/regenerator 200-50" H,0 30" H,0 | 20" H,0
stripper (PDALL-562)
43 Low sorbent level treater 1’9" - 10° r 0.5°
(LALL-303)
44 | Low AP between sorbent 8-12" H,0 5" H,0 0" H,0
heater and regenerator
(PDALL-518)
45 Operator initiated trip ———- — ——
4-15
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Table 4-7. Trip Devices
Stop natural gas to regenerator Close CV-3021*
Shut down incinerator UA-624
Shut down air heater UA-623
Close isolation balves between regenerator and sorbent heater CV-5023 & FV-566
Close isolation valves between regenerator and sorbent cooler CV-4011 & FV-395
Stop steam to regenerator Close CV-3019
Close isolation valve regenerator to incinerator CV-3022
Stop adsorber feed blower K-101
Stop cooling air blower K-103
Stop dense phase conveying system, Close CV-207A & D
Stop flow to heater/regenerator stripper Close CV-5027
Stop flow to heater/regenerator J-valve Close CV-5021
Stop flow to regenerator/cooler stripper Close CV-3025
Stop sorbent flow through regenerator/cooler J-valve Close CV-3027
Stop sorbent flow from surge bin Close CV-4021
Start nitrogen purge to sorbent heater Open CV-7030
Start purge to top of regenerator Open CV-3820
Start purge to treater Open CV-3026
Start purge of regenerator Open CV-3017 & CV3018
Close spray water control valve TV-107
Stop steam to natural gas preheat exchanger Close CV-7024 &TV-804
Stop natural gas to regenerator and air heater Close CV-8027

*Tag numbers from P&ID

During NOXSO POC operation some changes were made to the original trip matrix. These
are summarized in Table 4-8. The J-valve gas flow Trips 8, 9, 18, 39, and 40 were found to be
unnecessary, prone to frequent unnecessary trips, and redundant to other trips. They were deleted as
trips. Because the regeneration of sorbent occurred at lower temperatures than originally anticipated,
the trip for low sorbent temperature in the regenerator (Trip 24) was lowered from 1100°F to 1000°F.
This was also incorporated as an interlock to prevent natural gas entry into the regenerator at average
temperatures below 1000°F (Trip 46). The J-valve stripper differential pressure (Trips 41 and 42)
were lowered to prevent unnecessary trips. The upper pressure taps for the differential pressure
measurements were moved to the vessel itself (rather than having both pressure taps in the stripper
section of the J-valve).
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Table 4-8. Changes to Original Trip Matrix

Trip
No. | Description Change

8 Low aeration/lift flow heater/regenerator J-valve (FALL-567) Deleted Trip

9 High aeration/lift flow heater/regenerator J-valve (FAHH-567) Deleted Trip

18 Low purge flow regenerator/cooler stripper (FALL-348) Deleted Trip

39 | Low purge flow to sorbent heater stripper (FALL-555) Deleted Trip

40 Low aeration/lift flow to regenerator/cooler J-valve (FALL-322) Deleted Trip

24 | Low sorbent temperature in regenerator (TALL-352H) Alarm at 1025°C
Trip at 1000°C

25 | High temperature baghouse inlet (TAHH-120) Alarm at 450°F
Trip at 475°F

41 Low AP regenerator/cooler stripper (PDALL-309) Alarm at 3" H,0
Trip at 1" H,0

42 Low AP heater/regenerator stripper (PDALL-562) Alarm at 5" H,0
Trip at 3" H,0

14 | High oxygen in sorbent heater J-valves (AAHH-560A) Alarm at 5% O,
Trip at 10% O,

15 High methane in sorbent heater J-valves (AAHH-506B) Alarm at 2.5% CH,
Trip at 5%CH,

16 High oxygen in line between regenerator and incinerator (AAHH-324) Alarm at 5% O,
Trip at 10% O,

20 High methane in sorbent cooler (AAHH-421) Moved to Incinerator
Qutlet, Alarm at 1% CH,

33 High O, regenerator/sorbent cooler line (AAHH-349) Alarm at 5% O,
Trip at 10% O,

46 Upper regenerator/average temperature (TI351 AVG) Interlock Trip at 1000°F

47 Incinerator low temperature (TSL-608) Alarm at 950°F
Trip at 900°F

Process gas measurements of oxygen and methane were found to trip principally due to
analyzer malfunction. The measurement cells for oxygen were changed and the trip points
increased to more appropriate levels (Trips 14, 15, 16, and 33). The methane alarm and trip
on the sorbent cooler were found to be unnecessary. The cooler air flow is typically 2800 scfm
while the natural gas flow to the regenerator is 15 scfm. This gives a maximum concentration
of 0.5 volume percent if all the natural gas going into the regenerator came out through the
cooler. This analyzer sample point was moved to the incinerator outlet for natural gas
measurement. An additional Trip 47 was added to the process to cut the incinerator should its
combustion chamber temperature fall below 700°F.
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There is some redundancy with respect to trips on the pilot unit which should be removed
on commercial units. The sorbent heater bottom bed level is measured by three differential
pressure transmitters and a nuclear level gauge. Both these level indicators have alarm levels
and trips. For commercial units, this should be reduced to one differential pressure
measurement and a nuclear gauge or two differential pressure measurements. This would leave
two measurements of the heater bottom bed level for independent trips on the level, while
removing some redundancy. (The two differential pressure measurements would be less
expensive than a differential pressure measurement and nuclear level gauge.)

There are three differential pressure transmitters monitoring the pressure difference
between the bottom bed of the heater and the regenerator. These could be reduced to two
transmitters in a commercial unit. The stripper gas inlets on the J-valves should be reduced
from four inlets to a single steam inlet. The stripper gas is used on the sorbent heater to
regenerator J-valve (FI-5059, using a single steam inlet) while the J-valve stripper gas between
the regenerator and sorbent cooler is unused.

The pressure measurement between the slide gate valves on the sorbent heater to
regenerator (PT-563) and regenerator to sorbent cooler J-valves (PT-433) are unused and should
be deleted from future installations. They were originally installed to measure the pressure
between thé two slide gates when the slide gates were both shut. The pressure transmitter lines
are frequently plugged with sorbent and the slide gates bypass sufficient gas that the pressure
never builds in the manner originally anticipated.

It is not necessary to purge the regenerator with high volumes of nitrogen whenever a
trip occurs. The purge nitrogen flows from pressure transmitters and sorbent sampling stations
are sufficient to maintain regenerator pressure in the event of trips.

These process control changes can be made without any compromise to operating safety.
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5.0 MATERIALS OF CONSTRUCTION

Material tests collected performance data on construction materials used at the NOXSO
POC and possible materials which could be used in future NOXSO installations. Corrosion data
on materials has been measured via corrosion coupons mounted in vessels during process
operation, periodic vessel inspections, and accelerated corrosion tests in the laboratory.

5.1 Vessel Corrosion Coupons

Corrosion coupons were used for corrosion measurements at seven locations in vessels
at the POC. Corrosion test racks containing metal test samples were installed prior to startup
of the facility and removed for examination and analysis at the end of 5500 hours of process
operation. Figure 5-1 shows a test rack with installed sample coupons. The samples were
exposed to approximately 18 months of total operation (including shakedown and startup).
Coupon weights, dimensions, and physical conditions were measured before and after exposure.
These results were used to calculate corrosion rates of the materials.

Seven corrosion racks were installed at different locations to provide corrosion data for
specific components of the process. Table 5-1 summarizes the rack locations and components
corresponding to the locations. Racks 1 and 2 measured corrosion rates before and after flue
gas contact with the sorbent. Rack 3 measured corrosion rates between the air heater and
sorbent heater. This area contains hot air with combustion products from the air heater. Racks
4 through 7 measured corrosion rates in the regenerator, with Rack 5 contacting sorbent in the
regenerator. Test materials were chosen to include materials with both high and low corrosion
rates for comparison purposes. The coupons on each rack are summarized in Table 5-2.

Table 5-1. Location of Vessel Corrosion Coupons

Rack Number and Location Components
1. Adsorber inlet Ductwork between spray cooler and adsorber, base of adsorber,
and adsorber gas distributor.
2. Adsorber outlet Adsorber (above distributor), adsorber cyclone, and ductwork
(top of adsorber) between adsorber and stack.
3. Air heater outlet Air heater, duct between air heater and sorbent heater, bottom .gas
distributor in sorbent heater, and sorbent heater.
4. Regenerator Methane regenerator, piping between regenerator and incinerator,
(top of methane regenerator) and control valves on piping.
5. Regenerator Methane regenerator, sorbent transfer line from sorbent heater 1o
(sorbent bed) regenerator, and any vessel surface in contact with sorbent beads.
6. Steam treater Steam treater, piping between steam regenerator and incinerator,
(top of steam treater) and control valves on piping.
7. Steam treater Steam treater and vessel surface in contact with sorbent.

(middle of steam treater)
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Figure 5-1
Corrosion Spool Test Rack



Table 5-2. Types of Coupons on Corrosion Test Racks

Corrosion Coupon Racks

Materials

1]2[3]4a]s5]6]7

Stainless Steels

304 SS

304H SS

316 SS

446 SS

[SH RS Bl B
NI =] -
NN |
NN =]

[SEESE N

Carbon Steels

C1010

Hastelloy C -276

Hastelloy C -22

Hastelloy C -4

Haynes 556

Haynes HR-160

Carpenter 20Cb3

Jessop C276

INCO C-276

INCO 625

Teflon

Dl I

Nl
[\
—
—
—

Alonized

Alonized 304 SS

Alonized 304H SS

Alonized 316 SS

Alonized C1010

Nl=]—=]N
N =]
[0 B N
=]t

[FS B N I

Weld Overlay

304 SS w/ 556 Weld

304H SS w/ HR-160 Weld

304 SS w/ 446 Weld

304H SS w/ 446 Weld

— =N
—lNl—= N
Nl =N
R Bl B

— N =N

Spray Coated After Welds

Alonizéd 304H SS

Alonized 304

304 SS

304H SS

bt | bt | o |

Backing Ring Coupon

[ SIS Y
[ e e R

1

[Py e IS )

Numbers in table indicate number of coupons of each type on rack .
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Rack 4 was removed from the regenerator after 1110 hours of exposure. The corrosion
of coupons on this spool was substantial, and this was the area of the most severe corrosion in
the process. The coupons were photographed, weighed, replaced on the rack, and placed into
the regenerator for further exposure. Some of the coupons showed substantial corrosion while
others were unchanged. The HR160, alonized 304, alonized 304H, and alonized 316 were
visually unchanged and had corrosion rates of less than 0.3 mils/yr. The 556 and 446 coupons
showed minor corrosion while the unalonized 304, 304H, and 316 stainless showed substantial
corrosion. The C1010 coupon had massive corrosion with expansion of the coupon. The
alonized C1010 coupon showed some corrosion on the edge of the coupon.

All the corrosion racks (except the air heater outlet) were removed from the process after
5500 hours of operation. The coupons were photographed, cleaned of scale (scale was retained),
dimensioned and weighed. Selected coupons were Cross sectioned for measurement of weld
corrosion and corrosion of the alonized finish on coupons.

Average exposure conditions for each of the corrosion coupon racks are summarized in
Table 5-3. Coupon corrosion rates are summarized in Table 5-4 and 5-5. The HR160 and
alonized coupons showed minimal weight loss in both the regenerator and steam treater. The
446 coupons had corrosion rates of 2.4 to 4.1 mils/yr in the regenerator and minimal corrosion
in the steam treater. The stainless steels (304H. 304, 316) had substantial corrosion in the
regenerator (24 to 51 mils/yr) but much lower corrosion rates in the steam treater (3 to 10
mils/yr). The 304 and 304H stainless steel coupons performed better than the 316 stainless in
both the regenerator and steam treater. The alonized C1010 carbon steel showed corrosion
through the alon layer, with much more corrosion in the regenerator than the steam treater.

Table 5-3. Average Exposure Conditions for the Corrosion Test Racks
Adsorber Adsorber Steam Air Heater
Inlet Outlet Regenerator Treater Outlet
Temperature, °F 320 329 1123 1100 1350
Gas Composition
H,0 8.5% 8.5% 59.2% 74.2% 4.0%
CO, 12.0% 12.0% 10.7% 1.0% 1.7%
SO, 1800 ppm 180 ppm 13.5% 0.6% 7 ppm
NO, 300 ppm 45 ppm 5 ppm
0, 9.0% 9.0% 18.5%
N, 70.3% 70.5% 4.5% 12.8% 75.8%
CH, 7.6% 3.6%
H,S 3.5% 7.8%
cos 0.2% 0.0%
Cs, 0.8% 0.0%
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Table 5-4. Corrosion Rates in Regenerator and Steam Treater

Corrosion Rates, mils/yr

Coupon Top Middle Steam Steam
Regenerator Regenerator Treater Treater
HR160 -0.04 0.18 0.04 0.04
304, Alonized 0.15 0.14 0.32 0.33
304, Alonized 0.15 0.20 0.27 0.28
304H, Alonized 0.10 0.02 0.09 0.12
316, Alonized 0.01 0.07 0.06 0.12
556 2.71 4.96 0.52 -0.42
446 2.40 4.02 -0.04 0.03
446 3.12 4.06 -0.46 0.25
304H 25.12 40.24 4.26 3.04
304SS 22.82 23.89 2.91 2.93
316 47.75 43.52 9.72 10.07
316 32.07 51.60 9.74 10.16
C1010, Alonized 17.45 13.84 0.85 1.36
C1010, Alonized 20.67 16.46 0.92 1.29

C1010

Massive corrosion with expansion of coupon

1 mil = 0.001 inch

Coupons in place 6/20/91 through 1/1/93
5500 hours flue gas and 1700 hours hot inert
(5550 hours used for rate calculation)

Table 5-5. Corrosion Rates in Adsorber Inlet and Outlet

Corrosion Rate, mils/yr

Adsorber Inlet

Adsorber Outlet

Coupon

C4 0.09 0.01

C4 0.08 -0.02

C276 0.07 0.01

C276 0.09 -0.01
5-5
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Table 5-5. Corrosion Rates in Adsorber Inlet and Outlet

Corrosion Rate, mils/yr
Coupon Adsorber Inlet Adsorber Outlet
316 0.14 0.00
316 0.19 -0.02
INCO 625 0.00 0.01
INCO 625 0.04 -0.02
20CR3 0.09 0.00
20CB3 0.11 -0.00
Jessop C276 0.06 -0.00
Jessop C276 0.09 -0.00
Cc22 0.05 -0.01
c22 0.10 -0.01
C1010 3.69 2.11
C1010 3.78 2.08
304 0.44 0.02
304 0.48 0.01
INCO C276 0.08 -0.01
INCO C276 0.10 -0.03
446 2.09 0.10
446 1.62 -0.06
Teflon 0.06 -0.16
Teflon 0.09 -0.10

1 mil = 0.001 inch

Coupons in place 6/20/91 through 1/1/93
5500 hours flue gas and 1700 hours hot inert
(5550 hours used for rate calculation)

The adsorber inlet and outlet racks showed significantly more corrosion ont he inlet than
outlet. On the inlet the carbon steel corroded at 3.7 mils/yr and this was reduced to 2.1 mils/yr
ont he adsorber outlet. The stainless steels corroded at 0.17 mils/yr (316 SS) and 0.46 mils/yr
(304 SS) at the adsorber inlet. The specialty alloys for flue gas acid performed with corrosion
rates below 0.10 mils/yr at the adsorber inlet. These metals include: C4, C276, INCO 625,
20 CB3, Jessop C276, C22 and INCO C276. These alloys should be considered equivalent in
this application based on these results. All materials tested (with the exception of carbon steel)
showed no measurable corrosion on the adsorber outlet.
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5.2  Accelerated Corrosion Tests

Accelerated corrosion tests were also performed to supplement data collected from the
corrosion coupons installed in POC vessels. These tests were conducted by Corrosion Testing
Labs Inc. of Wilmington, Delaware. Corrosion coupons were placed into environments similar
to, but substantially more corrosive than, the actual process. This allowed the coupons to
corrode at a rapid rate and produce data for comparison of different materials. The coupons
were identical to those tested in the POC regenerator.

A total of six tests were conducted at three different temperatures and two different gas
conditions. These test conditions are listed in Table 5-6:

Table 5-6. Corrosion Test Conditions
Test No. | Temp (°F) Gas Composition Exposure Time
1 1400 50% H,0, 20% SO,, 20% CO, 10% H, 186 hours
2 1600 50% H,0, 20% SO,, 20% CO, 10% H, 121 hours
3 1800 50% H.0, 20% SO,, 20% CO, 10% H, 160 hours
4 1400 50% H,0, 50% H,S 168 hours
5 1600 50% H,0, 50% H,S 171 hours
6 1800 50% H,0, 50% H.S 348 hours

Figure 5-2 is a diagram of the experimental apparatus. The corrosion coupons were
placed on a glass rack (with ceramic spacers between coupons) and inserted into a ceramic tube.
NOXSO sorbent from the NOXSO POC was used to fill the ceramic tube and surround the
coupons. The ceramic tube was capped at each end, placed into the temperature controlled
furnace, and connected to the gas feed system. The ceramic tube, sorbent, and coupons were
heated to the desired temperature with nitrogen flowing through the apparatus. After heatup,
the appropriate gas mixture was mixed using rotameters and water was vaporized for steam in
the gas preheater. Total gas flow was 100 cc/min into the apparatus. Gases leaving the pipe
pass through a scrubber for H,S and SO, prior to venting. Results from the accelerated
corrosion test are summarized in Table 5-7. These accelerated corrosion results show large
variations between many of the duplicate samples. The corrosion rates measured are in mils/day
and should be used only as a general measurement of the sample performanc eat the tested
conditions. In general, the alonized coupons performed better than the unalonized metals.
HR160 performed very well in comparison to the other materials.
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Table 5-7. Accelerated Test Results

50% Steam and 50% H,S

1400°F 1600°F 1800°F
Coupon Rate, Rate, Rate,
mpd Notes mpd Notes mpd | Notes

Stainless Steels

304 SS 1.0 1 17.0 D

304H SS 0.6 I D D

316 SS 1.0 I 12.0 G,I

316 SS 1.0 I D 6.0 LP

446 SS 3.0 I 11.0 G,P,I 0.3

446 SS 1.0 I 5.0 G 0.3 G
Carbon Steel

1010 CS D 969.0 G D

1010 CS D D D
Alonized

304 SS 3.0 I 2.0 D

304H SS 2.0 0.6 S D

1010 CS 2.0 LP D

1010 CS 3.0 720.0 D

316 SS 3.0 1.0 4.0 1

316 SS 2.0 C 2.0 D
Misc Metal

HR 160 0.9 I 0.3 G

Haynes 556 0.1 1 12.0 I 3.0 LP
Weld Overlay

304H with HR 160 0.6 G 8.0 I D

304H with HR 160 0.1 G 9.0 I D

304 with 556 15.0 1 0.4 S,G D

304H with 446 2.0 I D D

304 with 446 1.0 I D D

Notes: D - Destroyed

I - Intergranular corrosion

N - No corrosion

P - Pitting corrosion
The thermal spray on thermal sprayed coupons separated from the coupons.

M - Minor corrosion

C - Corrosion
G - General corrosion

S - Slight corrosion
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Table 5-7. Accelerated Test Results (continued)

509% Steam, 20% SO,, 20% CO, and 10% H,

1400°F 1600°F 1800°F
Coupon Rate, Rate, Rate,
mpd Notes mpd Notes mpd Notes

Stainless Steels

304 SS 0.1 M 0.9 M 13.0 G,I

304H SS 0.3 M 0.8 M 1.0 M,G

316 SS 0.6 M,G 2.0 G 1.0 G

316 SS 0.6 M,G 2.0 G,P 0.8 G

446 SS 0.5 G 0.8 G 0.7 G

446 SS 1.0 G 0.9 G 0.7 G
Carbon Steel

1010 CS 4.0 6.0 G D

1010 CS 7.0 G 10.0 G D
Alonized

304 SS 2.0 P 2.0 P 2.0 P

304H SS 4.0 P 2.0 P 3.0 P

1010 CS 3.0 P 4.0 P D

1010 CS 3.0 P 3.0 P D

316 SS 3.0 P 3.0 P 3.0 C

316 SS 2.0 P 4.0 P 4.0 P
Misc Metal

HR 160 0.9 M 0.6 M 0.6 M

Haynes 556 0.5 M,G 0.0 M 1.0 G
Weld Overlay

304H with HR 160 0.0 M 0.2 M 0.6 M

304H with HR 160 0.0 M 0.0 M 0.2 M

304 with 556 0.9 M 0.0 M D

304H with 446 0.0 M 0.2 M D

304 with 446 0.2 M 03 M D

Notes: D - Destroyed
I - Intergranular corrosion

N - No corrosion
P - Pitting corrosion
The thermal spray on thermal sprayed coupons separated from the coupons.

M - Minor corrosion

C - Corrosion

G - General corrosion
S - Slight corrosion
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5.3  Vessel Inspections

Vessel inspections were performed on a routine basis at the NOXSO POC. Each
inspection involved: 1) ultrasonic testing to determine erosion/corrosion of vessel thickness, 2)
visual inspection, and 3) liquid penetrant testing of regenerator vessel welds. These inspections
were conducted by Professional Service Industries, Inc. of Pittsburgh, Pennsylvania, and were
performed on October 31, 1991, December 30, 1991, April 29, 1992, and February 1, 1993.
Ultrasonic measurements were performed at locations outlined in Table 5-8. The results of these
ultrasonic tests showed no measurable erosion or corrosion at any of the points tested.
Regenerator welds were visually inspected and dye penetrant tested. The only difficulty with
the regenerator welds was the flaking of the 446 thermal spray coating. No attack of the welds
was observed and this flaking was caused by the differential thermal expansion of the 446 spray
coat and metal vessel. The regenerator was also inspected by a W.R. Grace consultant (J.H.
Van Sciver, P.E.) on March 5, 1992 and on February 1, 1993. His inspection determined the
regenerator welds to be in good condition and that the 446 spray coat was cracked and
disbonding at the top of the regenerator. One area in the regenerator showed pitting of the alon
finish and corrosion of the base metal. This area was approximately 2" x 1/2" in size and 1/32"

deep.

Table 5-8. POC Vessel and Piping Inspection Locations

Location Inspection

Sorbent heater Ultrasonic, 3 outside and 36 inside vessel

Regenerator Ultrasonic, 4 outside, Internal visual inspection,
Liquid penetrant testing of internal welds

Adsorber Ultrasonic, 2 outside, Internal visual inspection

Sorbent cooler Internal visual inspection

J-valve elbows (3) Ultrasonic, on outside of elbow

Regenerator offgas elbow Ultrasonic, on outside and inside of elbow

There has been only one corrosion problem during operation of the NOXSO POC
Process. (This was when the incinerator outlet ductwork corroded through near the exit of the
incinerator.) This occurred because the steam from the regenerator methane preheater was
vented into the duct at this point. This steam/water mixture combined with the SO, in the
incinerator offgas to form sulfuric acid at this point in the duct. The duct was repaired, the
steam was rerouted to a steam trap, and the problem was eliminated.
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6.0 SORBENT PROPERTIES

The NOXSO sorbent is prepared by spraying Na,CO, solution on y-alumina spheres 10
incipient wetness. The wet ~y-alumina is dried with air and then calcined. The sorbent used in
the POC tests was manufactured by the Davison Division of W.R. Grace.

The sorbent has experienced more than 5213 hours on flue gas and 1615 hours of hot
inert operation in the POC tests. The properties of the fresh and the cycled sorbent after
regeneration are listed in Table 6-1.

Table 6-1. Sorbent Properties

Fresh* After 5213
Flue Gas Hours

Sodium, wt% 5.2 5.0
Surface area, m*/g 250.0 150.0
Compact bulk density, Ibs/ft 40.0 42.0
Crush strength, kg 3.8 2.34.5
Hg Porosimeter Measurements

Pore volume, cm®/g 0.65 0.66
Total porosity, cm*/cm’ 0.65 0.62
Particle density, g/cm’® 1.0 1.06
Particle Size Distribution (U.S. mesh)

Retained on 10 mesh, wt% ) 0.0 0.0
Retained on 12 mesh, wt% 3.0 1.3
Retained on 14 mesh, wt% 15.0 13.6
Retained on 16 mesh, wt% 45.0 42.7
Retained on 18 mesh, wt% 30.0 35.1
Retained on 20 mesh, wt% 7.0 7.2
Mean particle diameter, um 1230.0 1210.0

%  The values listed under fresh column are the specification
from the sorbent manufacturer.

Only the sorbent surface area shows a significant change, from 250 down to 150 m/g.
The major loss of sorbent surface area occurred in the beginning of the POC test. Figure 6-1
shows the change of the sorbent surface area on a daily basis. The rate of surface area loss
stabilized after December 15, 1991 which corresponded to 350 flue gas hours. Since the loss
of surface area reduces the sorbent’s ability to remove NO, and SO, from the flue gas. the loss
of sorbent surface area must be considered in the design of the NOXSO Process. The design
must be based not on the fresh sorbent but on the sorbent after the surface area has stabilized.
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Surface area stabilizes when the rate of surface area added by sorbent makeup equals the rate
of surface area decline in the system. Since the rate of sorbent makeup at the POC was
relatively low, the sorbent surface area continued to decline after December 15, 1991, but at a
much slower rate (See Figure 6-1). The chloride content of the sorbent was also monitored
since chlorides are present in the flue gas. Figure 6-2 shows the results. High chloride content
was only found in the beginning of the POC test. No sign of chloride accumulation on the
sorbent was found.

Sorbent samples were taken once a day from the top bed of the sorbent cooler and tested
for crush strength, surface area, pore volume, total volatiles, silica and metals content. Metals
were analyzed asing PIXE (Proton Induced X-Ray Emission) and ICP (Inductively Coupled
Plasma). The ICP method analyses for the following elements and oxides: CaO, MgO, Fe,0;,
TiO, ZNO, Al,0;,, SO, P,0s, K,0, MoO;, Li,0, SiO,, Pb, Ni, Cu, Cr, Mn. Sb, Sc, and Re,0;.
Many analytes are reported as weight percent oxide, although the analyte may exist in other
chemical forms (e.g., CaO may exist as CaCO,). The ICP graphs in this report; however, give
the result in terms of percent elemental content. The same is true for the PIXE results, so the
two data sets can be directly compared.

The data encompasses the period: December 3, 1991 through December 7, 1992. The
data are summarized in Tables 6-2 and 6-3. The complete set of data is given in Appendix F.
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Figure 6-2
Sorbent Chloride Content
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Table 6-2. Summary of ICP Data

Element Results
Calcium Very slight increase detected 0.075 - 0.090%
Potassium Trace amounts detected
Magnesium Status quo, 0.01%
fron Increasing, 0.04 - 0.12%
Titanium Status quo, less than 0.01%
Zinc Oscillating between the range of 0.0006 - 0.0036%
Phosphorus Detected between 2000 to 3000 hours (0.015 - 0.030%) and
between 4200 to 4400 hours (0.030 - 0.035%). During the
majority of the pilot plant run time, it was not detected.
Molybdenum Trace -
Lithium Status quo, 0.0009%
Chromium Status quo, 50 - 60 ppm
Copper Detected 10 - 40 ppm
Manganese Status quo, 25 - 28 ppm
Scandium Detected 5 - 15 ppm
Lead None detected by ICP throughout pilot plant run time.
Silica Slight increase detected. ZRD was performed on a cooler

sample (4904 flue gas hours), no crystalline silica was
detected. Microprobe analyses will be conducted on several
pilot plant samples taken at different pilot plant run times to
determine if any minute quantities of crystalline silica are
present and also, to determine if there is any silica present
on the sorbent surface.

6-5




Table 6-3. Summary of PIXE Data

Element Results
Magnesium Status quo, 0.2 - 0.35% detected
Silicon Slight increase detected
Sulfur Status quo, 0.15 - 0.35% detected
Chlorine Gradual decrease from initial point down to 0.1 - 0.15%
Potassium Increased from O - 250 ppm
Calcium Increased from 500 - 1000 ppm
Titanium Status quo, 5 - 30 ppm
Vanadium Sporadic
Chromium Slight increase 20 - 40 ppm
Iron Increasing 0.05 - 0.15%
Manganese Status quo, 15 - 30 ppm
Nickel Increasing 6 - 16 ppm
Copper Trace 1.5 - 3.5 ppm
Zinc Increasing 0 - 10 ppm (Trace)
Gallium Slight increase 45 - 55 ppm (Trace)
Arsenic Increasing 1 - 18 ppm (Trace)
Selenium Sporadic
Bromine Decreasing 25 - 3 ppm (Trace)
Rubidium Decreasing 1.8 - 0 ppm (Trace)
Strontium Gradual increase 5 - 11 ppm (Trace)
Yttrium Decreasing 2 - 0 ppm (Trace)
Zirconium Increasing 5 - 12 ppm (Trace)
Molybdenum Status quo, 5 ppm (Trace)
Silver Trace
Lead Increasing 1 - 8 ppm (Trace)

Please note that throughout the time span this package encompasses, none of the
following elements were detected: Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba,
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re,
Os, Ir, Pt, Au, Hg, Bi, Th, U.
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7.0 SORBENT ATTRITION

Sorbent attrition is caused by physical and thermal stresses that come to bear on the
sorbent as it is transported through the processing loop and as it resides in the fluid beds. These
stresses can fracture sorbent beads and/or erode the surface of the beads. If the sorbent bead
becomes small enough, it can be entrained by the gas and exit the fluid bed. Sorbent makeup
is then required to maintain a constant sorbent inventory.

Sorbent is entrained by the gas when the gas velocity through the bed equals or exceeds
the terminal or free-fall velocity of the sorbent particle. The terminal velocity is a function of
sorbent particle diameter, particle and gas density, and gas viscosity. It can be shown that a
spherical particle with a diameter of 302um has a terminal velocity of three feet per second,
which is the design gas velocity in the adsorber. The initial sorbent inventory placed in the
NOXSO pilot plant had a mean particle diameter of 1230 microns. (For particle size distribution
test data see Section 6.) At the design gas velocity of three feet per second, only sorbent with
a diameter less than 302um will be entrained by the gas.

7.1  Sorbent Makeup

The rate of sorbent attrition equals the rate of sorbent makeup provided the starting and
ending sorbent inventories are equal. The sorbent makeup rate at the NOXSO pilot plant is
summarized in Table 7-1. The sorbent inventories given in the footnote to Table 7-1 -are
estimated on the basis of measured reactor bed levels, fluid bed differential pressures, and
estimated dense phase lift and J-valve sorbent inventories.

Table 7-1. Sorbent Makeup Rate

Operation

Start date 7/17/92
End date 2/11/93
Flue gas, hrs 3,232

Sorbent Inventory
Total makeup, Ibs 20,307
Sorbent lost, 1bs®” - 6,415
Increase in sorbent inventory, lbs® + 4,245
Net Sorbent Makeup, Ibs 9,647
Sorbent Makeup Rate, Ib/hr 2.99

(4] Operator error resulted in several sorbent discharges to the flue
gas return duct. Although the weight of the discharge was
not directly measured, an estimate of 6,415 pounds was made on
the basis of the amount of sorbent added after each discharge to
restore system inventory.
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2) Starting sorbent inventory = 27,000 1bs (estimated)
Ending sorbent inventory = 31,245 1bs (weighed)

7.2  Baghouse Collection Data

A single compartment, pulse-jet cleaning baghouse was used to collect attrited sorbent
fines. Both adsorber offgas and sorbent heater offgas were passed through the baghouse before
the combined gas streams were returned to the power plant ductwork. The single compartment
baghouse contains approximately 330 bags. The bags are fiberglass with a Teflon B finish and
have a maximum sustained operating temperature of 500°F. The frequency of pulse-jet cleaning
is dictated by the pressure drop across the baghouse. The cleaning cycle begins when the
pressure drop across the baghouse exceeds 7.5" H,0.

Figure 7-1 shows a plot of cumulative hours of operation (both on flue gas and hot inert)
versus the cumulative amount of fines collected in the baghouse. A least-square linear
regression gives the line shown in the figure. The correlation coefficient (r-squared) equals
0.98, indicating a good fit. The slope of this line is equal to the baghouse collection rate. The
baghouse collection rate is 1.59 pounds per hour. The use of baghouse collection data to
quantify the rate of sorbent attrition is limited by the following:

o The material collected in the baghouse is a mixture of sorbent and flyash. The
NOXSO adsorber is downstream of the power plant’s electrostatic precipitator
(ESP) so that the flue gas entering the adsorber contains approximately 0.5% to
5% of the total flyash leaving the boiler. Since the flyash is an order of
magnitude smaller than the sorbent, the ash that passes through the precipitators
passes through the fluidized bed adsorber and is collected in the baghouse. Since
the sorbent is chemically similar to the flyash, it was not possible to determine
by chemical analysis how much of each was collected in the baghouse.
Therefore, to be conservative, all of the material collected in the baghouse was
assumed to be attrited sorbent.

. The baghouse is not leak-tight. The baghouse was used previously in the HALT
project and required extensive repairs prior to NOXSO operation. It was not
possible to completely seal dampers in the baghouse bypass line and to completely
seal the pressure relief valve in the baghouse inlet line. The sorbent attrition rate
estimated from the baghouse collection data is then lower than actual by the
amount of attrited sorbent that bypasses the baghouse or leaks to the atmosphere
through the pressure relief valve.

7.3  Dust Sampling
Samples were taken at various locations in the process ductwork to measure particulate
mass flow in the process gas streams. The particulate sampling system consisted of a nozzle,

a thimble filter, a condenser, a pump and a dry test meter. Prior to particulate sampling, a
velocity traverse with a pitot tube was made at each sampling location. In all locations, except
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the adsorber outlet (cyclone inlet), the velocity traverse showed only small differences in gas
velocities from point to point along the duct diameter.

In all cases particulate samples were taken isokinetically, i.e., the sampling velocity was
controlled to equal the sampled duct velocity. Duct velocities ranged from 25 to 45 ft/sec.
Since the velocity profiles across the ducts were uniform, sampling was done at one point in the
center of the duct. However, several locations were not ideal for particulate sampling due to
the presence of obstructions (reducers, elbows, etc.) upstream and downstream of the sampling
location as shown in Table 7-2.

Table 7-2. Dust Sample Port Location and Dimension Data
Obstructions (duct diameters)
Sampling Duct Diameter

Location (inches) Upstream Downstream

Flue gas return 38 2.7 2.7

Sorbent heater offgas 20 12.4 18.8

Adsorber out/cyclone in 26 0.3 0.3

Cyclone outlet 26 I.1 14.8

Adsorber inlet 28 6.3 38.8

Only the adsorber inlet and the sorbent heater offgas would be considered good
particulate sampling locations according to EPA Method 5 which requires that the sampling
location be at least two duct diameters upstream and at least eight duct diameters downstream
of an obstruction.

The particulate sampling results are listed in Table 7-3. The total particulate mass
flowrate was obtained by multiplying the measured particulate concentration in the samples times
the volumetric flowrate of gas in the ducts. The total particulate mass flowrate is the sum of
the carryover (whole beads) plus attrition (what remains after whole beads are extracted).

Table 7-3. Particulate Sampling Results
Carryover, Attriti_on, Sampling Duct Velocity,
Location Ib/hr Ib/hr Time, hr ft/sec
Flue gas return 0.0 0.12 12.0 38
Flue gas return 0.0 1.76 3.0 38
Sorbent heater offgas 0.0 0.91 3.0 24
Sorbent heater offgas 0.0 0.44 11.0 24
Sorbent heater offgas 0.0 1.83 2.0 31
Sorbent heater offgas 0.0 1.05 12.0 25
Sorbent heater offgas 0.0 0.91 6.0 28

7-4



Table 7-3. Particulate Sampling Results
Carryover, Attrition, Sampling Duct Velocity,
Location Ib/hr Ib/hr Time, hr ft/sec
Sorbent heater offgas 0.0 0.93 6.0 28
Adsorber cycle in 0.0 0.25 3.0 37
Adsorber cycle in 2.2 1.22 11.0 46
Adsorber cycle in 0.0 0.42 3.0 38
Adsorber cycle out 0.0 0.32 8.0 37
Adsorber cycle out 0.0 0.33 8.0 38
Adsorber cycle out 0.0 0.37 12.0 37
Adsorber cycle out 0.2 8.96 * 4.5 45
Adsorber inlet 0.0 2.61 5.7 33
Mac offgas 0.0 0.03 6.8 30
Mac convey 0.0 0.02 10.0 30

* Power plant switching boilers

The dust sampling results are inconclusive. Only two tests were run on the flue gas
return duct (downstream of the baghouse) and the results differ greatly, 0.1 to 1.8 Ib/hr. The
adsorber cyclone inlet and adsorber cyclone outlet are poor sampling locations (see Table 7-2)
and the sampling results vary considerably. One test at the adsorber cyclone inlet yielded 2.2
Ib/hr carryover, but in the other two tests carryover was negligible and the total particulate mass
flowrates were 0.25 and 0.42 Ib/hr, respectively. In tests on the adsorber cyclone outlet, two
tests yielded 0.33 and 0.37 Ib/hr, essentially the same rate measured at the cyclone inlet which
would only be possible if the cyclone collection efficiency was zero, which is unlikely. Because
of this and the non-repeatability of the tests at the same locations, the data for the adsorber
cyclone inlet and cyclone outlet are considered bad data.

The best particulate sampling results were obtained from the sorbent heater offgas duct,
which was one of the two best sampling locations. Neglecting the highest and lowest results,
there were three tests of the sorbent heater offgas in which particulate mass flowrate was
measured between 0.91 and 1.05 Ib/hr. Since sorbent fines are recycled to the adsorber via the
cyclone, the greater part of attrited sorbent lost from the system should be entrained in the
sorbent heater offgas. However, the measured particulate mass flow in the sorbent heater offgas
was only 26% of the sorbent makeup rate and 66% of the baghouse collection rate. Of course,
the dust samples were taken over a maximum sampling period of 12 hours; while the baghouse
and sorbent makeup data are attrition rates averaged over many months.
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7.4  Sorbent Attrition Summary

The sorbent attrition data are summarized in Table 7-4. As discussed above, the attrition
rate based on the rate of sorbent makeup is most accurate. At this rate (3.8 pph) and with a
system inventory of 25,000 pounds (actual system inventory fluctuated from 22,000 to 28,000
pounds during the tests), the entire sorbent inventory would be replaced once every 6,579 hours
(9 months).

Table 7-4. Summary of Attrition Data
Results Based On Attrition Rate, pph
Total system POC sorbent makeup 3.8
Total system POC baghouse collection 1.6
Sorbent heater offgas POC dust sampling 1.0
Total system Previous test data* 43

* Measured at 0.06 MW and 0.75 MW equivalent capacity and extrapolated to pilot
plant scale (5 MW).

In all previous tests of the NOXSO Process at smaller scale, the sorbent attrition rate has
been 0.02 to 0.03% of fluid bed inventory per hour. The fluid bed inventory during the pilot
test was as follows:

Inventory, Ibs

Adsorber 6,366*
Sorbent Heater 4. 833
Sorbent Cooler 3,222

Total Fluid Bed Inventory 14,421
* Time weighted average; heater/cooler inventories did not vary.

The measured attrition rate at the pilot plant is, therefore, equivalent to 0.026% of the fluid bed
inventory per hour. This is substantially the same rate measured in tests at smaller scale, which
was the rate used in previously published economic evaluations of the NOXSO Process.?

Assume that one were to use the pilot plant data to design a NOXSO system to treat all
of the flue gas from one of the 65 MW, pc-fired boilers at Ohio Edison’s Toronto Power Plant.
Assume further that the plant must be designed to achieve 90% removal of SO, and 80%
removal of NO,. A preliminary design of this plant based on the parametric test results is
presented in Section 11.2.7. The pertinent design parameters from the standpoint of estimating
the rate of attrition are the fluid bed inventories:
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Vessel Inventory, lbs

Adsorbers (2) 105,840
Sorbent Heater (1) 62,113
Sorbent Cooler (1) 74.536
Total Fluid Bed 242,489

The estimated rate of attrition at such a plant would be 242,489 pounds x .026%/hr or 63
pounds per hour.



8.0 FLUIDIZATION

The NOXSO Process utilizes multi-stage fluid beds to cool and heat the sorbent. A
proper downcomer design is required to ensure a constant sorbent flow from one stage to
another. To minimize the consumption of fan power, the sorbent residence time should be
reduced as much as possible but must still be long enough to accomplish the heat transfer. The
data collected in the POC plant were used to correlate the gas-sorbent heat transfer coefficient
with the superficial gas velocity, and to develop a design method for sizing the downcomer.

8.1 Downcomer Design

In a multi-stage fluid bed vessel, the particies flow from stage to stage through a
downcomer. A certain amount of particles are held up in the downcomer as a seal to prevent
gas from bypassing the grid plate. Although the particles are moving randomly inside the fluid
bed vessel, overall the particles are flowing toward the downcomer. When the particles start
to pour into the downcomer, their flow pattern is considered similar to that of liquid flowing
over a weir. Once the particles enter the downcomer, they flow like a moving-bed.

The continuity of mass flow requires a constant particle flowrate. Therefore, the flow of
particles into the downcomer must be equal to the moving-bed flow inside the downcomer.

m-h-L=m-4, (8.1-1)
where m is the mass flux of particles, kg/m® sec,
h, is the effective particle level above the downcomer, m,
L is the perimeter of the downcomer opening, m, and

Ay is the cross-sectional area of the downcomer, m’.

The key to obtaining the required number of downcomers is to make h.L no less than A, so
there is always enough room for particles to pour into the downcomer.

The value of A, is determined by the pressure balance between the upper and lower
stages. The cross-sectional area of downcomer should be large enough to allow the particles to
reach the required flowrate but maintain a particle seal to prevent gas bypassing. The modified
Ergun equation was used to estimate the required Ay.

The remaining task is to find a reliable way to estimate the value of h, under different
fluidization conditions. Test data collected from the three-stage, fluid-bed cooler at the POC
plant were used to develop a correlation for h.. The derivation of the correlation is described
in the next section.

The flowrate of liquid over a rectangular sharp-edged weir can be estimated from the modified
Francis formula.®
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g = 0.415(L, - 0.2h)hy"/2g (8.1-2)

q is the volumetric flowrate, m*/sec,
L, is the crest length (see Figure 8-1), m,
h, is the weir head (see Figure 8-1), m, and
g = 9.8 m/sec’.

The product of 0.415 and (L, - 0.2h) in the Francis formula is required to correct the changes
of liquid level and the opening area as the liquid approaches the weir. In the case of over-flow,
the liquid flows freely toward the downcomer. Only the change in liquid level near the
downcomer requires correction. Therefore, for the flow over a downcomer the modified Francis
formula is simplified as follows

q = 0415L 1° 28 (8.1-3)

To apply Equation 8.1-3 to particle flow, the fluid bed density at actual operating
conditions has to be defined, and is given by

AP
p = o bed (8.1-4)
gH - h,)
where AP, is the pressure drop across the fluid bed, N/m?,
H is the downcomer height above the gas distributor, m,
h, is the expanded fluid bed height above the downcomer, m, and
P is the particle density in the fluid bed vessel, kg/m’.
Multiplying Equation 8.1-3 by p gives the mass flowrate of particles as follows.
AP
F, = 0415Lh.° [2g——22 (8.1-5)
gH + h)
where F, is the particle flowrate, kg/sec, and
L is the effective perimeter of the downcomer opening, m.

The value of h, can be determined from Equation 8.1-5 when F;, AP, H, and L are known.

The flow pattern of fluidized particles in the multi-stage fluid bed vessels was closely
examined during cold flow tests conducted at the NOXSO POC plant. The examination was
made by observing the flow of particles through a plexiglass manway cover. It was found that
the particles between the back of the downcomer and the vessel wall were hardly moving. All
the downcomers were installed about 4" from the vessel wall. The support of the gas distributor
and downcomer occupied a 3" space. The hole pitch on the gas distributor is 13/16". The open
area of the gas distributor between the vessel wall and the back of downcomer is not enough to
provide sufficient gas flow to fluidize the particles. Assuming the particles were not fluidized
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toward the back of the downcomer, the effective length for overflow will be half of the
perimeter of the downcomer opening. The half perimeter assumption and POC cooler test data
were then used to calculate h, for each data point. Since the bed expansion is related to the
superficial gas velocity, h, was next correlated with the measured superficial gas velocity. The
correlation (obtained from 87 data points with r* = 0.8752) is given by

k, = 0.0224U, (8.1-6)

where U, is the superficial gas velocity in m/sec and h, is in meters. The comparison between
the correlation and experimental result is shown in Figure 8-2. The standard deviation, [} (cor-
exp)?/(n-1)1'2, is 0.001551. Substituting Equation 8.1-6 into Equation 8.1-5 gives the particle
flowrate as a function of the gas velocity

8.1-7)

25.4h
F, = 0.4151,(0.024400)15‘/2[ = }

H + 0.02440,

where AP, is go,h, = 25.4gh, has been used,
h, is the height of water column, " H,0, and
Pw is the water density, 1000 kg/m?’.

Equation 8.1-7 is later used to determine the minimum perimeter length of the downcomer
opening.

The required downcomer cross-sectional area was calculated by assuming moving bed
downflow in the downcomer.“? In moving bed flow the movement of gas relative to the solids.
not relative to the pipe walls, determines the pressure gradient in the pipe. Consider a fixed bed
of solids of voidage &, moving downward at a constant velocity u, (downward positive). The
frictional pressure drop between any two levels in the downcomer is obtained by a slight
modification of Ergun’s Equation,"” as follows:

- 2 _ 2
A2y 1spU7t) BBW) | g 55 U7e) PAY

‘ 2 (04 L X 8.1-8)
Uy
Au =u, +u, = — +U
8m
where d, is the mean particle diameter, m,

Ap; is the frictional pressure drop, Newton/n?,

Au is the relative velocity of gas with respect to the solids, m/sec,
g. is the unit conversion factor, 1,

1 is the length of downcomer, m,

Pg is the gas density, kg/m’,

o is the particle sphericity, dimensionless

§ is the gas viscosity, kg/m sec,

is the upflow velocity of gas, m/sec,
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u, is the superficial rise velocity of gas up the downcomer, m/sec, and
u, is the downward velocity of sorbent, m/sec.

_ Equation 8.1-8 should apply as long as the particles do not fluidize. The adequacy of
Equation 8.1-8 was confirmed by Yoon and Kunni® in their experiments with a moving bed
of glass beads, mean particle diameter = 130-1130xm, in 41-mm and 70-mm downcomer pipes.

However, the use of Equation 8.1-8 to determine A, requires two more pieces of
information: 1) the length of downcomer which is filled with particles and, 2) the gas velocity
in the downcomer which is filled with particles. The first item provides an effective downcomer
length, 1, to be used in Equation 8.1-8, and the second item is required to determine the particle
velocity, u,, from the relative velocity, Au. It is difficult to collect both pieces of information
from the pilot-scale fluid beds. However, a method has been developed to obtain this
information from the sorbent cooler vessel of the NOXSO POC plant. The details are described

later.

The calculation of A, is straight forward. The pressure balance requires that the
frictional pressure drop in the downcomer equals the pressure drop across the fluid bed and grid
plate. With given downcomer length and measured fluid bed and grid plate pressure drops,
Equation 8.1-8 can be solved to obtain Au and u;. Then A, is calculated as follows:

F . =Ajup(l - £,) (8.1-9)

where p, is the particle density.

The number of downcomers is determined from Equation 8.1-1. Since the perimeter of
the downcomer opening is dependent on the shape of the downcomer, the required number of
downcomers for a rectangular design may be different from that of a cylindrical design. In the
following discussion, n stands for the number of downcomers.

For a cylindrical downcomer, let d be the diameter of downcomer, then A; = n wd%/4
and the perimeter L = (nwd)"?. Equation 8.1-1 requires Lh, = A, which results in

n-=

dnh, (8.1-10)

47(0.0244U )

For a rectangular downcomer, let r be the length to width ratio and w be the width, then A4 =
nrw? and the perimeter L = 2n(1+r)W. Equation 8.1-1 requires Lh, = A4, which gives:
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r_4
4(1+1)* p?

r 4,
4(1+r)? (0.0244U,)

(8.1-11)

The test results obtained from the sorbent cooler at the NOXSO POC plant are used to determine
the gas velocity and the effective downcomer length for Equation 8.1-8. Of course. the best way
to determine the effective length is by observation through a transparent wall. Since the sorbent
cooler is made of steel, the next reliable way is to enter the vessel and then measure the length
after shutting down the plant. With known length and pressure drop, Equation 8.1-8 can be
solved to obtain the relative velocity, Au. The value of u is calculated from Equation 8.1-9
with the designed A, and the measured F,. The gas velocity can then be determined from Au
and u,. This gas velocity will be used in the design of other vessels.

The effective downcomer length has never been measured during the NOXSO POC tests.
A reasonable assumption has to be made in order to use the proposed downcomer design
method. The approach is to assume a gas velocity then guess the effective downcomer length
for calculating’ the downcomer cross-sectional area. Refine the guessed length until the
calculated area agrees with the actual area. The assumptions are as follows:

1. The downcomer is about 80% filled. The total downcomer length is the distance
between the gas distributor and the downcomer discharge.
2. The gas velocity in the downcomer is equal to the solid velocity but in the

opposite direction.

Assumption (1) was based on observations made during cold flow tests conducted in the sorbent
cooler. The gas in the downcomer flows upward against the downflowing solids when u, > u..
Conversely, when u, < u,, gas is dragged downward against the pressure gradient. Since there
is no reliable way to verify the gas direction in the downcomer, an intermediate case u, = Uy,
is assumed.

The downcomer between the middle and bottom stages of the sorbent cooler in the POC
plant is used as an example to illustrate the use of the method to determine the size and number
of downcomers. The particle properties are listed below:

mean particle diameter, d, = 0.00121 m
particle density, p, = 1000 kg/m?
particle sphericity, ¢ = (.95
void fraction ih downcomer, &g, = 0.36

The calculation is listed in Appendix E. The results are discussed in the following paragraphs.




The calculations show that the downcomer cross-sectional area is A, = 0.014 m* (21.7"%)
and 1.3 downcomers are required. The corresponding perimeter of the downcomer opening is
L = 2n(1 +0)[A/(ar)]'? = 0.62 m (24.4") with r = 3. The calculated number of downcomers
is higher than the actual number of downcomers. Only one downcomer is installed in each stage
of the multi-stage fluid bed vessel in the POC plant. The discrepancy is caused by the shape
of the cooler downcomer. The middle stage of the sorbent cooler used a tapered rectangular
downcomer, of which the dimensions are shown in Figure 8-3. The narrowest opening of the
downcomer is at the bottom section before discharge. Its cross-sectional area is 0.018 m’
(27.6"2). The perimeter of the top opening is 1.02 m (40 in). As mentioned before, only half
of the perimeter of the downcomer opening is effective. The comparison between the calculation
and the actual situation (21.7 versus 27.6"2 and 24.4 versus 20") confirms the usefulness of this
method.

It should be pointed out that the downcomer in the sorbent cooler is equipped with a
flapper valve to maintain particles in the downcomer during start up. The installation of a
flapper valve increases the pressure drop across the downcomer to an unknown extent. It allows
use of a larger downcomer area as compared with one without a flapper valve. In addition to
the tapered shape of the downcomer, the flapper valve offers another explanation why the actual
area is larger than the calculated area.

In order to obtain reliable design results. it is recommended to measure the effective
downcomer length in the sorbent cooler of the NOXSO POC plant. Then a true gas velocity in
the downcomer can be used to size downcomers for other vessels. Since the Niles Plant uses
a 5-stage sorbent cooler and heater, the temperature of each stage is different. The downcomer
design for each stage, therefore, should be checked by the proposed method.

8.2 Heat Transfer

The heat transfer between the gas and solid in a fluid bed is considered to be very fast.
The gas and solid temperature can be assumed equal at the exit of the fluid bed. As a result,
the sorbent residence time was not a concern in the design of the sorbent heater and cooler with
regard to heat transfer. But from an economic point of view, the shorter the sorbent residence
time in the fluid bed the better. Shorter time implies less sorbent inventory because the sorbent
circulation rate is determined by the adsorber’s SO, removal requirement. High sorbent
inventory demands more fan power to fluidize the sorbent. It also increases the sorbent attrition
and requires more sorbent to fill up the system. However, a minimum amount of sorbent must
be maintained in the fluid bed to prevent the gas from channelling through the bed and to allow
the gas and sorbent temperatures to be equal at the exit of the fluid bed.

A mathematical model which predicts the sorbent residence time and the gas and sorbent
temperatures was derived from the sorbent cooler data. The assumptions used in the model are
listed in the following:

1. The thermocouple in the gas phase measures the gas temperature.
2. The thermocouple in the fluid bed measures the average sorbent temperature.
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3. The gas is plug flow.
4. The sorbent is between plug and mixed flow.

The fourth assumption was based on an observation of the sorbent fluidization in a cold-flow
model test which was conducted, under subcontract, by PEMM Corporation. The fluidization
tests were conducted in a 48" by 8" rectangular plexiglass vessel. Colored sorbent was
gradually fed into the fluid bed which was filled with uncolored sorbent. It was found that the
colored sorbent beads spread laterally along the grid plate prior to dispersing into the fluid bed.
The second assumption was made because the tip of the thermowell in the POC sorbent cooler
is in the center of the fluid bed.

The heat transfer rate equation is given by

dr, 6hW
4aQ _ WC, —= = hnSg)(T - T)) = hWer - T)
dt s dt PGy 8.2-1)
dT, 6k B
or = (T-7)
dt dePCp:

where C, is the sorbent heat capacity. kcal/kg °C,
d is the diameter of the sorbent particle, m,
h is the particle heat transfer coefficient, kcal/m® sec°C,
n is the number of sorbent particles,
s is the sorbent density, kg/m’,
Q is the amount of heat transferred, kcal,
Sgs  is the sorbent external surface area, m*
t
T
T,
'

p

is the time, sec,

is the gas temperature, °C,

is the sorbent temperature,°C, and
is the sorbent inventory, kg.

The energy balance is given by

-FC(T-T) =FCp(T,-T,) + UA(T - T))

FC,  UA, FC
T Fc o' 4 - (8.2-2)
T = &p 8CP - Fgcp T )
UA, UA, *
1+ 1+
Fch FSCP

where A, is the vessel wall surface area, m’,
Cp is the gas heat capacity, kcal/mol °C,
is the gas flowrate, kmol/sec,
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F, is the sorbent flowrate, kg/sec,

T, is the ambient temperature, °C,

U is the wall heat transfer coefficient, kcal/m® sec, and
subscript O stands for the initial condition.

Let
6h
=
psdpcp,
FsCP
®=Fc
g-p
o, = VA, (8.2-3)
F.C,
qQ = T, + 6T, + $,7,
1+d,
QR
1+ 9,

Substituting Equation 8.2-3 into Equations 8.2-1 and 8.2-2 yields

D vr-1) (8.2-4)
dt §

and
T=0Q + 9T, (8.2-5)

substituting Equation 8.2-5 into Equation 8.2-4 and integrating the resultant equation gives

Q Q -za-
T - P (T, - -2 ye-ca-x (8.2-:6)
f1-9 (s° @ -‘I’)

The time average of the sorbent temperature is given by

T

"

1re Q Q . _za-
2= + (T -—=)e " ®4dr
tfo[l—T (s° 1—‘1’) 1
) 0 . (I—Y)T"SO-Q 1—e-%0-®x

A

(8.2-7)

The gas outlet temperature is estimated from the fluid bed energy balance along the axial
direction as follows
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oT,
-F,C,dt = pACpl—gdZ (8.2-8)

where A is the vessel cross-sectional area, m*
zZ is the expanded fluid bed height, m

Plugging Equations 8.2-4 and 8.2-5 into Equation 8.2-8 then integrating the resultant equation
with the boundary condition T = Toat Z = O and T = T;at Z = H gives

Q-(1-9)T,

-C(1-F)W]F, -
=T, - & — [l—e ] (8.2-9)

To account for the gas velocity effect, the h was further expressed as a function of the particle
Reynolds number, as follows:

Nu = « Rep1'3 (8.2-10)

where o is a constant,
k is the gas thermal conductivity, kcal/m sec®K,
Nu s h d/k is the Nusselt number for gas-particle heat transfer,
Re is d, Uy p,/p, the particle Reynolds number,
s is gas viscosity, kg/m sec, and
U, is superficial gas velocity, m/sec.

Equations 8.2-1 through 8.2-10 contain only two unknowns, namely, « and U. Their values
were determined by trial and error as follows:

1. Assume o and U values

2. Calculate the estimated T and T, according to Equations 8.2-7 and 8.2-8.

3 Calculate the standard deviation between the estimated and measured T, and T
according to Equation 8.2-11

5 = le X, - X, (8.2-11)

ni-1

where o is the standard deviation,
n is the number of data points,
X; is the estimated value, and
X,; is the measured value.

4. Repeat Steps 1 to 3 until the lowest ¢ is found.
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The final values for « and U obtained from thirty, 12-hour shift average data points are
given below

13
N = 0.0008Re, (8.2-12)
U = 0.008

with the corresponding standard deviation for the top bed gas and sorbent temperature = 8.7,
for the middle bed = 5.2, for the bottom bed = 3.3, and overall is 6.24. Figure 8-4 shows the
comparison between the measured and estimated T, and T,. The quality of fit confirms the
mathematical model. Figure 8-5 shows the temperature change of sorbent and gas inside the
fluid bed. The required sorbent residence time is higher at the bottom bed as compared to the
top bed. The time difference is due to the temperature gradient between the gas and sorbent.
In the top bed, the temperature difference between the gas and sorbent is about 250°C; while
in the bottom bed, the difference is only 180°C. For the optimal cooler design, the sorbent
residence time should be controlled between 200 to 300 seconds.

It should be pointed out that the & value shown in Equation 8.2-12 is smaller than those
listed in the literature,® of which « = 0.03. The same cooler data were used to evaluate the
accuracy of the literature correlation. The least error was found by setting U = 0. The
standard deviation for the top bed gas and sorbent temperature is 23.6, the middle bed is 5.6,
the bottom bed is 7.3, and overall is 14.8. The major error was created by the top bed. For
the middle and bottom beds, the errors obtained from the literature and the current correlation
are about the same. Figure 8-6 is included to show the comparison between the measured and
predicted gas and sorbent temperatures using the literature correlation. According to the result
obtained from the literature correlation, the sorbent requires only 80 seconds to reach the gas
temperature (see Figure 8-7). For scaling the POC result to the 115 MW demonstration plant,
a conservative approach should be adopted to ensure the plant has enough capacity to cool the
sorbent.

The assumption that the sorbent is in mixed flow in the fluid bed was also tried to derive

the gas and sorbent outlet temperatures. But the correlation result is inferior to those obtained
from the previous discussion with the same data.
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9.0 SORBENT TRANSPORT

The sorbent in the NOXSO Process is continuously circulated between the adsorber and
regenerator. The sorbent transport devices used in the NOXSO POC pilot plant are one dense
phase conveying system and three dilute phase J-valves. The dense phase conveying system
(MAC) is provided by MAC Company. The MAC lifts the spent sorbent from the adsorber
outlet to the top of the sorbent heater. The sorbent then flows into the top bed of the sorbent
heater by gravity. The J-valves are used to transport the sorbent from the bottom bed of the
sorbent heater to the top of regenerator, from the bottom of the regenerator to the top bed of
sorbent cooler, and from the surge tank to the adsorber. The experience of using these sorbent
transport devices will be discussed in the following section.

9.1 MAC Dense Phase Transport

The general arrangement of the MAC system is shown in Figure 9-1. The system
consists of three vessels; surge bin, fluidizer, and disengaging vessel. The spent sorbent flows
into the surge bin and fluidizer by gravity. Forty pound air was used to pressurize the fluidizer
and push the sorbent to the disengaging vessel. Please note that no isolation valve was installed
between the fluidier and the disengaging vessel. The sorbent moves like a plug in the vertical
section. :

During the POC operation, the sorbent was blown out of the disengaging vessel several
times. The sorbent loss was caused by the maifunction of the high level probe installed in the
disengaging vessel. The high level probe should stop the MAC transport cycle if the sorbent
level in the disengaging vessel is too high. The failure of the high level probe caused the
disengaging vessel to overfill. The excess sorbent was carried by the heater and MAC offgas
through the offgas ducts and power plant stack and then vented to the atmosphere. In this case.
the baghouse was bypassed; process offgases typically pass through the baghouse before being
vented to the plant stack. Except for the malfunction of the high level probe which was later
corrected, the MAC system was quite reliable.

9.2 J-Valves

The J-valves were developed by NOXSO Corporation. The valves serve two purposes:
1) to transport the sorbent from vessel to vessel, and 2) to form a seal to prevent the mixing of
gases between vessels. Figure 9-2 shows the general arrangement of J-valves. It consists of a
6" stand pipe section, a 3" diameter riser section, and a gas distribution box. The stand pipe
section is also equipped with aeration taps to strip gases from the sorbent as it leaves the vessel.
The carrier gas enters the gas distribution box via three separate nozzles. The elbow gas
prevents the sorbent from settling at the sharp turning corner and also provides the lubrication
for the sorbent flow in the stand pipe. The fluidizing gas fluidizes the sorbent inside the box.
The conveying gas carries the sorbent through the riser section. It was found that the sorbent
flowrate can be controlled by adjusting any of these three gas flowrates. But adjusting only one
gas flowrate does not provide wide enough control range for the sorbent flowrate. Since only
the fluidization gas flowrate was controlled by the distributed control system to maintain vessel
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inventories, the operator must manually adjust the conveying and elbow gas flowrates in the
field. However, these adjustments are only required when the sorbent flowrate is changed by
the test conditions. Once the sorbent flowrate stabilizes, the J-valves can be switched to auto-
control mode and controlled by the sorbent level in either the upstream or downstream vessels.
Manual adjustment of these valves would not be required in a commercial application of the

NOXSO Process.
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10.0 PILOT PLANT OPERABILITY

10.1 Plant Shutdowns

Figures 10-1 and 10-2 show NOXSO cumulative ran time versus power plant cumulative
run time. The numbers shown on the figures correspond to periods of time in which the
NOXSO Process was down due to repairs. The key to Figures 10-1 and 10-2 is given below.

1. March 15, 1992 Sulfur condensed in regenerator/steam treater offgas line and
plugged line at check valve. Sorbent heater top grid holes plugged
with cementitious mix of sorbent and water (not whole sorbent

spheres).
2. March 22, 1992 Sulfur plug in regenerator/steam treater offgas line.

3. April 19, 1992 The MAC high sorbent level probe in the MAC disengaging vessel
failed, causing the rupture disk in the vessel to release air/sorbent

to atmosphere.

4. April 26, 1992 Sorbent heater top and middle grids plugged with sorbent/water.
Sorbent heater middle and bottom grids expanded (buckled up) to
interfere with the movement of the flapper valve attached to the
downcomer. (The bottom edge of the flapper valve was originally
1" above the grid plate.)

5. May 17, 1992 Regenerator pressure control valve (PV 518) stem not moving
freely, which caused pressure swings in regenerator/steam treater

offgas line, which produced incinerator trips.

6. May 24, 1992 Sorbent heater middle grid plugged.
7. May 31, 1992 Regenerator offgas valve prior to the incinerator would not turn.
8. June 21, 1992 A hole developed in the incinerator offgas duct at the point where

steam from the methane preheater is vented into the duct. The
duct was replaced. The steam was re-routed to a steam trap which
corrected the problem.

0. August 9, 1992 High sorbent level probe in the MAC disengaging vessel
malfunctioned. Sorbent heater middle grid plugged.

10.  August 30, 1992 Replaced motor and fan bearing in heater/cooler fan (K-103). The
bearings were replaced after 4650 hours of operation.
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11.  October 4, 1992 The sorbent was over-sulfated. Flue gas was discontinued and the
inventory was regenerated for several cycles until the sulfur
content of regenerated sorbent returned to the normal range (i.e.,
0.2-0.3 wt%).

12.  November 1, 1992 Replaced the fan bearings in the adsorber fan (K-101). The
bearings were replaced after 5700 operating hours.

13. November 22, 1992 The adsorber grid plugged with a mixture of sorbent, fly ash, and
water. The flue gas flowrate was 10,000 scfm. Water was
sprayed into the flue gas to reduce the temperature from 360° to
740°F. At 240°F, acid condensed and was carried with the gas
through the grid holes. When acid contacts sorbent, it dissolves
the binder holding the microspheres together. When the mixture
dries, it forms a cementitious deposit that plugs the 1/8" grid hole.

14. December 6, 1992  The adsorber grid plugged as in #13 above; however, in this case,
the acid drain line plugged causing acid to accumulate in the elbow
just below the adsorber grid. The flue gas flowrate was 7000 scfm
and the flue gas temperature was controlled at 240°F by water

spray.

15.  January 10, 1993 The seals on the butterfly valve between the MAC surge bin and
the MAC fluidizer and on the cone valve in the MAC fluidizer
were replaced after 6650 hours of operation.

16. January 17, 1993 Over-sulfated the sorbent, ran for several cycles without flue gas.

System modifications were performed over the course of the project to make the plant
easier to operate. These efforts have succeeded in reducing the number and the frequency of
pilot plant outages, as shown in Figures 10-1 and 10-2. System modifications were as follows:

Regenerator/Steam Treater Offgas Line - Early in the project sulfur pluggage presented a
problem. Subsequently a sulfur trap was installed at the end of the vertical section of pipe just
upstream of the incinerator. Check valves in regenerator and steam treater offgas lines were
removed and a single check valve was placed in the combined offgas line to the incinerator.
Also operating procedures were changed so that methane was not fed to the regenerator until the
temperature in the regenerator offgas line exceeded the dewpoint of sulfur vapor. These changes
eliminated sulfur plugs in the regenerator/steam treater offgas line.

Sorbent Heater Grid Pluggage - Grid pluggage can be avoided by having the proper amount of
transport disengaging height (TDH) between bed and grid in the 3-stage heater and cooler. The
distance from grid to grid in the sorbent heater is 44" in the sorbent cooler it is 66". No grid
pluggage has occurred in the sorbent cooler. Since the spacing between grids in the sorbent
heater could not easily be changed, the grid holes were countersunk (from the bottom) and the
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holes in the middle grid were enlarged from 1/8" to 5/32". This reduced the frequency of
plugging, but, to eliminate the problem, the spacing between grids in the heater must be
increased to a minimum of 66".

Sorbent Heater Grid Impeding Flapper Valve - A pair of supports were welded to the
downcomer and grid to maintain a distance of 1 " between the two. A permanent solution would
be to support the grid in such a way as to account for the difference in thermal expansion
between the vessel, grid, and grid supports.

Adsorber Grid Pluggage - This occurred exclusively at times when the flue gas was cooled by
water spray to below the acid dewpoint. NOXSO has tested a two-stage adsorber with in-bed
cooling via water spray. After 350 hours of operation, no grid pluggage has been observed on
either grid. -

10.2 Plant Trips .

The distributed control system is programmed with a number of trips and plant
interlocks. Sensors continuously monitor certain process flow measurements, temperatures,
pressures, etc., for safety (for complete details on the trip matrix see Section 4.0). The trips
experienced at the pilot from March to December 1992 are summarized in Table 10-1. The type
of trip and the frequency of the trip are given in the table.

Table 10-1. Trip Summary
March-December 1992

Trip Type Number
Incinerator trip 29
High/low dp between sorbent heater and regenerator 14
Air heater flame fail 10
Low level in bottom bed sorbent heater 6
High CH, in J-valves 6
High level in MAC disengaging vessel 2
Heater/cooler fan shut off 3

Incinerator_Trip - This trip was caused principally by low flame signal. Most of these trips
occurred prior to March, when the incinerator UV flame scanner was replaced with an IR
scanner, since H,0 in the gas feed to the incinerator adsorbed some UV resulting in weak flame
signals. Also early on sulfur deposits blocked the flame scanner window. The flame scanner
view pipe was extended and this corrected the problem. A sulfur trap is now in the line just

upstream of the incinerator.

Differential Pressure, Regenerator Sorbent Heater - This trip is principally due to unstable
sorbent circulation rate which causes the upper J-valve to oscillate and dump varying amounts
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of steam/nitrogen into the regenerator. An improved J-valve (i.e., better control) would reduce
the number of these trips.

Air Heater Flame Fail - This trip occurred because of high temperature at either the baghouse,
air heater exit, or sorbent heater offgas. All trips occurred at high sorbent circulation rate.
Since heater/cooler fan capacity is limited, high sorbent circulation means high temperature at
the air heater exit, high temperature at the sorbent heater outlet, and high baghouse temperature.
More fan capacity would eliminate this trip.

Low Level Sorbent Heater Bottom Bed - This trip was caused by the flapper valve in the middle
to bottom bed downcomer. With temperature cycling the grids deformed (buckled) and impeded
the motion of the flapper valve. A properly designed grid support would reduce the number of
these trips (see above). -

High CH, in J-Valves - Anarad analyzers measure the concentration of CH4 in the upper and
middle J-valves. These trips were caused by analyzer malfunctions and operator error, i.e.,
analyzers were sometimes not disconnected from the data highway while they were calibrated.

High Level in MAC Disengaging Vessel - This trip was caused by a malfunction of the MAC
high level probe in the disengaging vessel. It has since been corrected.

Heater/Cooler Fan Shut-Off - This trip is caused by excessive current draw. At high sorbent
circulation rates, fan capacity is limiting. Proper design of the fan would eliminate this trip.

10.3 Suggested Plant Modifications

Some mechanical modifications were made to the POC unit which should be incorporated
into future designs. There are also items which were discovered during the operations which
should be incorporated into future NOXSO Process operations. These are summarized below:

1. Regenerator pressure control valve (PV518A) and regenerator offgas valve prior to the
incinerator required the addition of nitrogen bearing purges to prevent corrosion and
binding of the valve mechanism. All valves used to control regenerator gases will
require bearing purges.

2. Turbine flowmeters had relatively poor performance on the pilot process. Another
flowmeter should be considered for future installations.

3. Additional control of steam and N, to the J-valves should be included in future
installations. This would include flow transmitter and control valve additions to both the
elbow gas and conveying gas for each J-valve. A 100 psi nitrogen source should be
available at each J-valve box and plumbed so that a short burst of 100 psi nitrogen can
be admitted to the J-valve box through the elbow gas line. This was found necessary to
clear the J-valves of any water-sorbent composite present.
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10.

11.

12.

13.

J-valve slide gate valves should be completely enclosed and seals purged with nitrogen.
The current slide gates have a graphite packing on the end of the slide gate. This
packing occasionally leaks gas and sorbent. A sealed slide gate with nitrogen purge
would solve this difficulty.

The three J-valves never required the use of additional gas at the top elbow of the J-
valves (FI-4054, FI-4050, FI-5056). Each of the elbows was provided with this, but they
were never used. They can be deleted from future installations.

The regenerator has two differential pressure indicators which can be removed from
future installations (PDT-305, PDT-307). They provided little useful information. PDT-
308 is necessary to control the differential pressure between the regenerator and steam
treater.

The regenerator also has an excessive number of temperature measurements which should
be eliminated in commercial units. The thermocouples extending from the top of the unit
have 32 temperature elements. There has not been any significant radial temperature
gradients observed at the POC (although axial gradients are present from changes in the
sorbent heater temperature). These could be replaced by three or four thermocouples in
the vessel.

The special gas distribution slats within the regenerator and steam treater are believed
to offer no advantages over a simple sparger within a vessel. Although these are
currently being used at the POC the use of a sparger would simplify vessel design and
reduce cost.

The dense phase lift (MAC) should be the sorbent circulation control point with J-valves
as level control slaves.

All regenerator offgas lines should be steam jacketed to prevent the freezing of
condensed sulfur.

A slide gate valve (either manual or actuated) should be installed on each J-valve
downcomer. This allows the J-valve box to be isolated for maintenance and cleaning

without emptying vessels of sorbent.

Differential pressure measurements with transmitters should be installed on each grid and
fluid bed. This allows for rapid diagnosis of sorbent flow problems within multi-stage

fluid beds.

All instrument purges should be nitrogen. The POC had some provision for switching
instrument purges to steam, but these were never used. Any condensing steam from the
instrument purge wets sorbent and causes the pressure tap to clog off.
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14.

15.

16.

17.

18.

Thermocouples should not be installed within the J-valve risers. Thermocouples in the
downcomer section of the J-valves are more accurate measurements of sorbent
temperature and do not interfere with sorbent flow.

Probes for process gas and sample gas measurements need to be installed directly into
the offgas piping being sampled. Better dilution probes need to be purchased or
developed for collecting samples from these sireams.

Acid collection from cooling the flue gas by water spraying can be substantial when the
flue gas is cooled to low temperatures (240°F). Alternative methods of cooling flue gas
without formation of acid need to be explored and tested.

Nozzles for pressure taps, stripper gas, elbow gas, and steam treater steam inlets need
to enter vessels and pipes approximately 1". This allows any condensation or water in
the line to contact sorbent and be vaporized rather than possibly pooling at the wall of
the vessel or pipe.

The nitrogen purge of the sorbent heater is unnecessary and has never been used during
the POC operations (CV-3070, and line N-2"-56-208). It can be deleted from future
installations.
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11.0 PARAMETRIC TEST RESULTS

The parametric test series was designed to quantify the effects of changing operating
setpoints on process performance. The operating setpoints varied were flue gas temperature inlet
to adsorber, adsorber bed pressure drop, sorbent circulation rate, flue gas flowrate, regeneration
temperature and regenerator sorbent inventory. The concentrations of SO, and NO, in flue gas
inlet to the adsorber also varied due to changes in power plant load. The operating setpoints for
all tests at mini-load (35 MW) and base load (55 MW) are given in Table 11-1 and 11-2,
respectively. SO,/NO; concentrations in inlet flue gas were also increased by spiking the flue
gas with SO, and NO from pressurized gas cylinders. Operating setpoints for these tests are
given in Table 11-3.

Table 11-1. POC Tests Conducted at Mini Load
Flue Gas Solids . Adsorber Regenerator Regenerator

Test Flowrate Flowrate Bed dp Level CH, Flow

No. (scfm) (pph) (" H,0) (ft) (scfm)
Test 1b 6900 7000 154 4.8 15.0
Test 2a 5800 8000 21.3 5.1 15.0
Test 3a 5800 6000 15.8 4.1 15.0
Test 4a 5800 5900 12.9 4.4 15.0
Test 4b 5800 5900 12.9 4.4 8.9
Test 5a 6900 6900 12.9 4.4 10.5
Test 6a 5800 5900 8.5 1.5 8.9
Test 7a 8450 7900 11.4 3.7 12.9
Test 8a 8450 5900 8.5 4.4 12.9
Test 9a 8450 7900 17.2 9.5 12.9
Test 10a 5800 7900 17.2 3.7 8.9
Test 1c 8450 5900 12.9 3.0 12.9
Test 2b 6900 6900 12.5 4.4 10.5
Test 3b 5800 7900 11.4 9.5 8.9
Niles-1 10000 10000 11.8 9.5 15.0
Niles-2 6000 10000 7.1 9.5 15.0
Niles-3* 11000 7500 5.3 1.7 7.9
Niles-7 11000 7500 13.0 5.0 10.0
Niles-8 9000 7500 10.6 5.0 10.0
Niles-9 7000 7500 8.2 5.0 10.0
Niles-10 11000 7500 8.8 5.0 10.0
Niles-11 9000 7500 7.2 5.0 10.0
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Table 11-1. POC Tests Conducted at Mini Load

Flue Gas Solids Adsorber Regenerator Regenerator
Test Flowrate Flowrate Bed dp Level CH, Flow
No. (scfm) (pph) (" H,0) (ft) (scfm)
Niles-12 7000 7500 5.6 5.0 10.0
Niles-13 10000 10000 7.7 5.0 10.0
Niles-14 10000 6500 17.7 5.0 10.0
For all mini load tests: Inlet flue gas temperature, °F 320
Heater bottom bed temperature, °F 1150
Treater steam flow, Ibs/hr 40
* Test designed for 0.6 wt% on sorbent after regeneration.
Table 11-2. POC Tests Conducted at Base Load
Flue Gas Solids Adsorber Flue Gas
Test Flowrate Flowrate Bed dp Temperature
No. (scfm) (pph) (" H,0) (°F)
PC-1 7000 10000 20 320
PC-2 6500 10000 14 320
PC-3 7000 10000 14 320
PC-4 7000 10000 7 320
PC-5 7000 10000 7 240
PC-6 7000 10000 20 240
PC-7 7000 10000 14 240
PC-9 7000 8000 14 240
WRG-1 5800 10000 20 320
WRG-2 5800 10000 20 240
FG-1 8000 10000 14 320
FG-2 9000 10000 14 320
FG-3 10000 10000 14 320
BB-1 10000 10000 14 320
BB-2 8000 10000 14 320
BB-3 9000 10000 14 320
BB-4 7000 10000 14 320
BB-5 10000 10000 7 320
BB-6 10000 10000 20 320
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Table 11-2. POC Tests Conducted at Base Load
Flue Gas Solids Adsorber Flue Gas
Test Flowrate Flowrate Bed dp Temperature
No. (scfm) (pph) (" H,0) (°F)
BB-7 10000 10000 14 240
BB-8 5000 10000 14 240
BB-9 9000 8000 14 320
BB-10 9000 6000 14 320
Duration Test 9000 10000 14 280
All base load tests: Heater bottom bed temperature, °F 1150
Regenerator level, ft 5
Regenerator CH, flow, scfm 10
Treater steam flow, lbs/hr 40
Table 11-3. POC Spiking Tests
Flue Gas Solids Adsorber Flue Gas **Inlet SO, ***Inlet NO,
Test Flowrate Flowrate Bed dp Temperature | Concentration Concentration
No. (scfm) (Ibs/hr) " H,0) P (ppm) (ppm)
Spike-1 9000 7500 8.4 320 1800 580
Spike-2a 7000 10000 11.1 320 1800 500
Spike-2b 7000 10000 11.1 320 1800 750
Spike-2¢ 7000 10000 11.1 320 1800 1000
Spike-3a 7000 10000 14.0 320 2800 400
Spike-3b 7000 10000 14.0 320 2800 700
Spike-3¢ 7000 10000 14.0 320 2800 1000
Spike-3d 7000 10000 14.0 320 3300 400
Spike-3e 7000 10000 14.0 320 3300 1000
Spike-4a* 7000 10000 14.0 240 2800 400
Spike-4b 7000 10000 14.0 240 2800 700
Spike-4¢ 7000 10000 14.0 240 2800 1000
* Tests 4a-c were repeated after installation of the "bubble buster”.
wok 400 ppm represents nominal base load NO, concentration.

*okk 1800 ppm represents nominal unspiked SO, concentration.

Parametric test data reduction and analysis are presented in this section of the report.
At the end of this section, an adsorption and a regeneration model are presented which can be
used to predict the pilot plant data to an accuracy of £ 15%.
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11.1 Material Balances

As part of the data quality assurance programs at the POC, material balances were
computed over each 12-hour shift of operation. Material balances were required to close within
+ 15% for the data to be considered valid. Of primary interest were the four component
material balances discussed below. Closure of these four material balances from July 8, 1992
to December 15, 1992 are tabulated in Appendix D.

The mass flowrate of sulfur removed in the adsorber is determined from the flue gas
flowrate and the SO, concentrations in Streams 1 and 2 (see Figure 11-1 for stream numbers).
Alternately, the mass flowrate of sulfur adsorbed can be computed from the solids flowrate and
the concentration of sulfur on the sorbent in Streams 3 and 4. The adsorber gas/solid sulfur
mass balance compares the mass flowrate of sulfur adsorbed as calculated by these two methods.

During steady-state operation all sulfur removed in the adsorber is desorbed in the
regenerator and sorbent heater. The total mass flowrate of sulfur desorbed is calculated from
the concentrations of sulfur bearing components and the flowrate of Streams 5, 6 and 8. The
adsorber/regenerator sulfur mass balance is then computed by comparing the total mass flowrate
of sulfur desorbed versus the mass flowrate of sulfur adsorbed. Note, the mass flowrate of
sulfur adsorbed is based on the flue gas flowrate and concentrations rather than the sorbent
flowrate and concentrations.

Similar to the adsorber/regenerator balance, the NO, balance is used to verify that all
NO, removed in the adsorber is desorbed in the sorbent heater. The rate of NO, adsorption is
calculated from Streams 1 and 2, while the rate of NO, desorption is calculated from Stream 5.
For the purpose of computing the mass balance closure, all NO, species are treated as NO.

The purpose of the regenerator carbon balance is to ensure that the CH, feed to the
regenerator can be accounted for in the regenerator offgas streams. Obviously, the mass flow
of carbon into the regenerator is given by the CH, feed rate. The mass flow of carbon exiting
the regenerator is calculated by the concentrations of carbon bearing species and flowrates of the
two offgas Streams 6 and 8. In general, the regenerator carbon mass balance closure has varied
between 80 - 90%, indicating a deficiency in the mass of carbon exiting the regenerator.
Sorbent analysis has shown this deficiency results from coking or carbon deposits on the sorbent.

11.2 Parametric Results
11.2.1 Effect of Gas/Sorbent Residence Time in Adsorber

SO, removal efficiencies are plotted as a function of adsorber gas residence time in
Figures 11-2 and 11-3. Adsorber gas residence time is the fluid bed 'settled bed height divided
by the superficial gas velocity through the bed. The data are divided into groups with similar
sorbent residence times as shown on the right hand side of the figures. Sorbent residence time
is the adsorber inventory divided by the sorbent circulation rate. Since sorbent surface area
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changes with time in the initial stage of the tests, the only data used is from the period of time
after the initial decline in sorbent surface area (after 350 flue gas hours).

The data set consists of 104 data points of 12-hour shift averages. The range of
measured operating conditions in these tests were as follows:

Adsorber bed pressure drop = 5.3-21.4"H,0
Adsorber bed temperature = 273 - 351°F

Flue gas flowrate 5,853 - 11,110 scfm
Sorbent circulation rate 5,861 - 10,023 pph
SO, inlet to adsorber 1,332 - 2,120 ppm

1l

NO, inlet to adsorber = 163 - 454 ppm
Gas residence time in adsorber = 0.2 - 1.6 sec.
Sorbent residence time in adsorber = 19 - 74 min.

Data from the flue gas spiking tests are not included. Spiking data is covered in Section
11-4.

A regression analysis was performed to obtain a mathematical relationship that best fits
the data. The best fit is a power function. The power function curves plotted in Figures 11-2
and 11-3 show that the rate of change in removal efficiency with changing gas residence time
is fast at low removal efficiency and slow at high removal efficiency. This is expected since the
rate of adsorption decreases with decreasing concentration of SO, in the gas phase. The
regression coefficients for the curves shown in Figures 11-2 and 11-3 are as follows (where y
= ax":

Sorbent Residence a b r # of data
Time (min.) points
71.9-74.2 78.0 0.48 0.82 16
54.2 - 60.2 85.9 0.39 0.87 31
46.5 - 49.6 95.9 0.65 0.89 12
37.1-39.6 98.2 0.43 0.93 19
29.6 - 33.0 114.8 0.60 0.89 14
18.7-21.0 176.6 0.93 0.95 12

Given the values of 2 (2 equal to 1.0 is a perfect fit), the power function seems to give
a reasonable fit to the data. The lack of a perfect fit is due to the fact that SO, removal
efficiency also varies with SO, concentration in flue gas inlet to the adsorber. The concentration

effect is discussed in Section 11-4.

The regression curves for each sorbent residence time interval are shown in Figure 11-4.
The form of the curve at removal efficiencies less than 40%, and greater than 95%, is an
extrapolation since no data were acquired in this range. Itis interesting to note that, at removal
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efficiencies greater than 60%, the curves follow a pattern of increasing slope with decreasing
sorbent residence time. In other words, the rate of increase in removal with increasing gas
residence time is greater at lower sorbent residence time.

Figure 11-5 shows sorbent residence time as a function of gas residence time for 90, 80,
and 70% SO, removal efficiencies. Data points shown in the figure were computed using the
regression coefficients listed above. Figure 11-5 can be used to get a rough estimation of the
sorbent circulation rate required at a given bed height to achieve a specified removal efficiency.

The same type of data reduction was done for NO, removal efficiency. Figures 11-6 and
11-7 show the plots of NO, removal efficiency as a function of gas and sorbent residence time.
The regression coefficients are as follows (where y = a x?):

Sorbent Residence a b T, # of data
Time (min) points
71.9-74.2 75.7 0.70 0.85 8
53.2-60.2 83.2 0.35 0.60 34
46.5 - 49.6 92.0 0.45 0.66 9
37.1-39.6 92.1 0.32 0.55 17
29.6 - 33.0 106.1 0.50 0.58 14
18.7-21.0 119.7 0.46 0.80 9

The NO, data do not fit the power function as well as the SO, data. as evidenced by the
values of r? given above. This is because, in addition to the gas and sorbent residence time,
NO, removal efficiency is strongly affected by the concentration of NO, in the flue gas iniet to
the adsorber and by adsorber bed temperature.

11.2.2 Effect of Adsorber Bed Temperature

A series of spiking tests (see Table 11-3) were conducted in which the inlet
concentrations of SO, and NO, in the flue gas were increased by spiking the flue gas with SO.
and NO, from pressurized gas cylinders. Sorbent circulation rate, flue gas flowrate, and
adsorber bed pressure drop were held constant in these tests and, as a result, gas and sorbent
residence times were also constant.

Figure 11-8 shows a plot of NO, removal efficiency as a function of NO, inlet to the
adsorber (ppm) and adsorber bed temperature. The figure shows that NO, removal efficiency
improves with decreasing temperature in the adsorber bed. At roughly 1000 ppm inlet NO;,
NO, removal efficiency is 41% at a bed temperature of 345°F and 75% at a bed temperature
of 297-312°F. The rate of decline in NO, removal efficiency with increasing NO, inlet to the
adsorber is greater at the higher bed temperature, indicating that more active NO, adsorption
sites are present at the lower temperature.
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Figure 11-9 shows SO, removal efficiencies measured during the same set of flue gas
spiking tests. The plot shows lower SO, removal at lower adsorber bed temperatures.
However, this is due to the fact that there is competition between SO, and NO, for adsorption
sites and more NO, is adsorbed at low temperature. When all the data are considered, SO,
removal efficiency does not vary significantly with temperature (see below). A similar result
was obtained in the laboratory using a fixed bed reactor (See Section 3.0). What is significant
is that SO, removal efficiency increases with increasing concentration of NO, in the inlet flue
gas. This result substantiates one of the steps in the proposed SQ, adsorption mechanism. As
discussed earlier in Section 3.0, the existence of NO;, in the flue gas promotes SO, adsorption.

All the NO, data were analyzed to determine the temperature effect on adsorption using
the Freundlich isotherm. The Freundlich isotherm is:

1

n 11.2-1
e,=c Py ¢ )

where: ©, is the occupied fraction of adsorption sites

P, is the partial pressure of adsorbate
c,n is the constants, n>1

The isotherm is based on the assumption that equilibrium is truly reached and that the
adsorption (either physical adsorption or chemical adsorption) is reversible in the sense that no
change in the adsorbate (in this case NO,) occurs when cycling between adsorption and
desorption. In the NOXSO Process, NO in the flue gas is adsorbed forming a complex
consisting of NO, NO, oxygen, water, and SO, on the sodium-alumina surface. The sorbent is
thermally regenerated with air and the products of desorption are NO and NO, (40:60). This
does not fit the definition of a reversible reaction in the isotherm.

The NO, isotherms are shown in Figure 11-10. The y-axis, which is the occupied
fraction of adsorption sites (O, in the isotherm), is approximated by the weight fraction of NO,,
expressed as NO,on the sorbent. This is because the total number of active sites is unknown.
The x-axis is the measured equilibrium concentration of NO, in the adsorber offgas which is
assumed to be equal to the concentration of NO, in the fluid bed.

A non-linear regression in the form of a power curve was used to fit the data. The
results are shown in Figure 11-10 and are listed below (where y = ¢ x /%),
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Temperature Range °F r c n # of Points
340 - 351 0.46 0.00067 9 17
330 - 340 0.63 0.00043 5 22
320 - 330 0.48 0.00046 5 45
273 - 303 0.82 0.00021 2 16

The degree of accuracy of the fit () is poor in all cases except in the temperature range
of 273-303°F. This is most likely due to the fact that the NO, adsorption process is not truly
reversible. However, Figure 11-10 shows that NO, sorbent loading was significantly higher in
tests at 273-303°F than in any of the other tests.

A similar data analysis was done for SO, and the results are plotted in Figure 11-11. The
figure shows a small improvement in SO, loading at the highest temperature range studied.
However, the temperature effect is small compared to the temperature effect on NO, adsorption.

11.2.3 Effect of SO,/NO, Concentration

Figure 11-12 is a plot of SO, removal efficiency versus SO, inlet to the adsorber at two
sets of operating conditions. One test was conducted at mini-load and the other was conducted
at base load, so NO, concentrations in inlet flue gas were different. Each data set was obtained
at a nearly constant gas residence time, but sorbent residence times varied by 22% in the two
tests. The average operating conditions for each data set were as follows:

Sorbent Circulation Rate (pph)

9949 6877

Flue Gas Flowrate, scfm 7257 6981
Gas Residence Time, sec 0.88 0.82
Sorbent Residence Time, min 38 49
Average NO, inlet, ppm 404 215

The lines shown in Figure 11-12 are the best fits to the data using the method of least
squares. The regression coefficients (where 7=a-+bx) are:

a b I # of Points
[NO,J,, = 350 - 421 ppm 106.6 | -0.006 0.80 6
Sorbent residence time = 38 min
[NOJ;, = 198 - 231 ppm 116.9 | -0.012 0.94 7
Sorbent residence time = 49 min
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The limit as x — O is 100%, but the y intercepts obtained by linear regression are 107
and 117. Nevertheless, the data fit the regression well, so it is concluded that SO, removal
efficiency is a linear function of SO, inlet concentration assuming all the other adsorber
operating variables are constant.

SO, removal efficiency is higher at lower sorbent residence time (i.e., as residence time
decreases, active adsorption sites circulate through the adsorber at a higher rate) and at higher
NO, inlet concentration as seen in Figure 11-12. Both of these effects were discussed
previously. In addition, the decay rate of SO, removal efficiency with SO, inlet concentration
is different by a factor of two for the two lines in Figuie 11-12, clearly showing the effect of
sorbent residence time and NO, inlet concentration, since in all other respects the test conditions
were nearly identical.

The NO, concentration effect is shown in Figure 11-13. The data cover a NO, inlet
range of 400 ppm (base load) to 1000 ppm (flue gas spiking). All data were obtained at constant
gas and sorbent residence times and fairly constant SO, flue gas inlet concentrations ranging
from 2883 to 3132 ppm. A data set was obtained at each of three adsorber bed temperatures:
345°, 312°, and 297°F.

Figure 11-13 shows that in all tests NO, removal efficiency was higher at lower adsorber
bed temperatures. This effect is clearly illustrated at 1000 ppm inlet NO,, where NO, removal
efficiency is 41% at 345°F bed temperature, 74% at 312°F, and 77% at 297°F.

The rate of decay of removal efficiency with increasing NO, inlet concentration is best
approximated by the lines drawn in Figure 11-13. The regression coefficients are as follows
(where y=a-+bx):

Adsorber Bed r a b # of Points
Temperature
345°F 0.91 107 -0.06 4
312°F 0.95 97 -0.02 3
297°F 0.96 98 -0.02 3

Therefore, at 10,000 pph, 7000 scfm. and 14" H,0, the rate of decrease in NO, removal
with increasing NO, inlet is given by the three linear equations above. The rate of decrease in
NO, removal efficiency is three times faster at 345°F bed temperature than it is at 297 or

312°F.
11.2.4 Effect of Gas-Sorbent Contacting

The effect of varying gas residence time at constant solids residence time is shown in
Figure 11-14 and 11-15. The x-axis (flue gas flowrate) is proportional to gas residence time,
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since adsorber bed pressure drop was held constant (13.6 to 14.1" H,0) in all tests except those
at 6000 scfm (19.8 - 20.2" H,0). All tests were conducted at base load (i.e., SO- inlet
averaged 1817 ppm and NO, inlet averaged 335 ppm) and an average adsorber bed temperature
of 342°F. As expected, removal efficiencies decrease as gas residence time decreases. This
is because the quantity of SO, and NO, entering the adsorber increases with decreasing gas
residence time (at constant bed height), but the rate of active sorbent sites circulating through
the adsorber (sorbent circulation rate) is held constant. The rate of decrease in removal
efficiency with decreasing gas residence time can be approximated by the lines drawn in the
figures. The decay rate of NO, removal is twice that of SO, which substantiates the proposed
reaction mechanism, i.e., two SO, molecules adsorb to form one active NO, adsorption site.
The linear regression coefficients are (where y=a+bx):

a b r # of Points
SO, 114 -0.003 0.91 15
NO, 127 -0.006 0.98 14

Tests designated SO, - BB and NO, - BB represent data collected after a "bubble buster”
was installed in the fluid bed adsorber. The "bubble buster" had been tested first in NOXSO's
Clairton Research Center in a cold-flow, plexiglass model with a perforated grid plate identical
to that used in the NOXSO pilot plant. The tests showed that bubble diameter and sorbent
splash height above the fluidized bed were reduced by using the "bubble buster”. The "bubble
buster” consists of four rows of 1%" conduit, spaced 6" apart, and beginning 6" above the grid
plate. Each row of tubes is parallel and 60° offset to the rows above and below.

The effect of the "bubble buster" on SO,/NO, removal efficiency is illustrated in Figures
11-14 and 11-15. Theoretically, the "bubble buster” should improve gas-sorbent mixing and
thereby improve removal efficiency. The data show a slight improvement in NO, removal
efficiency but no improvement in SO, removal efficiency; therefore, there is no advantage to be
gained by the use of this "bubble buster” and it will not be used in subsequent plants.

11.2.5 NO, and SO, Adsorption Heat

The heat of NO, and SO, adsorption is required to size the heat removal device that
regulates the sorbent bed temperature in the large scale adsorber of the NOXSO Process. The
steady-state operation data obtained from the POC adsorption studies were used to determine the
NO, and SO, adsorption heats. The assumptions used to derive the energy balance around the

POC adsorber are as follows:

1. The air of the bottom J-valve goes directly to the top of the adsorber, and does
not affect the temperature of the fluid bed. The sorbent transported by the bottom
J-valve completely falls into the fluid bed.

2. The temperatures of gas and sorbent in the fluid bed are equal.
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3. All the water sprayed into the flue gas is vaporized and enters the fluid bed with

the flue gas.
4. The water content of the flue gas before the water spray is 8.5% by volume.
5. The effect of ambient temperature variation on the adsorber heat loss is
negligible.

Applying the energy balance around the fluid bed adsorber gives

FC,(T, - T) + FC, *+ FC, + F,C,)T, - T)

g
T,

Ym0
Yso2
Ynox

(11.2-2)
=F g(l - )’}Iza)ysazq’sozAHso2 + F gyNO,d)NOxAHNOx +Q

is the sorbent heat capacity, kcal/’kg °C,

is the heat capacity of the flue gas, kcal/kmol °C,
is the heat capacity of air, kcal/kmol °C,

is the heat capacity of water vapor, kcal/kmol °C,
is the SO, sorption heat, kcal/kmol,

is the NO, sorption heat, kcal/kmol,

is the sorbent flowrate, kg/sec,

is the flue gas flowrate, kmol/sec,

is the air flowrate of the water spray, kmol/sec,

is the water flowrate of the water spray, kmol/sec,
is the SO, removal fraction,

is the NO, removal fraction,

is the heat loss, kcal/sec,

is the sorbent inlet temperature, °C,

is the flue gas inlet temperature, °C,

is the average fluid bed temperature, °C,

is the adsorber inlet H,O mole fraction,

is the adsorber inlet SO, mole fraction, and

is the adsorber inlet NO, mole fraction.

The term (1-Yu0) on the right hand side of Equation 11.2-2 is used to correct (¥Ysoz)
which is measured on a dry basis. Only the SO, concentration requires the correction. Equation
11.2-2 contains three unknowns, namely AHgo,, AHyo, and Q. They can be easily determined
by a linear regression. The data obtained from the June 25, 1992 to August 17, 1992 pilot plant
operation was used to determine these unknowns. The reason to restrict the data collection
period is to ensure that the ambient condition was relatively unchanged to satisfy the fifth
assumption. The results obtained from 48 data points with R-squared = 0.889 are as follows:
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AHg,

AHy,
Q

The comparison between the right hand side and the left hand side of Equation 11.2-2

is shown in Figure 11-16. Since the left hand side of Equation 11.2-2 contains only measurable
variables, it is called the measured heat release in Figure 11-16. The right hand side is called
the calculated heat release. It should be pointed out that the regression result was effected by
the selection of the sorbent inlet temperature. The use of the bottom bed temperature of the
cooler gives a high r-square value. The use of the temperature measured in the riser section of
the bottom J-valve gives a low r-square value, 0.572. The adsorption heat reported here is the

result of using the cooler bottom bed temperature, which is believed to be the most accurate,
since the riser temperature is actually a measure of the dilute phase air/sorbent mixture.

-70.154kcal/mole
-5.683kcallmole
0.590kcalfsec

The extended POC data, from June 25, 1992 to December 10, 1992, were also used to
correlate Equation 11.2-2. It was found that the resultant AHy,, ranged from 74.8 to -391
kcal/mole, AHgq, from -89.164 to -83.36 kcal/sec, Q from 3.57 to 14.48 kcal/mol, and r-square
from 0.827 to 0.753. The change of ambient temperature from June to December explains the
large change of AHyo, and heat loss.  Also, there were tests conducted in September to
December in which acid collected in the elbow upstream of the adsorber. Incompiete
vaporization of water sprayed into the flue gas effects the calculated adsorption heat and heat
loss. Therefore, it is appropriate to restrict the analysis to a period when ambient temperature
does not vary considerably and all water sprayed into the flue gas is vaporized.

11.2.6 NO, in Adsorber Outlet

The concentration of NO, in the adsorber offgas was continuously measured. The
relative concentrations of NO/NO, in the adsorber offgas were measured once every two hours
for a period of two months. The reason that both weren’t continuously measured is that only
one NO, analyzer was employed. The NO/NO, data are shown in Figure 11-17.

The data are widely scattered. The data were collected over a period in which sorbent
circulation rate, flue gas flowrate, adsorber bed pressure drop, and adsorber bed temperature
varied, but no reliable correlation between these variables and NO/NO. concentration was
obtained. The data set can be characterized as follows:

NO, (Percent of NO,)

Maximum 81
Minimum 11
Mean 48

Standard Deviation 14.7

The data in Figure 11-17 were all acquired at base load; i.e., roughly 400 ppm NO; in
inlet flue gas. The data in Figure 11-18 were obtained during NO, spiking tests. These data
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show a decrease in the NO, content of the adsorber offgas with increasing concentration of NO,
in flue gas inlet to the adsorber. The data at two different bed temperatures are similar, despite
the fact that substantially more NO, is adsorbed at the lower temperature. This would indicate
that the decrease in NO, with increasing NO; in inlet flue gas is not only due to the fact that
more NO passes unreacted through the bed. However, given the variation in the data at base
load, more spiking data is required before any firm conclusion can be drawn.

Federal and state law places limits on NO, emissions from power plants. NO, is not
separately regulated. However, NO, is a colored gas and may present problems with aesthetics.
For this reason, NOXSO plans to test a two-stage adsorber at the pilot plant. Laboratory data
indicate that NO, entering the second bed will adsorb and in the process produce NO via the
mechanism shown in Section 3.2. NOXSO also plans tests at lower adsorber bed temperatures.
The existing pilot data show that NO, adsorption increases with decreasing bed temperature.
Operating the second-stage of the adsorber at lower temperature should result in higher NO,
removal and, hence, less NO, in the adsorber offgas.

11.2.7 Summary

The data analysis presented in Sections 11.2.1-11.2.5 can be used to produce a rough
design of a commercial-scale adsorber. Assume that one were to design a NOXSO system to
treat all of the flue gas from one of the 65 MW, pe-fired boilers at Ohio Edison’s Toronto
power plant. Assume further that the NOXSO Process must achieve 90% removal of SO, and
80% removal of NO,. Characteristics of this model plant that are important from the standpoint
of the design of the adsorber are listed in Table 11-4.

Table 11-4. Model Plant

UNIT: Toronto Unit 10 or 11, pe-fired

SIZE: 65 MW (60 MW-base load)

Flue Gas Flowrate 144,000 scfm (base load)
84,000 scfm (mini-load)

SO, Removal Efficiency 90% (net)
91% (adsorber)

NO, Removal Efficiency 80% (net)
86% (adsorber)

SO, Inlet Flue Gas 2200 ppm, (3210 pph)
2418 ppm (after recycle'”), (3528 pph)

NO, Inlet Flue Gas 400 ppm, (273 pph)
572 ppm (after recycle®), (391 pph)

m Ten percent of the SO, adsorbed is recycled to the adsorber
in the tail gas from the sulfur recovery plant. This was not
the case in the pilot plant.
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@ All of the NO, adsorbed is recycled to the coal combustor.
The NO, destruction efficiency in the combustor is 65%.

Figure 11-10 in Section 11.2.2 may now be used to estimate the sorbent circulation rate
required to achieve 86% NO, removal. The adsorber efficiency must be 86% to achieve an
overall NO, removal efficiency of 80%, since the concentration of NO, in flue gas inlet to the
adsorber increases with NO, recycle. Since NO, removal improves with decreasing adsorber
bed temperature, the bed temperature selected for the model plant is 273-303°F. This is the
lowest temperature tested thus far at the pilot plant. Further improvement in NO, removal
efficiency is likely at temperatures lower than those tested at the pilot plant thus far. The design
equation is

[NO],JF, = 0.00021[NO,J* at 273-303°F

where [NO,].4 is NO, adsorbed, pph,
[INO,Jou is NO, in flue gas, adsorber out, ppm, and
F, is sorbent circulation rate, pph.

Using [NO,l.s = 336 and [NO,]o. = 80 for the model plant gives the calculated sorbent
circulation rate of 178,885 pph. The pilot plant data on which the correlation is based cover a
range of [NO,],,, from 8 to 235 ppm and [NO,]q from 5 to 27 pph.

The adsorber sorbent inventory is then determined by the SO, removal requirement.
Section 11.2.1 showed that when all of the pilot plant data are considered, SO, removal
efficiency approximates a power function of adsorber gas residence time when the data are
grouped according to similar sorbent residence times. Figure 11-5 in Section 11.2.1 showed that
sorbent residence time is directly proportional to gas residence time at constant removal
efficiency. At 90% SO, removal, the linear relationship is:

t, = 60.4()-9.4

where t; is the sorbent residence time, min.

t, is the gas residence time, sec.

Figure 11-19 shows a plot of gas versus sorbent residence time at 90% removal and at
the calculated sorbent circulation rate of 178,885 pph for the model plant. The point where the
lines intersect is the gas residence time required to achieve 90% SO, removal. This point is
t, = 0.75 sec., which is equivalent to a bed AP of 17" H,O or an adsorber inventory of 105,840

pounds.

The bed temperature. adsorber inventory, and sorbent circulation rate are now known so
the rest of the design is straightforward. Two adsorbers are provided to give the system
turndown capability. The design superficial gas velocity is approximately 2.5 times the sorbent’s
minimum fluidization velocity, which gives a margin of turndown in each adsorber. All of the

design information is given in Table 11-5.
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Table 11-5. Adsorber Design (65 MW)*
Sorbent circulation rate 178,885 pph
Flue gas flowrate 144,000 scfm, 203,447 acfm
Number of adsorbers 2
Total cross sectional area 1211 fi?
Superficial gas velocity 2.8 ft/sec (base load)
Sorbent bed temperature 275°F
Bed pressure drop 17" H,0
Settled bed height 2.1 1t
Gas residence time 0.75 sec
Sorbent residence time 35.5 min
SO, removal efficiency 90%
NO, removal efficiency 80%
SO, inlet 2418 ppm
NO, inlet 572 ppm

= See Table 11-4 for model plant characteristics.

Note that this design is based solely on the empirical analysis of the pilot plant data
presented in Sections 11.2.1-11.2-5. In Section 11.3 of this report a more rigorous adsorber
model is presented. This model was developed using data from previous smaller-scale tests of
the NOXSO Process. The model is shown to accurately predict the results generated at the pilot
plant. The pilot plant results are being used to refine the model. It is this model that will be
used to design future NOXSO commercial installations.

11.3 Fluid Bed Adsorber Model

A mathematical model for the fluid bed adsorber was developed from the earlier NOXSO
test results. The sorbent capacity for the NO, and SO, sorption were determined from the
laboratory using a two inch fixed-bed reactor. The rate constants of the NO, and SO, sorption
used in the model were derived from the NOXSO PDU tests. These constants are global rate
constants, which lump the hydrodynamics of gas-solid contact and the reaction kinetic
mechanism into one variable. The PDU adsorption tests were conducted in a 40 inch square
fluid bed with a bubble-cap gas distributor. The POC adsorber is 10.5 ft. in diameter and uses
a perforated plate for gas distribution. The LCTU adsorber was made from a one foot diameter
fluid bed using 21 J-shaped tubes as the gas distributor. It was found that the PDU adsorber
model predicted the LCTU adsorption results when the change of sorbent surface area was
incorporated into the model. The derivation of the PDU model and the application of the model
to predict the PDU, LCTU. and the current POC adsorption results are discussed in this section.
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11.3.1 Model Derivation

The data for SO, and NO, removal efficiencies collected during the PDU Test were used
to develop a correlation between the adsorber operating parameters and removal efficiency.
Removal efficiency is defined as:

Removal Efficiency = ¢ - 100% = (1—&) - 100% (11.3-1)
where ¢ is the removal fraction,
Yo is the mole fraction of pollutant at adsorber inlet, and
Vi is the mole fraction of pollutant at adsorber outlet.

The correlation was developed by assuming: 1) the gas to be plug flow and the solid to
be mixed flow in the fluid bed adsorber, and 2) both NO, and SO, sorption to be first-order
reaction with respect to their own concentration®. The fluid bed mass balance in the vertical
direction has the following form,

-VC,dy, = plgz-STXdz (11.3-2)

a

where C, is the molar gas concentration in the feed stream, kmole/m’,

is the subscript, i=1 or 2 corresponding to SO, or NO,, respectively,

is the stoichiometric ratio of the i-th reactant gas to active sorbent material,
is the sodium content on the sorbent, kmole/kg sorbent,

is the sorbent density in a fluid bed reactor, kg/m’,

is the time, sec,

is the superficial gas velocity, m/sec,

is the conversion factor of the active sorbent material,

is the mole fraction of the i-th gas species, and

is the fluidized bed height, m.

=

ML D B

N e

Since the sorption is assumed to be a first-order reaction, the rate of conversion will be:

& _ kPy(1-% (11.3-3)
dt,
where K; is the rate constant of the i-th gas species, atm’® sec™,
P is the gas pressure, atm, and
Y is the mean mole fraction of the i-th gas species in the adsorber.
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Combining Equations 11.3-2 and 11.3-3 with a mean conversion factor, X, and integrating over
the entire fluid bed height with the boundary conditions, :

at z=0, y=y,, (11.3-4)
at z=H, y=y; (11.3-5)

yields
VC,0,-y) = MKPy(1-X)pH (11.3-6)

Multiplying both sides of Equation 11.7-6 by the reactor cross-sectional area, and expressing the
result in terms of pollutant removal fraction gives

&, = Hankpi-X) (11.3-7)
F Y.
g oi
where W is the sorbent inventory in the adsorber, kg
F, is the flue gas flowrate, kmole/sec

When sorption takes place in the adsorber, both SO, and NO, compete for active sites on
the sorbent. A balance on the active sorbent material in a mixed-flow reactor results in:

F(X-X) = WPKY,+*Ky,)(1-X) (11.3-8)
or
1-X 1%,
T R (11.3-9)
1+ PE,K3)

s

where X, is the conversion factor of the active sorbent material at the adsorber inlet.
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Combining Equation 11.3-7 with Equation 11.3-9 gives

= i §i 1
$; = —I—,—K,-P;-_ W (11.3-10)
& % 1+F‘P (K1Y, +Kp95)

s

where the following definition of unused sorbent capacity has been used.

E, = An(1-X) (11.3-11)

where E; has the units of kmole i-th gas sorbed per kg sorbent.

Since both SO, and NO, sorptions have the same mathematical form, Equation 11.3-10, the ratio
of these sorption equations reduces to:

Ky _ @£ Yo
'K2;2 cl)2 El Yoz

(11.3-12)

With Equation 11.3-12, Equation 11.3-10 can then be rewritten in terms of experimentally
measurable quantities such that the sorption rate constant can be determined.

For SO, removal,

K= 5 = 11.3-13
w [Fﬁlﬁ_¢-(1+&ﬂ&z)] (11319
1
Fs Fg ol (bl E.‘.’. on
Similarly, for NO, removal,
KZP ) v e 11.3-14
i (FsEz_ 25(1,,&51%)) (1319
2
F \ F, Y $, E; Yoo

where y; is taken as the logarithmic mean because of the first-order reaction and plug flow
assumption.
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For the gas phase, y; can also be expressed in terms of the removal fraction as follows:

y, = ot (11.3-15)
ES

Since the alumina substrate alone also adsorbs NO, and SO, from flue gas, the
stoichiometric ratio of the reactant gas to the active sorbent material must include the
contribution from both sodium and alumina. However, making a distinction between the sodium
and alumina contribution was avoided by using data collected from a 0.017 MW-scale, fixed-bed
reactor.” The measured stoichiometric ratios (\) are given as follows based on the fixed-bed
data:

For NO.: 1/A, = -4.789+0.075 T, (11.3-16)
For SO,: 1/A, = 0.3761+0.0052 T, (11.3-17)
where T, is the adsorber temperature, °C.

Then the initial conversion factor of the active sorbent material, X, can be determined from the
sorbent’s sodium content,

N
X, = _1_(&+__r) L 15 (11.3-18)
nl i A, ni,
where S, is the sulfur content of the regenerated sorbent, kmole/kg sorbent

N, is the nitrogen content of the regenerated sorbent, kmole/kg sorbent

The nitrogen term in Equation 11.3-18 was dropped because it was not measured during the
PDU test, and measurements made during the LCTU test showed a very small nitrogen content
(less than 0.2 wt%). The unused sorbent capacities for SO, and NO, sorption are then
approximated from Equation 11.3-11 as follows:

S
E = An (1-13:) (11.3-19)
n 1 )

It should be noted that the sorbent sulfur and sodium contents were not measured in every
test run conducted at the PDU and LCTU. To develop the model, a rational adjustment was
made to those measurements, such as smoothing the raridom data and assigning values for the
missing measurements. The sodium content for PDU results was first smoothed and then
averaged, since the same sorbent was used through the entire test. Values of 3.5 wt% sodium
and O wt% sulfur were used for the PDU data. The mean sulfur content of the PDU runs, 0.8
wt%, was later added into the LCTU calculation. This approach is needed because the sorbent
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used in the fixed-bed, PDU, and LCTU were different. All the sodium and sulfur contents used
in the calculations are listed in Appendix Al and A2 for each data point.

The NO, and SO, removal fractions obtained from the PDU test were used with
Equations 11.3-13 through 11.3-19 to calculate the rate constant, K;, for each data point. The
PDU data with the calculated K; values are listed in Appendix Al and A2. The temperature
dependence was determined by plotting the K; values versus the reciprocal of the adsorber
temperature according to Arrhenius’ law, and the results are shown in Figure 11-20. A least-
square method was used to obtain the best fit results which are shown below:

~1840.2

K, = 5215 11.3-20

! exP( Ta+273) (11.3:20)
_912.14

= 1475 (11.3-21)
& exp( Ta+273]

Applying the PDU findings directly to predict the removal efficiencies for the endurance
LCTU test raises concerns about the sorbent attrition rate and surface area degradation. The
total sorbent surface area in the LCTU was decreased due to the high temperature steam
treatment, but was increased by adding fresh make-up sorbent. The change of surface area with
time must be included in the model. Since both NO, and SO, removal in the NOXSO Process
are a type of sorption reaction, it is reasonable to assume that the sorption rate constant is
proportional to the sorbent’s surface area. Hence, the long-term performance of the LCTU test
can be predicted with the PDU findings by simply introducing a surface-area correction term to
the sorption rate constant. Combining Equations 11.3-10 and 11.3-15, and inserting the surface
area ratio gives the equations for calculating the NO,and SO, removal fraction with time. The

equations are:

For SO,:
WA ¢2 ln(l-d)l) WE1 A
In(1-¢,)-—P — | K, Yo + + K |—|=0
(1-¢p FSP[ Ao)[ Yo1 K:z)’ozln(l_%) Y 1 ng 14,
(11.3-22)
For NO,:
W A ¢1 ln(l"(bz) WIEZ A
In(1-0,) ~—P| == | Ky *Ko> b+ ——pK 2= |=0
-4, FSP( Ao](lgym sl Ly
(11.3-23)
where A is the sorbent current surface area

A, is the fresh sorbent surface area
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Equations 11.3-22 and 11.3-23 must be simultaneously solved to determine the removal
fraction. A computer iteration scheme was developed, and the LCTU operating conditions were
used to predict both SO, and NO, removal efficiencies. Appendix A.1 and A.2 contain the
LCTU data with the calculated removal efficiencies. Figures 11-21 and 11-22 contain both PDU
and LCTU results to show the quality of fit between the model prediction and the measured NO,
and SO, removal efficiencies, respectively. The majority of the data points in Figures 11-21 and
11-22 fall within the 4 20% error range.

11.3.2 Comparison of POC Adsorption Results with the Model Prediction

The sorbent used in the POC tests is different from the earlier NOXSO sorbent. The
POC sorbent has a higher sodium content (5.2 wt% as compared to the earlier 3.5 wt%). The
sorbent also contains 6.8 wt% SiO, to stabilize the sorbent structure and the surface area. It was
found from the laboratory that the presence of silicate reduces the sorbent activity.
Approximately, one mole Si cancels about one mole Na. The NOXSO laboratory also found
that the SO, capacity of the sorbent is proportional to the surface area of the POC sorbent.
However, there is no similar finding regarding reduction of the sorbent’s NO, capacity with a
drop in sorbent surface area.

The application of the PDU adsorber model to predict the POC adsorption results is
straight forward. The use of the model requires information about the change of the sorbent
surface area and NO, and SO, capacities. The POC sorbent surface area decreased rapidly from
an initial value of 250 m?/g to 180 m?/g within about 350 flue gas hours. After that the rate of
surface area loss becomes smaller and gradually reaches 150 m*/g. The surface area correction
used in the PDU adsorber model is set to 150/250 = 0.6. The value of 0.6 was selected
because the adsorption test data which are listed in Appendix A3 were collected after the sorbent
surface area was stabilized. The sorbent’s NO, and SO, capacities are calculated as follows:

For SO,:
E =|an+ 08 - 514 (11.3-24)
3200 JA,
For NO,:
. (xz + 08 - s,)xz
’ 3200 A, (11.3-25)
Na Si0,
n= -
2300 6000

where Na is sorbent sodium content, wt%
S, is the regenerated sorbent sulfur content, wt%
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Si0, is sorbent silicate content, wt%

A/A, is the correction for the change of sorbent surface area

0.8 is the averaged sulfur content of the PDU regenerated sorbent
2300, 3200, 6000 are the molecular weights of Na, S and SiO, times 100.

The predicted NO, and SO, removal efficiencies were then calculated from Equations
11.3-22 and 11.3-23 using the sorbent capacities calculated from Equations 11.3-24 and 11.3-25.
The comparison between the measured NO, and SO, removal efficiencies and the NO, and SO,
removal efficiencies predicted by the model is shown in Figures 11-23 and 11-24, respectively.
Both figures also compare the PDU and LCTU data with the SO, capacity corrected for the
change in sorbent surface area. This correction reduces the model accuracy in predicting the
LCTU SO, removal efficiency. The difference can be judged by comparing Figures 11-22 and
11-24.

Near the end of the POC adsorption test, a tube bundle which serves as a bubble buster
was installed inside the POC adsorber to break the gas bubbles and to improve the gas solid
contacting. The data designated with POCbb in Figures 11-23 and 11-24 are those obtained
from the tests with the bubble buster.

11.4 Statistical Design and Analysis Resuits, Pilot Plant Facility

In order to develop a comprehensive understanding of key process variables in the
NOXSO process, a statistical experimental design was planned. The process variables selected
were:

Sorbent residence time in adsorber

Sorbent circulation rate

Sorbent residence time in regenerator

Flue gas space time (reciprocal gas flow rate)

These variables were chosen because they were expected to have a major influence on NO, and
SO, removal rates. Flue gas space time was selected as the metric for gas flow rate so that the
interaction term between sorbent circulation rate and flue gas space time would have engineering
meaning as the solid/gas contact ratio.

The experimental design was a thirty run central composite response surface design. The
intent was to be able to empirically model removals as a function of the design variables, so that
optimum conditions and process tradeoffs could be evaluated. The design was set up in three
10-run blocks; statistical analysis with increasing confidence could be performed as each block
was completed. The experimental design is shown in Table 11-6.
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Table 11-6. NOXSO POC Experimental Design (Central Composite Response Surface)

Variable 1 Variable 2 Variable 3 Variable 4
Adsorber Adsorber Flue Gas Flue Gas Sorbent Regenerator

Run Residence Bed-dp Residence F¥low Rate Circulation Residence
No. Time (min) (in H;0) Time (sec) (SCFM) Rate (#/hr) Time (min)
1 Block 1
21 59 12.88 1.29 8450 5900 40.5
32 49 12.51 1.53 6900 6900 49.0
4 3 39 11.40 1.66 5800 7900 57.5
54 59 12.88 1.87 5800 5900 57.5
65 49 12.51 1.53 6900 6900 49.0
76 39 8.51 1.24 5800 5900 40.5
8 7 39 11.40 1.14 8450 7900 40.5
98 39 8.51 0.85 8450 5900 57.5
109 59 17.25 1.72 8450 7900 57.5
1110 59 17.25 2.51 5800 7900 40.5
12 Block 2
13 11 49 12.51 1.53 6900 6900 49.0
14 12 39 11.40 1.14 8450 7900 57.5
1513 59 17.25 1.72 8450 7900 40.5
16 14 49 12.51 1.53 6900 6900 49.5
17 15 59 12.88 1.87 5800 5900 40.5
18 16 59 17.25 2.51 5800 7900 57.5
19 17 39 11.40 1.66 5800 7900 40.5
20 18 39 8.51 0.85 8450 5900 40.5
21 19 39 8.51 1.24 5800 5900 57.5
22 20 59 12.88 1.29 8450 5900 57.5
23 Block 3
24 21 49 12.51 2.11 5000 6900 49.0
2522 49 12,51 1.53 6900 6900 49.0
26 23 49 16.14 1.97 6900 8900 49.0
27 24 69 17.62 2.16 6900 6900 49.0
28 25 49 8.88 1.09 6900 4900 49.0
29 26 49 12.51 1.53 6900 6900 66.0
30 27 49 12.51 0.96 11000 6900 49.0
3128 49 12.51 1.53 6900 6900 32.0
3229 49 12.51 1.53 6900 6900 49.0
33 30 29 7.40 0.91 6900 6900 49.0

e mm e o - —r—————
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The first 10-run block was completed, and these runs were supplemented with other POC
runs. A data point consisted of averaged values of process data, inlet gas concentrations and
removals, where the averaging was done over a period of time from four hours up to a complete
shift. Data were not used if there were instrumentation problems Or process upsets. A total of
90 data values were used in the analysis discussed below.

Regression analysis was used to develop empirical prediction models for NO, and SO,
removals. In the final best prediction equations, adsorber bed height was substituted for
adsorber residence time and adsorber bed temperature. NO, and SO, inlet concentrations were
included with the experimental design variables listed above. The coefficients for the prediction
equations are shown in Table 11-7, along with statistical significance levels. They are written
in equation form in Table 11-8. The equations effectively represent the data base; a ten-term
equation in five variables explains 959% of the variability in NO, removal, and a fifteen-term
equation in seven variables explains 97% of the variability in SO, removal. Predicted verses
measured NO, and SO, removals are plotted in Figures 11-25 and 11-26.

Table 11-7. Regression Coefficients and Statistics for NO, and SO, Removal Models

NO, Removal, %
Standard Error Significant

Term Coefficients of Coefficients | T-value p-value
Constant 85.08 0.52 162.6 0.0001
~ Sorbent Circulation Rate 3.18 0.34 9.4 0.0001
~ Adsorber Bed Height 2.02 0.31 6.5 0.0001
~Regenerator Residence Time - - - -
~Flue Gas Space Time 8.03 0.34 23.3 0.0001
- Adsorber Bed Temperature -1.13 0.26 4.3 0.0001
~Inlet NO, -3.75 0.62 -6.1 0.0001
~Inlet So, - - - -
~Circulation Rate*Space Time -2.08 0.34 -6.1 0.0001
~ Circulation Rate*Bed Height - - - -
~Space Time*Bed Height - - - -
~ Circulation Rate*Regenerator Residence - - - -
~ Circulation Rate**2 -1.81 0.32 -5.7 0.0001
~Space Time**2 -2.11 0.31 -6.8 0.0001
~ Adsorber Bed Height**2 - - - -
~ Regenerator Residence Time**2 - - - -
~Inlet NOx**2 -1.29 0.23 -5.5 0.0001

No. Cases = 90, Residence df = 80, RMS Error = 2.3,
R-sq. = 0.95, R-sq-adj. = 0.95, Condition No. = 5.2
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Table 11-7. Regres_sioin Coefficiencts and Statistics for NO, and SO, Removal Models
SO, Removal, %
Standard Error Significant

Term Cocefficients of Coefficients | T-value p-value
Constant 85.20 0.38 222.6 0.0001
~ Sorbent Circulation Rate 3.23 0.42 7.8 0.0001
~ Adsorber Bed Height 4.87 0.27 17.8 0.0001
~Regenerator Residence Time -0.53 0.36 -1.5 0.1433
~Flue Gas Space Time 5.46 0.29 18.8 0.0001
~ Adsorber Bed Temperature -0.52 0.22 2.3 0.0229
~Inlet NO, 2.26 0.24 9.4 0.0001
~Inlet SO, -2.10 0.26 -8.2 0.0001
~ Circulation Rate*Space Time -1.89 0.27 -1.0 0.0001
~Circulation Rate*Bed Height -1.01 0.27 -3.7 0.0004
~Space Time*Bed Height 1.04 0.28 3.7 0.0004
— Circulation Rate*Regenerator Residence 2.34 0.32 7.3 0.0001
~Circulation Rate**2 - - - -
~ Space Time**2 : -2.17 0.27 -8.1 0.0001
~ Adsorber Bed Height**2 -1.43 0.26 -5.6 0.0001
~Regenerator Residence Time**2 2.78 0.31 8.9 0.0001
~Inlet NO,**2 - - - -
No. Cases = 88, Residence df = 73, RMS Error = 1.7
R-sq = 0.97, R-sq-adj. = 0.97, Condition No. = 7.4

~Indicates factors are transformed.

~ Circulation Rate = (Circulation Rate - 7845.5)/1394

~ Adsorber Bed Height = (Adsorber Bed Height - 1.67)/0/57

~Regenerator Residence Time = (Regeneration Residence Time - 47.0)/7.43
~Space Time = (Space Time - .0001366)/.00002494

~ Adsorber Bed Temperature = (Adsorber Bed Temperature - 325.9)/13.0
~Inlet SO, = (Inlet SO, - 1773.0)/162.6

~Inlet NO, = (Inlet NO, -289.4)/121.8

The equations were used to predict removals for a subsequent series of POC runs under
a variety of base load operating conditions. Results are plotted in Figures 11-27 and 11-28, and
tabulated in Table 11-9. Note that the BB series are runs made with a bubble buster device
installed in the adsorber to improve gas mass transfer. In order to put the BB series results on
the same basis as the others (since the equations do not account for the bubble buster), the
predicted NO, removals for the BB series were increased by 3.8 percentage points, which is the
average improvement due to the bubble buster. There appeared to be no bubble buster effect
on SO, removal. The standard error for the predictions in Table 11-9 are 2.3% for NO;
removal, and 2.0% for SO, removal, indicating that the equations predict removals very well.

11-51




(x) TeAoway XON P8Jnsesn

paisn(pe
‘deisng aiqqnq
63

ad

X=A

o«

%8°€ Buippy Aq paisnipy suonoipaid 1aisng sjqqng
Bunilg4 18pojN ul pasn 10N suny J0d U3y
[BAOWIBY XON Painseal) snsiap pajoipald "L2-1 L 3ainbiy

O .04

+ri

4-94

-84

-4-08

(%) TeAowsd XON Pa3dipadd

11-52



J83snq 8rqqnq
63
ad

Xmp ——

Oo«

(¥) t1eaowsy 20S paJdnsesn

6unliq [9POIAl Ul pas( JON suny J0d Iuaday
jenowiday QS painses|\ snsis) pajoipaid
8Z-11 aunbiy

|ﬁoo«

(%) TeAowsy 20S P83ITP3aJd

11-53




980

050
t8's
9Lt
t9°1-
L6'0-
98°0-
60'1-
+8'0
6Tl
Lo
0s'1-
8¢°0-
90°1-
90°0
£
0Lt
$8°0
SO'1
el
$8°0
0To
18°0-
60"
SL't-
IS U
60°S-
65T

W08

16
£'68
008
teL
9't8
1'9L
09L
[4Y]
616
8
8't8
0'+8
£06
868
108
6'6L
LS8
SI8
el
98
L't8
068
S06
886
0°¢o
9'96
6
S't6
t'68

(%)

(a4

08
1'68
98
St
0°sL
€76
806
1°¢8
1'¢8
¢'t8
888
S8
0'6L
6°6L
868
(A
0'+8
L8
818
668
L 06
0'86
1't6
876
0°s6
€68
0°C6

(%)
PId Auo) QS Au0) 7OS
<SEIIAL  PIIIPALG PAINSUIIA

80~
T0-99°¢
o
(4]
1o
(A%
re-
01
Pl
90
[Ara

€0
60
Ul
v
91
9'¢-
L'e
6T
0t
vt
90~
20966
Ve
€T
LR
(A4
81

XON

oL
908
oL
I'tL
FeL
9°69
69
6’8
£'98
tLL
SoL
8'6L
+'8
A
1'SL
vl
89
oL
69
1'EL
oYL
+'08
6'8L
016
€18
L'E8
8'8L
s'e8
6L

(%)
P AUO) XQN AUOD XON  ddUIPISIY
-SEIIAL  PAIPIIJ  PIINSEIPALA0)RIDUIAY

9'8L c€ce oLt 19¢1
908 9'ct (3% % £L91
€9 g'¢ct e 8T0C
€EL L'ee 0ot €Tt
9'¢L ceE 80+ LG
€99 9'¢y t9t £rol
1'99 6'¢t OLe 8161
698 9'¢ct 9Lt <81
L'L8 9'¢t tot 9161
8'LL gct tLE (43114
€LL 9'ct 10g 9f61
9'Ct 6T teol
8T8 ¢ce LEt 1281
C't8 9'ce LEE 0981
8'tL 9t €6C [44d!
L'1L 9'¢cE (443 8861
1'0L 9'Ct Lt tTLl
9't9 L'€E YA Le8i
€99 9'¢ce 8¢t £oLl
oL 9'ct £9¢ £e8l
O1L 96t Lit €Lo1
0O'8L cee Clt 8981
8L geL cee 0181
I'16 ¢oe 8¢ LLLY
L'F8 A% LOt +8L1
098 g'et [4ky 09L1
(a4 ¢'ee olt ctL
L'S8 ¢'ee 8¢t 90L1
LLL 81t ARy L181
(o) (unu)owiy (wdd) (udd)
XON 0S
| wju

12180 dfqqg 0 AP JrAODE —Vu.fc._n_:: 10] _m___.—:" 0] SiI89) 44 JO XON _uv_u_—vu._n_ O POPpL 948 «

oo
80€0
19¢€01
901
LYLo
LSTO1
££Tol1
181L
STTL
616¢
8¥C6
£6To
978
0078
68T01
L¥T01
1,201
8201
15201
9€T6
0+co
4
LETY
1019
6S1L
80¢€L
80¢tL
0tTL
+90L

" (wyas)
RN
sen anpy

00¢ 1'8¢
00t 08¢
9I¢ ¢'8¢
L¥e 9'¢S
8te 0ts
cte 1°61
the 961
e 1'8¢
(443 6'LE
£re '8¢
1 49 '8¢
L¥e (413
e '8¢
£re (433
143 LLe
ove I'Le
9f¢ 08¢
8te 0'8¢
Lye £'8¢
16¢ 1'8¢
0se '8¢
e '8¢
ote 0'8¢
11Y4 €'yS
cee 1'8¢
66¢ t'8¢
96t P8¢
LEE ¢LE
Ite Fo¢
(4 8ap) (uiw)ouny, -
durn], duIpIsAY
pog JOQI0SPY

suny JOd IIY sjeAowd)y 7OS pue XON

POIAPIIJ PUE PIINSEIA] PUE SIRLIEA §52004J £ *6-1T dqel,

8l
w8l
8t
96T
65T
160
£6°0
81
181
£8'1
81
8l
81
81
081
8Ll
w1
181
£8°1
81
8l
£8'1
(A1
09'C
w1
81
+8'l
081
SH'l
1))
Wy
pag

£5606
Yao6
686
166
$S66
866
8£86
yi66
TL66
0966
666
66
€166
9766
F166
£L66
LT6O
$766
LT66
LEGO
0766
1566
8£66
9966
€66
6£606
6£66
1+66
€66
(1y/qp)
ALY )
QA0S

ugeliii
PTo11TI
uze0icl
PZ6OITL
uz660Tl
uzeLoTl
pToLotl
uz690cl
PT690T]
ug6sozl
ug6voci
PTot0tl
uz6L0cl
P60t
ug6aoti
PT6TOTl
uge10tl
ugevell
PToLCll
uzeell
pPTocell
IpTelIcTll
uze0zll
PTeET LT
uzesiil
PTO8ITI
PTo8lil
ugoeLint
PT6ST60

s

+8-49 6T
*8-49 8¢C
+L-99 LT
¥9-49 9T
x9-Gq €T
*$-4q $T
*x$-04q £7
*x1-G9 T
*P-4q 1T
+£-69 0T
*£-49 61
x£-4q 81
xCq9 L1
+-99 91
«1-Gq §1
«1-99 ¥1
*1-49 €1
£-3) 1
€35 11
901
86
19 8
181 L
7-3Im 9
g-od ¢
aseq ¢
oseq €
g-od ¢
qml |

11-54



Table 11-8. Prediction Equations for NO, and SO, Conversion

NO, Conversion =
85.1 + 3.18*(Circulation Rate)’ + 8.03*(Space Time)’ = 2.02*(Adsorber Bed Height)

- 1.13*(Adsorber Bed Temperature)’- 3.75%(Inlet NO,)’ - 2.08*(Circulation Rate)**(Space Time)’
- 1.81*(Circulation Rate)’ - 2.11*(Space Time)’? - 1.29*(Inlet NO,)"?

SO, Conversion =
85.3 + 3.22%(Circulation Rate)’ + 5.46*(Space Time)’ + 4.87*(Adsorber Bed Height)’

- 0.52*(Adsorber Bed Temperature)’ - 0.53*(Regenerator Residence Time)’ + 2.26*(Inlet NO,)’ -.
- 2.11*(Inlet SO, )’ - 1.89*(Circulation Rate)’*(Space Time)’
- 1.0*(Circulation Rate)’*(Adsorber Bed Height)’ + 1.04*(Space Time)’*(Adsorber Bed Height)’
+2.34*(Circulation Rate)’*(Regenerator Residence Time)’ - 2.17*(Space Time)’,
- 1.34%(Adsorber Bed Height)? + 2.78*(Regenerator Residence Time)?

where
(Sorbent Ciculation Rate - 7845)/1394

(Flue Gas Space Time - 0.0001366)/0.00002494
(Adsorber Bed Height - 1.67)/0.57

(Adsorber Bed Temperature - 326)/13
(Regenerator Residence Time -47)/7.4

(Inlet NO, - 289)/122

(Inlet SO, - 1773)/163

(Circulation Rate)’
(Space Time)’

" (Adsorber Bed Height)’
(Adsorber Bed Temperature)’
(Regenerator Residence Time)’
(Inlet NO,)’

(Inlet SO,)’

(A VA T 1

The equations can now be used with confidence to explore a range of operating
conditions for optimum performance. Figures 11-29 and 11-30 are contour plots of predicted
NO, and SO, removals as functions of flue gas flow rate and sorbent circulation rate, holding
bed height, bed temperature and regenerator residence time constant. Figure 11-29 is for POC
base load inlet concentrations, and Figure 11-30 is for estimated Niles conditions. These
equations can be used to tune operating conditions for best performance, given inlet gas flow
rate and concentration.

11.5 NO, Regeneration

The NO, adsorbed on the spent sorbent from the adsorber can be easily regenerated by
simply heating up the sorbent. The laboratory studies show that the NO, desorption is complete
around 700°F. Normally a small amount of SO, will also desorb on heating. The form of the
desorbed NO, and the amount of SO, desorbed were investigated during the POC test.

11.5.1 SO, Desorption

It was found in the LCTU test that about 6% of removed SO, in the adsorber was evolved
from sorbent in the sorbent heater. But the POC test found that less than 1% of sorbed SO, was
evolved in the three-stage sorbent heater. The difference between LCTU and POC test results

was due to the following:
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1. The sorbent sulfur loading of the POC tests is less than that of the LCTU tests:
Nine tenths to 1.2 wt% sulfur in the POC tests versus 1.2 to 2.3 wt% sulfur in
LCTU tests. The higher the sulfur loading, the greater the amount of SO,
evolved on sorbent heating.

2. The temperature and the oxygen content of the POC adsorber is higher than that
of the LCTU: nine versus four percent in oxygen content, and 330°F versus
270°F in temperature, respectively. Higher temperature and oxygen content
produce a smaller amount of sulfite on the POC spent sorbent. The sulfate is
more stable than the sulfite.

3. The oxygen content of the sorbent heater is higher in the POC than the LCTU:
19% versus less than 1% oxygen. The higher partial pressure of O, in the heater
offgas promotes oxidation of adsorbed sulfur to the sulfate.

11.5.2 NO, Desorption

The amount of NO, removed in the adsorber was found to completely evolve from
sorbent in the sorbent heater. The same NO, balance result was also found during the LCTU
test conducted at PETC. The LCTU test used a one-stage fluid bed sorbent heater which was
inerted by nitrogen. The offgas temperature of the LCTU sorbent heater was 1200°F. The
evolved NO, remained intact, mainly in NO form. The POC sorbent heater is a three-stage fluid
bed vessel, which contains about 19% oxygen. The offgas temperature is around 750°F. About
two thirds of the evolved NO in POC sorbent heater becomes NO,. The presence of NO, in the
sorbent heater offgas may effect the efficiency of NO, destruction when recycling the NO, back
to the coal combustor. However, the simulated NO, recycle tests conducted in B&W’s modular
cyclone coal-combustor show that the NO, destruction is independent of the form of the recycled
NO,.® Moreover, the B&W tests agree with the earlier PETC tunnel furnace test results.®

11.6 Sulfur Regeneration

The spent sorbent is regenerated in an alonized regenerator which consists of two sections
as shown in Figure 11-31. The sorbent flows downward in a moving-bed, while the regenerant
gases flow upward in approximately plug flow. Natural gas enters the bottom of the upper
section of the regenerator and reduces the sulfate on the sorbent to SO,, H,S, and sulfide. The
sulfide remains on the sorbent. The steam enters the bottom of the lower section and hydrolyzes
sulfide to H,S. In order to study the sulfur regeneration, the regenerator was installed with
several sorbent sampling ports and thermocouples along its axial direction. During the
operation, five sorbent samples were collected, once every six hours. One was obtained from
the adsorber outlet, one from the regenerator outlet, and three from the regenerator. A LECO
SC-132 sulfur determinator was used t0 analyze the sorbent samples’ sulfur contents. The
location of the three regenerator sampling ports is also shown in Figure 11-31. For the sake of
discussion, the upper sampling port is called upReg, the middle port is called IwReg, and the
lower port is called stmReg. The average temperatures of the thermocouples around the upReg
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or IwReg location were taken as the sorbe
provided the regenerated sorbent before the
controlled by the bottom bed temperature of the three-
the temperature variation in the reg
till December 11, 1992 night shift.

indicates that the sorbent loses its he
temperature profile in different s
the test plan, such as changing the
the regenerator bed height, etc. Despite

enerator for a test perio

nt temperature at those heights. The stmReg port
steam treatment. The regenerator temperature was
stage sorbent heater. Figure 11-32 shows
d from September 20, 1992 day shift
Each data point represents a 12 hour average. Figure 11-32
at as it travels down the regenerator. The difference in the
hifts was caused by changing operating conditions to accomplish
heater bottom bed temperature, the sorbent circulation rate,
the variation in the operating conditions, several periods

of steady operation under similar conditions were obtained. The data obtained from those

periods were used in the following d

to SO, ratio, and the rate of sulfur regeneration.

iscussion to estimate the regeneration heat, the offgas H,S

Since pipeline natural gas was used in regenerating the spent sorbent for all the POC

tests, one may consider the regenerator as an inte
profile during a steady operation period. The su
regeneration as a function of sorbent flowrate, inventory,

FSdX =r, dW

gral reactor with a constant gas concentration
Ifur molar balance gives the rate of sulfur
etc. as shown below.

(11.5-1)

where F, is the sorbent flowrate, Ib/min,
I, is the sulfur regeneration rate, (Ib sulfur)/hr/(lb sorbent),
S, is the sulfur fraction of the spent sorbent,
S is the sulfur fraction of the regenerated sorbent,
X is the conversion of sulfur regeneration, X=1-S/S,, and

w is the sorbent inventory, Ib.

The slope of the plot of X versus W/(F;S,) will give the rate of sulfur regeneration. Figure 11-
33 shows the plot. The data were obtained from two steady test periods of which the operation

range is listed in Table 11-10.

Table 11-10. Steady Operating Data
Steady Operating Period 100592-->101892d 112092n~>121092n
max min avg max min avg
Heater bottom bed temp,°F 1150.2 1141.2 1149.8 1150.2 1147.3 1149.8
upReg temperature, °F 1115.0 1088.3 1111.0 1131.7 1123.9 1127.2
lwReg temperature, °F 1110.5 1067.9 1090.6 1117.6 | 1108.3 1112.9
Regenerator bed height, ft 9.51 1.72 4.99 5.09 495 5.0
Sorbent flowrate, Ib/hr 9955.4 5913.4 7715.7 | 9973.3 | 9837.7 9926.9
Natural gas flowrate, scfm 15.3 7.82 10.0 10.09 9.9 10.0
Steam flowrate, 1b/hr 40.03 39.63 40.0 40.02 34.95 36.7
Spent sorbent sulfur content, wt% 1.41 0.51 0.921 1.11 0.8 0.954
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Figure 11-32
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The X versus W/(ES,) plot shown in Figure 11-33 can be approximated by two straight
lines. It indicates that the regeneration consists of two main reactions, and both are first order
with respect to the sorbent sulfur content. The rate of the first reaction, which occurs in the
upper section of the regenerator, is about eight times higher than that of the second reaction.
Since the sorbent and gas in the regenerator are in countercurrent flow, the top of the
regenerator will have a high temperature and high sulfur content but low natural gas
concentration, while the opposite is true at the bottom. The rate change between the first and
second reaction may be caused by the temperature difference. However, the range of
temperatures listed in Table 11-10 indicates that is not the case. Figure 11-34 is the X versus
W/(F.S,) plot for the data at two different bottom bed heater temperatures. The lines associated
with the second reaction at different bottom bed heater temperatures have approximately the
same slope. Only the data associated with the first reaction show different slopes at different
temperatures. The data analysis shows that the higher heater temperature increases the rate of
the first reaction but not the second. Figure 11-34 also shows that at X equal to 0.6, the sulfur
regeneration shifts from the first to the second reaction for both sets of data, regardless of heater

bottom bed temperature.

With Figures 11-33 and 11-34, the sulfur regeneration rate constant for the first and
second reactions are determined according to the following rate equations:

2 (11.5-2)

- KT
r, =k e S,

r, = k(1-0.6)S, (11.5-3)

where E;/R is 34554
In k1 is 38.97
k; is 0.85
S, is 0.01, the mean sulfur fraction for the steady period
T is the heater bottom bed temperature, °’K

The temperature dependence of the first reaction rate constant is shown in Figure 11-35.

The contribution of the steam treater on the sulfur regeneration is shown as the difference
in X between gasReg and gas+stmReg in Figure 11-33. The gasReg stands for the sorbent
sample obtained from stmReg sampling port, which samples sorbent prior to steam treatment.
The gas+stmReg stands for the sorbent sample obtained from the regenerator outlet, which
samples sorbent after steam treatment. The slope of X versus W/(F,S,) starts to decrease as
W/(E,S,) exceeds 50, and then drops to zero as W/(ES,) exceeds 100. The zero slope means
no sulfur regeneration. It is concluded that the steam treater is useful in sulfur regeneration
when W/(F.S,) is less than 100. In other words, the steam treater will become unnecessary if
the sulfur regeneration in the natural gas treater can push X beyond 0.8.

11-63




ocL

1y s'Bypueqios By ‘(S SA)/M
00} 09 00 or 0z 0

»
4 SELL-ITLL

O

1 | | ] ]

4 06ZT)-0TC

uopjeieueBey Jnyng uo einjesedwey
peg-wojog J0j8eH Jo 106}j3]
¥e-1 1 ey

11-64



Wi ‘(esneiedwe) peq-uiopog 16)eeH)/L

¥i1000 €1100°0 CL000 LL100°0 L1000 601000 801000 101000 901000
90
I | | ] 1 | |

JuBjSuo ejBy uopeleusboy
18414 oy} jo ey einjeiedwe]
Ge-1 | einbi4

oL

11-65

Il an L Real fhe - wglauyy



The regeneration offgas concentration profile obtained through a two inch fixed-bed
reactor always shows a SO, peak ahead of H,S. The H,S concentration does not take off until
the SO, concentration diminishes. The sequence of SO, and H,S appearance in the offgas
explains the two main reactions observed in the POC regeneration studies. It would be
appropriate to assume that the sulfur regenerated by the first reaction becomes SO, and those
from the second reaction becomes H,S. The offgas H,S/ SO, ratio could be estimated from the
ratio of sulfur regenerated by the two reactions. Figure 11-34 indicates that the change from
the first to the second reaction occurs at X = 0.6. The final X is about 0.9 and 0.8 for the
heater bottom bed temperature at 1250 and 1150°F, respectively. The H,S/SO, ratio could be
roughly estimated as follows:

HS 08 -06 _ 333

at1150° F L —

il : : (11.5-4)
a1os0s B2 .09 -08 g5

SO, 0.6

The estimated H,S/SO, ratio is compatible with the POC measured H,S/SO, ratio, which
is presented in the next section.

The offgases from the upper and lower regenerator sections are continuously monitored
by a Milton Roy Prospec 2000 mass spectrometer. Because of the presence of water and sulfur
in the sampling lines, the data quality is relatively poor as compared to the adsorption. To
ensure good data quality, the analysis only uses the measurements in which the sulfur balance
around the entire plant closed to within + 15%. Those data are shown in Figure 11-36, of
which the H,S/SO, ratio was plotted against the spent sorbent sulfur content. The relationship
between the sorbent sulfur content and the H,S/S0, ratio is obvious when the sulfur content is
less than 0.8 wt%. Once exceeding 0.8 wt%, the H,S/SO, ratio seems to be independent of the
sulfur content. The mean H,S/SO, ratio is around 0.4 which is fairly close to the estimated
values.

The reaction heat of sulfur regeneration is estimated by applying the energy balance
around IwReg and upReg of the regenerator. Since the upReg and IwReg are located in the
middle of the regenerator, one can assume that the gas and solid temperatures are equal. As
shown in Table 11-10, the natural gas flowrate is very small as compared to the sorbent
flowrate; the enthalpy change of the gas phase is, therefore, neglected in the calculation.
Neglecting the heat loss, the energy balance gives

AT = 2Eps (11.5-5)
CP’
where AH is the reaction heat, BTU/1b sulfur,

C,, is the sorbent heat capacity, 0.254 BTU/Ib °F,

AT s the temperature difference between upReg and IwReg, °F,

AS s the difference in the reduced sulfur fraction from upReg to IwReg.
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The AH is then determined from the slope of AT versus AS plots. Before making the
AT versus AS plots, the POC data were grouped according to the heater bottom bed temperature
and sorbent flowrate. Since the rate of regeneration is temperature dependent, grouping the data
by temperature will reduce the reaction rate effect. The delineation of the sorbent flowrate is
also required to reduce the residence time effect. Residence time is proportional to sorbent
flowrate because the reactor volume between upReg and IwReg is constant. Figure 11-37
contains the AT versus AS plot, which shows two cluster of data. One has a small change in
sulfur content (0--0.4), the other is large (0.0--0.9). Since the sulfur regeneration consists of
two main reactions, and one is about eight times faster than the other; it is likely that the first
cluster of data is the result of the slow reaction, while the second cluster is from the fast
reaction. The estimated regeneration heats obtained from these two data clusters are given by

AH, = 2340254 = 9172 Buflb sulfur .
0.9/100 (11.5-6)
AH, = —32_+0254 = 2032 Bruflb sulfur
0.4/100

11.7 65 MW Model Plant

A 65 MW coal-fired power plant is used as an example to illustrate the use of POC test
results in sizing the adsorber and regenerator for a NOXSO flue gas treatment plant. The
pertinent design information is listed below:

Flue gas flowrate = 144,000 scfm

SO, concentration = 2200 ppm

NO, concentration = 400 ppm

Required SO, removal efficiency = 90%
Regquired NO, removal efficiency = 80%

Since the NOXSO flue gas treatment plant contains NO, and SO, recycle loops, the adsorber
inlet NO, and SO, concentrations will be higher than those provided by the power plant. The
adsorbed NO, is recycled through the NOXSO sorbent heater to the power plant’s coal
combustor to destroy the NO,. About 65% recycled NO, will be destroyed in the coal
combustor®. The tail gas from the NOXSO sulfur plant will be incinerated to form SO, and
recycled to the adsorber. Tail gas recycle has little effect on the adsorber design, but reduces
the capital cost of the Clause plant since only 90% conversion of SO, to sulfur is required with
flue gas recycle. Applying the material balance around the NOXSO system and the power plant,
gives the actual duty of the adsorber as follows:

Flue gas flowrate = 144,000 scfm

SO, concentration = 2418 ppm

NO, concentration = 572 ppm

Required SO, removal efficiency = 91%

Required NO, removal efficiency = 86%
Adsorber fluid-bed temperature = 275 °F
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The volume of tail gas is negligible compared to that of the flue gas. Only the increase of the
adsorber inlet SO, concentration is considered in the design. NO, removal efficiency increases
with decreasing adsorber temperature. The 275°F fluid-bed temperature is the lowest
temperature tested at the pilot plant thus far.

The stabilized NOXSO POC sorbent is used in sizing the adsorber. The results are
shown in Figure 11-38. The design information was generated by the adsorber model developed
in Section 11.3. The stabilized sorbent has 150 m?/g surface area, 5.2 wt% Na, 6.8 wt% SiO,,
and 0.25 wt% sulfur. Figure 11-38 shows that the required NO, and SO, removal efficiencies
can be achieved by increasing the adsorber’s sorbent inventory and the sorbent flowrate. The
sorbent inventory is expressed in terms of the pressure drop across the adsorber fluid-bed in
Figure 11-38. The increase in sorbent inventory results in a higher pressure drop across the
fluid-bed adsorber. The higher the pressure drop, the more power is consumed by the flue gas
fan. The increase in sorbent flowrate increases the heat duty of the sorbent heater and cooler.
It requires a bigger cooler fan and a larger air heater, which implies more electricity and natural
gas consumption. The criteria of process capital and operating cost has to be used to determine
the best combination of adsorber inventory and sorbent flowrate for a given removal efficiency.

For the case of the 65 MW model plant, the required sorbent flowrate will be between
200,000 and 250,000 Ibs/hr with adsorber fluid-bed pressure drop between 24" and 18" H,0.
respectively. The spent sorbent sulfur content will be between 0.99 to 0.84 wt%. Because of
the high sorbent flowrate, the sorbent gains only 0.74 to 0.59 wt% sulfur in passing through the
adsorber. A remedy is recommended to increase the sorbent reactivity by reducing the SiO, and
increasing the Na content of the sorbent. As pointed out in Section 11.3.2, the presence of
silicate reduces the sorbent activity but it stabilizes the sorbent structure and the surface area.
A compromise solution would be to reduce the silicate content by half and increase the Na
content to 6 wt%. A comparison result using POC and low silicate sorbent is shown in Figure
11-39. With 100,000 Ib/hr sorbent flowrate, the low silicate sorbent can achieve the required
NO, and SO, removal efficiency with 16" H,0O pressure drop, while the POC sorbent can
achieve only 61% SO, and 58% NO,. The advantage of using the low silicate sorbent is
obvious.

Since the sulfur content of the sorbent affects both the adsorber and the regenerator sizes.
there is an optimum sorbent sulfur content which minimizes the sizes of the adsorber and
regenerator. The POC test results discussed in Section 11.3 were used in sizing the regenerator
and the adsorber with different sulfur content of the regenerated sorbent. The results are shown
in Figure 11-40. Both the POC and the low silicate sorbent are used in the calculation to
achieve the NO, and SO, removal requirement of the 65 MW model plant. The optimum sulfur
content of the regenerated sorbent is around 0.8 wt%. The detailed results are listed in Table

11-11.
If the power consumption of the flue gas fan is the major concern in the NOXSO system

design, the designer can lower the pressure drop across the adsorber fluid-bed by either reducing
the sulfur content of the regenerated sorbent or increasing the sorbent flowrate. Both methods
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were applied to the 65 MW model plant, and the results are summarized in Table 11-12. Note

that as the sulfur content of the regenerate
can be reduced by lowering the sulfur becomes smaller.
pressure drop requires an increase of the sorbent flowrate. Reducing the sulfur conte

regenerated sorbent also results in a longer regeneration time.

Table 11-11. Optimum Regenerated Sorbent Sulfur Content
for 65 MW Coal-Fired Model Plant

Sorbent Stabilized POC | Low Silicate
Sorbent flowrate, Ibs/hr 250,000 100,000
Adsorber NO, removal efficiency, % 89.48 89.70
Adsorber SO, removal efficiency, % 91.21 91.41
Adsorber sorbent residence time, min 36.03 84.08
Regenerator sorbent residence time, min 30.98 50.36
Adsorber +regenerator time, min 67.0 134.44
Adsorber temperature, °F 275 275
Regenerator temperature, °F 1130 1130
Spent sorbent sulfur content, wt% 1.34 2.29
Regenerated sorbent sulfur content, wt% 0.75 0.81
Adsorber fluid-bed pressure drop, " H.O 23.83 22.24

d sorbent decreases, the amount of pressure drop that
As a result, to further lower the
nt of the

Table 11-12. The Effect of Sorbent Flowrate and Sulfur Content on the
Adsorber Fluid-Bed Pressure Drop for the 65 MW Model Plant

Stabilized POC Sorbent Low Silicate Sorbent
Sorbent flowrate, Ibs/hr 250,000 250,000 100,000 | 100,000 | 100,000 | 110,000
Regenerator sorbent sulfur, wt% 0.75 0.24 0.81 0.24 0.03 0.24
Adsorber fluid-bed AP, " H,O 23.83 18.04 22.24 16.70 15.29 14.00
Regenerator sorbent time, min 30.98 61.8 50.36 88.14 109.25 86.02
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12.0 DURATION TEST RESULTS

A one week duration test was performed at the POC after completing the parametric test
program. The primary objective of the duration test was to demonstrate 80% NO, and 90%
SO, removal efficiencies for an extended period of operation. A second goal of the duration test
was to collect reliable data on utility requirements to solidify current estimates of full scale
operating costs. It should be noted that the duration test was initially scheduled for three months
in order to demonstrate process operability. This was determined unnecessary, however, as the
reliability of the NOXSO process was established during the six months of parametric testing
when the on-stream time averaged 76% (April-December 1992). Furthermore, this high rate
of on-stream time was accomplished when process operating conditions were frequently changed
to conform with the parametric test plan.

The process set-points used during the duration test are listed in Table 12-1 and were
selected to yield roughly 80% NO, and 90% SO, conversions while processing as much flue
gas as possible. Stable adsorber performance depends largely on the plant’s ability to operate
at the set-points for solids flowrate and adsorber bed pressure drop. Plots of these two process
variables versus time throughout the duration test are provided in Figures 12-1 and 12-2.
Control of both variables was fairly good although problems occurred near the end of the test
because of difficulties in operating the heater/cooler fan.

Table 12-1. POC Duration Test - Set Points
Flue gas flowrate, scfm 9000
Flue gas temperature, °F 280
Adsorber bed dp, "H,O 14
Solids flowrate, Ibs/hr 10000
Heater bottom bed temperature, °F 1150
Regenerator level, ft 5
Regenerator CH, flow, scfm 10
Treater steam flow, lbs/hr 35

Throughout the duration test process material balances and performance calculations were
done following each 12-hour shift, using the procedure outlined in Section 4.3 - Data Acquisition
and Reduction. Duration test results are summarized in Tables 12-2, 12-3, and 12-4. Over the
entire duration test the average removal efficiencies were 78% NO, and 89% SO,. The NO, and
SO, removal efficiencies obtained during each shift are plotted in Figures 12-3 and 12-4.
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Figure 12-1
POC Duration Test
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Variations in the removal efficiencies are caused in part by changing NO, and SO, feed
concentrations. Variations in the inlet NO, and SO, concentrations versus time are shown in
Figures 12-5 and 12-6. The decrease in SO, conversion towards the end of testing most likely
resulted from the increase in flue gas SO, concentration. Unfortunately. the NO, measurements
during the first half of the test are suspect because the NO, analyzer was calibrated using only
NO, and because of a faulty sample pressure regulator. Both problems were corrected after 100
operating hours and resulted in an increase of roughly 100 ppm in the measured inlet NO,
concentration.

Utility requirements over the course of the duration test are listed in Table 12-5. Actual
(measured) consumption figures are shown along with design values. The design figures were
obtained from the NOXSO commercial design model using as input the pilot plant operating
conditions during the duration test. The actual power consumption shown in Table 12-5 is about
25% higher than design for the following reasons:

o The adsorber and cooling fan at the pilot plant are high speed (3600 rpm) fans with
discharge-side dampers and therefore are not as energy efficient as the moderate speed
(1200 rpm) fans with suction-side dampers to be used in the commercial design.

o The air compressors at the pilot plant were inherited from the HALT project and are
oversized. For example. the compressors generate 125 psig air. but the maximum
pressure required at the pilot plant is 45 psig for the dense phase lift.

Table 12-5. POC Duration Test - Ctility Consumption
Actual Design
2300 V power, kW 160 103
480 V power. kW 238 215
Spray water, gal/min 1.6 0.6
Natural gas, scfm 63 53
Steam, scfm 129 50

The parasitic power consumption at the pilot plant is 7.96% (actual) or 6.36% (design).
Approximately 70 KW of this power consumption is auxiliary power used for the heating/cooling
of the control and analyzer building, heating the gas sample lines, and powering gas analytical
equipment: analyzers, pumps, fans, etc. This auxiliary power requirement scales directly from
pilot to commercial scale. If one neglects auxiliary power consumption at the pilot plant.
parasitic power requirements drop to 6.56% (actual) or 4.96% (design).
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Figure 12-6
POC Duration Test
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The actual spray water consumption in Table 12-5 is more than twice the design value.
This is because a portion of the water sprayed into the duct was not vaporized and had to be
drained from the elbow upstream of the adsorber. Improved nozzle design and orientation would
eliminate this problem. Also, NOXSO plans to test in-bed water spray cooling which has
several potential advantages over the in-duct water spray used in the duration test.

The actual natural gas consumption in Table 12-5 is 19% higher than design. This is
because the design number was calculated without considering heat loss, since there was no way
to accurately measure heat loss at the pilot plant. The duration test was conducted in December,
a month in which ambient temperatures were in the 0-20°F range. The difference between
actual and design natural gas consumption was only 5 scfm in July when ambient temperature
was in the 70-90°F range.

Actual steam consumption was significantly higher than design because roughly 50% of
the steam consumed in the pilot plant was vented to the atmosphere. This was necessary because
the steam from the Toronto power plant was of a poorer quality than that anticipated in the
design. Since the steam flow required by the pilot plant is low, steam was vented to keep steam
lines hot and avoid condensation.
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13.0 SUMMARY AND CONCLUSION

The project team designed, constructed. and tested a 5 MW NOXSO pilot plant. The
pilot plant ran better than expected for a first-of-a-kind installation. The pilot plant availability
factor over the last seven months of operation averaged 80%. This is a testimony to the
soundness of the design and the simplicity of the process.

Over 5500 hours of tests were conducted. The sorbent batch’s physical and chemical
characteristics were monitored as the sorbent was exposed to over 1480 cycles of adsorption and
regeneration. The analytical results show no significant increase in the amount of trace metals,
chlorides, etc. on the sorbent with sorbent cycling. The sorbent does show a decline in surface
area similar to that observed in previous tests. The decline is rapid (240 to 180 m,/g) in the first
400 hours of operation, after which the rate of decline is much slower. Since surface area never
fully stabilized during the pilot test, it may be necessary in future plants to makeup fresh sorbent
to the system to maintain stable surface area.

The sorbent attrition rate at the pilot plant was lower (3.8 pph) than projected (4.3 pph).
The projected rate was based on previous tests of the sorbent attrition in smaller-scale fluid beds.
This projected rate did not include an estimate of attrition due to sorbent transport, since the
sorbent transport system was tested for the first time at the pilot plant. The sorbent used at the
pilot plant was a new sorbent designed to have greater attrition resistance. It can be concluded
from the results that the POC sorbent does attrit less than previous sorbents and that the artrition
caused by the sorbent transport system is negligible.

The pilot test showed that 90% SO, removal and 70-90% NO, removal can be achieved.
S0./NO, removal efficiency increased with increasing gas residence time and decreasing sorbent
residence time in the adsorber. A significant improvement in NO, removal efficiency was
obtained by lowering the temperature of the adsorber bed. The sorbent’s capacity at the pilot
plant was somewhat less than that measured in previous tests. The drop in capacity occurred
because the sorbent used in the pilot tests was made with an additive that reduces the rate of
surface area decay. This additive also has the effect of reducing the sorbent’s activity. so that
more sodium was impregnated on the POC sorbent (5.2 wt%) than had been used in previous
tests of sorbent with no additive (3.5 wt%). As stated in the report, the sorbent’s equivalent
capacity based on its performance in the pilot test is 2.6 wt% sodium. The results suggest that
the sorbent’s capacity could be improved by optimizing the relative amounts of sodium and
additive.

Sorbent regeneration was successfully accomplished with pipeline natural gas and steam
at 1150°F sorbent heater bottom bed temperature. The design temperature was 1225°F. Lower
temperature is preferred from the standpoint of natural gas consumption, sorbent performance,
and vessel construction, although at lower temperature the reaction rates are slower and more
sorbent residence time is required (i.e., larger reactors). The ratio of H,S/S0O, in the regenerator
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offgas was on average 0.4, although H,S/SO0, ratios as high as 2.0 were measured in tests where
sorbent sulfur loading was low: 0.5 wt% on spent sorbent. Since the stoichiometric ratio of the
Claus reaction is H,S/SO, = 2.0, the regenerator offgas must be pretreated to adjust the
H.S/SO, ratio prior to the Claus reactor.

The pilot plant data are sufficient to design the commercial-scale demonstration plant.
The goal of the POC program was 10 obtain the engineering data required to produce a cost
effective design of a commercial NOXSO system at an acceptable level of technical risk. A
secondary goal for the test was to optimize performance while maintaining the high level of
system reliability demanded by the utility industry. The project accomplished both of these
goals.

NOXSO engineers plan to test two process modifications at the pilot plant that have the
potential to significantly improve pollutant removal efficiencies. These are a second sorbent bed
in the adsorber and in-bed water spray to cool the sorbent beds directly. Preliminary results of
tests on these process modifications are very promising. The work is being funded by the Ohio
Coal Development Office. A report will be issued in September 1993.
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APPENDICES

The data collected from the 5 MW POC pilot plant are listed in Table Al through D.
These Tables also contain the predicted SO./NO, removal efficiencies calculated by the
correlation for each data entry. The following information is included to further clarify the

Tables.

Appendix A - Adsorption Test Data

Table Al

Table A2

Table A3

Adsorption test data from 0.75 MW Process Develop Unit (PDU).
Adsorption test data from 0.06 MW Life Cycle Test Unit (LCTU).

Adsorption test data from 5 MW Proof-Of-Concept pilot plant (POC). The
predicted NO, and SO, efficiencies are calculated based on the following
information:

Sorbent bulk density = 641 kg/cm’
Sorbent sodium content = 5.2 wt%
Stabilized sorbent surface area = 150 m*/g
Fresh sorbent surface area = 250 m%/g
Adsorber cross-sectional area = 8.044 m?
Missing data = -1

Following values are assigned to the missing data in the PDU-adsorber
model calculation.

Regenerated sorbent sulfur content = 0.2 wt7%
Fluid-bed inventory = 2865.341 kg
(equivalent to 14" H,O fluid-bed pressure drop)

Appendix B - POC Sulfur Regeneration Test Data

Table Bl

Table B2

Solid phase data of regeneration.

Gas phase data of regeneration, of which the material balance closures
around the entire plant are within + 15%. The following information
will be helpful in interpreting the data:

Regenerator cross-sectional area = 1.167 m-.
Missing data = -1

The CH, and steam treaters’ offgas flowrates listed in Tables Bl and B2 include
the flowrate of N, used in the regenerator instrumentation purge and that of steam used
in the J-valves. As a result, the offgas flowrates are significantly higher than those of
the feed gases.



The data listed in Table B1 was obtained independently from the gas monitoring
system, but those listed in Table B2 were not. Because of the sulfur condensation in the
offgas sampling line, which results in a false reading in the mass spectrometer, the
number of data listed in Table B2 is much less than those in Table B1.

Appendix C - Sorbent Cooler Test Data
The following information was used in calculating the values for the derived variables.

Sorbent cooler cross-sectional area = 2.34302 m*
Vessel wall area for heat loss calculation, A,, = 9.1 m*
(equivalent to 66" height, distance between two grid plates)
Downcomer overflow width, W = 0.1207 m
Downcomer overflow length, L = 0.381 m
Downcomer overflow height above the grid, H = 0.3366 m
Mean particle diameter = 0.00121 m
Sorbent particle density = 1000 kg/m’
Sorbent heat capacity, kcal/(kg °C):
Cps = [22.08 + 0.008971 = T-522500/T°1/102
where T = arithmetic mean of sorbent temperature, °K

Air heat capacity, kcal/(kg °C):
Cp = [6.8717 + 0.000844 * T-39417/T%]/28.84
where T = logarithmic mean of air temperature, °K
Air thermal conductivity, kcal/(m °K sec):
kapa = [2.0772 + 0.01465 * T}/10°
where T = logarithmic mean of air temperature, °K
Air viscosity. kg/(m sec):
mu = [0.0177485 + 0.0000334 * T]/1000
where T = logarithmic mean of air temperature, °K
Fs = sorbent flowrate
Fg = air flowrate _
Estimated sorbent and air temperatures are the results of using Nu=0.0008 Re,'".
Appendix D - Material Balance Closures for NO,, Sulfur and Carbon

The closure = 100% means the material balance was closed.

Appendix E - Example of Sizing the Downcomer in a Multi-Stage Fluid-Bed Vessel
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