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I. OBJECTIVE AND SCOPE OF WORK

Production of clean, cost-competitive electric power from coal requires advances
in combustion and power conversion technology. One promising approach tc im-
proved power cycle efficinecy involves application of a Pressurized Fluidized-
Bed (PFB) Combustor for combustion of high sulfur coal in the presence of a

of a sulfur sorbent material. Bed temperature is controlled to maintain the
bed temperature below 1750°F by removing heat from the PFB with heat exchanger
tubes using a portion of incoming compressed air as coolant, while the balar.ce
of compressed air is used for combustion. The coolant air is heated substan-
tially to bed gas temperature and mixes with the products of combustion after
they are cleaned of particulates but prior to entering a gas turbine expander.
The reduced percentage of turbine gas directly involved in coal combustion

results in substantially less gas to be cleaned of particulates.

The most obvious application of the PFB combustor to commercial, base load
power production is in a combined-cycle system. The PFB combustor, in this
concept, would supply energy to a gas turbine-generation unit, and a waste heat
boiler at the exit of the gas turbine system would supply steam for a steam
turbine-generator unit. A simplified flow diagram for the air-cooled PFB

combined cycle system is shown in Figure 1.

The objective of this program is to evaluate the commercial potential of a

power generating concept that includes the pressurized, fluidized-bed combus-
tion of coal in conjunction with a combined gas-steam turbine cycle. The capa-
bility to burn high-sulfur coal in an environmentally acceptable manner is a
major objective of the program. The program involves conceptual commercial
design, supporting experimental work, and the design, construction and operation

of a PFB pilot plant that can be used to evaluate the commercial concept.

The pilot plant will be located at Wood-Ridge, New Jersey and will utilice the
existing MOD POD 8 Total Energy Power Generating Staiton. Where applicable,
existing systems and equipment for materials receiving, laboratories and

facilities will be used for the pilot plant program.
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The major tasks of this program are summarized as follows:

A conceptual design for a central station power plant consisting of a
PFB combustor with a combined cycle power conversion system will be

conducted.

A preliminary design of a pilot plant suitable for simulating and
evaluating the central station design concept will be prepared.
Supporting experiments to provide technical data for the pilot plant

design will be conducted.

The PFB pilot plant suitable for evaluation of the economic and engi-
neering feasibility of the central station power plant concept will be

designed and constructed.

A test program with the pilot plant to assess the validity of a full-
scale design concept, to identify design or component characteristics,
to establish operating characteristics under nominal and off-design
running conditions, and to provide a firm engineering base for full-

scale plant development decisions, will be conducted.

Engineering assessments of the commercial potential of the PFB concept

for central station electric power production will be conducted and '

major design specifications for a plant using high-sulfur (> 3 percent
by weight as received) coal while meeting applicable environmental

standards will be provided.



II. SUMMARY

Phase I, Preliminary Engineering, Contract E(49-18)-1726, was initiated on
March 1, 1976 and program accomplishments during the second quarter, June lst

through August 31st are summarized in the following:

The conceptual design of the commercial electric power generation plant using the
PFB combustion process continued for the 300 - 500 MW central station. It
includes three 100 MW gas turbine double-ender modules, and one steam turbine
(470 MW total). Off-design performance analysis for the gas turbine and over-
all power plant has been completed for 20 to 100% gas turbine power and a range
of ambient temperatures. Transient performance analyses including startup,
load dump, etc. are continuing. Major component and equipment design is in
progress. Gas turbine power train and auxiliary module, pressure fluid bed
cocmbustor and heat exchanger design and steam loop definition are nearing
completion. Determination of coal and dolomite handling equipment, gas clean-
up and overall plant arrangement are also nearing completion. Preliminary
flow diagrams and the electrical one-line diagram have been completed. Work
is continuing on the commercial plant environmental engineering and the plant

capital and operating cost estimates.

The PFB pilot plant conceptual design was initiated and performance analyses of
the gas turbine over a range of operating conditions was prepared. Pilot plant
site evaluation continued and reports and analyses were prepared on real estate
description, topographic analysis, soil boring sampling and analysis, and
meteorologic and climatologic analyses. Work continued on the site master plan,
resources and transportation studies, noise evalaution and the geotechnical

analysis.

Technology support evaluation has continued in several major areas. Develop-
ment of a brazing technique for fabricating PFB heat exchanger finned tubes is
proceeding. Ultrasonic inspection methods for confirming fin attachment to
the tubes have been developed. The design of the heat exchanger test module
which will be performance tested in the NRDC test facility was completed. The
initial heat exchanger tube specimens for testing in the existing Dorr-Oliver
12" atmospheric fluidized bed combustor have been manufactured and installed

in the rig. Testing was initiated and will continue throughout the next quarter.



Heat exchanger tube specimens for long-term tests in Dorr-Oliver client exist-
ing commercial fluidized bed reactors were released to manufacturing. These
specimens will be completed during the next quarter and will be installed at
the earliest opportunity which occurs during the normal operating routine of

these commercial reactors.

Testing of candidate materials for turbine blading and PFB heat exchanger tubes
in existing laboratory test rigs to evaluate relative long term erosion/corro-

sion properties in a simulated environment was initiated.

Design of the Small Gas Turbine/Pressure Fluid Bed (SGT/PFB) operating para-
meters vig continued. Design and specifications of the components representing
the longest manufacturing time cycle were completed. This included the PFB
combustor, heat exchanger, lst stage gas clean-up, and material storage, hand-
ling and injection equipment. Procurement of several long lead items including
the PFB combustor, and material handling equipment has been initiated. Design

and instrumentation definition of the remaining rig components is continuing.

Requests for approval of the subcontracts for Dorr-Oliver, Stone & Webster
Engineering and NRDC were submitted to ERDA. Also subcontract approval for
the coal and dolomite handling, preparation and injection systems for the
SGT/PFB rig were requested. ERDA has approved only the coal preparation sys—

tem during this reporting period.



III. WORK ACCOMPLISHED/WORK FORECAST

Phase I, the preliminary engineering portion of Contract E(49-18)-1726, was
initiated on March 1, 1976 and includes eight (8) tasks as listed below:

Preliminary Engineering

Task 1 - Preliminary Engineering
(a) Commercial Plant Conceptual Design and Analysis
(b) Pilot Plant Conceptual Design and Analysis

Task 2 - Pilot Plant Preliminary Design

Task 3 — Site Evaluation

Task 4 - Pilot Plant Environmental Analysis

Task 5 - Technology Rigs

(a) NRDC PFB Combustor Heat Exchanger Rig

(b) 12" Fluo-Solids Reactor and Commercial Bed Tests
(c¢) Materials Evaluation Rigs

(d) Small Gas Turbine PFB Operating Parameters Rig

Task 6 — Management

Task 7 - Reliability and Quality Assurance

Task 8 ~ Documentation and Reporting

The milestones for Phase I are presented in Figure 2,



PHASE I PROGRAM MILESTONES

MILESTONE DESCRIPTION

PFB Commercial Plant Design Evaluation
Pilot Plant Facility Recommendations

Pilot Plant Facility Preliminary Design
Site Evaluation Complete

Pilot Plant Environmental Analysis

NRDC Test - Initiate Test

Dorr-Oliver 12" F.B. Reactor - Initiate Test
Commercial Rig - Initiate Test

Turbine Corrosion ~ Initiate Test

Heat Exchanger Tube Erosion - Initiate Test
SGT/PFB Rig Design Complete (Critical Items)
SGT/PFB Rig - Initial Test

Figure 2

DATE SCHEDULED

Nov.
Jan.
Apr.
Aug.
Apr.
Nov.
Sep.
Oct.
July
July
July
Feb.

1976
1977
1977
1976
1977
1976
1976
1976
1976
1976
1976
1977

STATUS

Completed

Completed
Completed
Completed



Task 1 - Preliminary Engineering

A. Commercisl Plant Conceptual Design & Analysis

Plant Performance & Cycle Analysis

Work continued through the reporting period to define PFB commercial plant
design and performance. Investigation of ambient temperature effects on
performance was completed and results are presented in Figures 3-6. For
cold-day (0°F) operation about 30% increase in net power output is indi-
cated, with about 7% improvement in heat rate, for simple cycle operation.
Operaticn is not limited by structural considerations, i.e., PFB pressure
capability or rotor speed, for commercial plant design definition at

this time. It is noted coal, sorbent, and bed off-take flowrates

increase over 20% for cold day operation. PFB free-board pressure in-
creases somewhat more than 14 psi for operation at 0°F, requiring this

capability for the coal and sorbent injection system.

Overall performance of the simple cycle (gas turbine only) is shown gra-
phically on Figure 3. Ratings are based on compressor turbine imnlet
temperature, as shown on Figure 4, where 907% rating corresponds to a fixed
T.I.T. for 90% net power output at 59°F. Exhaust temperature and mass

flowrate are shown on Figures 5 and 6 respectively.

Investigation of control of pressurized fluidized bed operating variables
indicates that constant bed temperature for off-design operation is desira-
ble both for bed sulfur retention and highest combustion efficiency, as
well as for structural considerations and maintenance of insulation inte-

grity.

Rased on preliminary PFB Combustor and Cyclone flows and gas turbine per-
formance data heat, mass and energy balance diagrams were completed for

the following conditions:

Load Gas Turbines Steam Turbines
100 Percent 6 1
80 Percent 6 1
Max Obtainable 5 1
Max Obtainable 4 1
Max Obtainable 2 1



S
S
ESTIMATED.

I8

N

RS

4.

~—

s . R R R e R T T IRE
. L | AR __ i P m bl a
h m | IHEE IR
i B R
- ! AR ERARRRRER, i SR :
: i m. EREEEEE M “__ | i ]
B , + ..“_. ,_q _.4 - oy
Cl T s e
by G A e e
43 - . . P m.“w"» ___,_., . i
A.\ . 1 [ . ! ' _ __ﬁ __
v i T _;;m:“__v SERERRREE
PE ! i
- . RN R R R RN !
M , Ch | C ! M: ,m_" S P R I IR
€ Pl SRR SRR RN RN DR NIRRT
O T e T 1
Ta Lo HIBBIIE NI BRIy ¥
B “.,_. v,._“ i i . . ._*__ “."u " _,_ .
N BINENANCREE SRTTY AR SHEHENL S 1 H. -
P.Mc,.wﬂe___ EHREEHIE T RN N _.t::Q, B
et - vl REH H |4 o ¢ Gl v I [ [ i .
..LL. fﬁU WA. ] ! 8 ! s R _ﬁﬂ_k
A v dil i P IERERSRRE i b ! . e N s
,J.EM =Y ﬂ P V ST m:.‘_,: C
RYRENGE S BEANICNRER L SEERERSRERERRRRRE Api o}
e Qg N B Hill e
G | JTa T T 18H e
iﬁ\ R ._n Pl _m_w_ Py
VRIN T RUE L 28 |
L i U L kel * 3
.Q M T QLS Ol i ; N
boog LU _ i o

R

eumavsr

— -t

|39 PROWRTIFI DU

-

R

4

s]

\j

— >
_.T-_.K:_.

; _E< - ;
. ]
S dans

IR < DR IRAVTRINE IS

Figure 3
9




- -
b

———t e e}~
r

I
——t

l =3

H '
Lt e A et e

B N

41 -
[N ..
by

1| ehE T

'

Y

e
T3

o
USY IS N

=

ST MATED [SER Leved

WET POLWER ' 0dTAUT +

<t |

Figure 4

10



f
l.
%
B

—_ ]

— 4

w2 Al 2]

PERFaR

)
{
4
¥

—f

-
oo IF AMBENT —

'
IS S

i

|SaimraERet

I
'

PR

: , = Es _
ESTIMATEL  SEA LEVEL.

1
1
|
]

oy e
R

[
+

|

i

i

T

|
_putipy

i

NET  PowER

. i b
. e ©r
i P D P
t m“ "_ W,w“ [
P N AR EREEN P B
_ m NI
Al SRS BN I
[ . M “_‘_‘,, ul_l_. ,,m_ ".
IR R N N :: flep !
S0 EFRET ans e L I I
;:..hﬂ,f_. _m, .L i »
ﬁ . . __ ._ )




i ! o RS f AR ENREES S RERER R _
o e Paog - P :w**# S BRI BT '
ERE] ERREE IS EESERRERs RSN RE RRRRE SRS by SERRREESE
ey a1 T U S
| M A TER ERR N A S SR NRTE NENRY NEOY NR |
. ; v . RRERD FREREARE RN st
i o : 1l m_u_,_. e RN RUERE q
J e ; ; RN R E . . ] . N
RN _FWA ARRRRRERSE i %‘ m *:m _ S 41
L Saann i L Fwwb\ R h,. 8 L
! [ FE [ R N
: m_,w L Poid ,
i _Z,, El : *n
., = »_,q [ : e
. b i ! _w _,.,,
li.” _ __*_ ‘~ Mw e —
ol i SRR
: oo 1 . .
M L L
: C REANe (-1 ,
s :, TR Ty '
iy 5 @ L
: Sl L e I T4 :
D | PP RILL d
SRRRIaNY ot JEEenEs ;
N REREE ! B ‘w ) :
A,. RS | RN : :
B SN
i -..C. g-al . A_ It - g
N g ; SEEEE B (i ]
, ﬁ_mw il * : £
=R NN i .
LN ND _. !
R SRE-'4 SN . {

-

o T
3 THNG L
g 13 AN :
w Lt Y

—‘ - {4

1

Vs

AT

PLANT
LEYEL] P

i
1
!
i

T

i

+
ST

TR Bl

eR

J
o " n L) 2
M ﬁ a2 o % i _‘im.,
LNy RS ERN T &
ol 3 ! _/__ _
. _H ] - SR
K- L TN b
Hmmra i N 2
g ST T
. . i RN RN
o5 m AP
L B < -t REAERERES: -
e WA P N [ w i
M_EL‘; DL
-......“... o ; _ _r_ ~ ]
__1 i O
rl_, .~” m. h_ “m __
E R B chr e -
; i B Jebpens
R L JESasSh; =Py an
T 7 G |

Figure 6
12



The combined cycle heat rate at 1007 load is 8498 BTU/KW HR.
Work Torecast

l.ow power operation im the start-up regime will be analyzed, with the com-
wercial plant turbine's aerodynamic performance incorporated in the per-
formance model. Steady-state commercial plant off-design performance will
2 cinecked with rveference to performance with the preliminary turbine maps.,
Power turbine by-pass bleed both at low speed and for emergency dump will

be iavestigated.

ft-degign performance of the PFB with constant bed airflow to cooling and

hy-psss airflow aplit will be investigated.

Heat, mass and energy balance diagrams will be finalized for all operating

conditions.

Component Desipn and Plant Arrangement

1. 100 MW Gas Turbine Power Train

The 100 MW alternator for each gas turbine module of the commercial
PF® riant is driven at each end by two 50 MW industrial gas turbines.
The conceptual design of the industrial gas turbine was started during

cnnls period.

Tre turbine comprises integral gas generator and power turbine sections
avuteed 0o a common structural base that is anchored to a monolithic
concrete slab after the drive line is aligned to the alternator. The
g8 penerator section consists of a 13-stage single spool axial flow
conrressor connected by shafting to a two-stage driving turbine.

Fressurized air from the compressor is ducted to the PFB Combustor.

The cleaned hot gaseous products are ducted back to drive the turbines.

Two coaxial air outlet and gas inlet ports are located on each side of
the engine casing on the horizontal centerline. The hot gas duct is
centered inside the compressor air duct to form an annular air flow

passage.

13



The compressor section aerodynamic design is scaled directly from a
Curtiss-Wright CWJ65-W15 gas turbine engine used in the MOD POD 8
electric power generation systems. Compressor air exits into a 2.20:1
area ratio annular diffuser which discharges into an annular air cham—
ber between the compressor and turbine and bounded by an inner housing
and outer casing. The compressor air then turns to leave through the
two annular outlet ports in the sides of the casing. The hot gas
inlet duct transitions from a circular inlet at the casing to a 180
degree annulus at the turbine inlet. The compressor air exits from
the outlet port on the engine and the returning hot gas enters the
inlet port on the engine at very low Mach numbers. Part of the com-
pressor alr is diverted around the hot gas inlet ducts to cool the

turbine stator housing and interturbine housings.

The compressor—turbine rotor shaft assembly is supported by three
pivoted shoe journal bearings and a front thrust bearing. Both two
and three beariag shaft support systams were investigated for critical
speeds. The results showed the 3-bearing design would have a satis-
factory operating range between the 2nd and 3rd critical speeds when

running at the design speed of 3712 RPM.

The power turbine is located behind the compressor turbine and shares
the same inter-turbine bearing housing. A six port toroidal hot gas
bleed manifold is located between the interturbine housing and power
turbine. The bleed area was sized to by-pass 507 of the gas flow
around the power turbine and into the waste heat boiler to prevent
overspeed during emergency shut-down such as a circuit break. Bleed
will also be used for phase synchronization before closing the breaker,
and during gas generator start-up. The bleed flow is regulated by hot
gas valves, presently located in the piping outside the acoustic en-

closure.

The power turbine is supported by two pivoted-shoe journal bearings
and a thrust bearing at the aft end. The rear journal and thrust

bearings are supported by a pedestal to the base,

14
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The lubrication system utilizes gravity drain from the bearing cavi-
ties, precluding the need for scavenge pump and their related gear
drive systems. O0il supply for both the turbines and alternator is

from the auxiliary module.

Since the compressor is scaled from an existing design, the basic load-
ing is unchanged and except for maximum pressure operation during cold
day running. no changes except for blade materials are contemplated.
Blade attachments will be re-designed to suit installation to the rotor

drum.

The aevodynamics for both turbines, however, is revised for improved
efficiency and both the blades and disks are designed for the uniform

turbine inlet temperature profile provided by the hot gas inlet ducting.

Cooling of the 1st and 2nd stage compressor turbine disks is contem-
wlaved 4s a means of keeping the disk and tenon temperatures in line
with economical material choices.

Auxiliary Module for 100 MW Gas Turbine

Desiga of the general arrangement of the auxiliary module for the

QG MY anit is continuing. The lower section of the module consists

uf a shallow reservoir which is mounted above ground on a concrete
slab. Mounted on top of the reservoir are the pumps, filters, pressure
relief, gas turbine controls, connecting piping, electrical junction
box and conduit. The complete system is covered with an acoustical
shieet metal enclosure supported on the foundation slab with walk around

space.

since c¢his is a base loading plant, the lube oil pumping system will
consist of a primary AC driven pump and a back-up full flow AC pump.
To prevent loss of lube oil flow in case of pump failure, two battery
driven half flow DC pumps will supply lube o0il on run-down in case of
4C power failure. All pumps are positive displacement screw type with
flooded inlet and mounted through the reservoir top. Two full flow
filters with extended area elements are mounted and piped so element

change--out can be accomplished without interrupting the flow.

15



Lov iontensity electric heaters are mounted through the top of the re-
se.volr to maintain oil temperature in the order of 80° to 90°F at low
ambient temperatures. The lube oil cooler consists of a free standing

air-to-oil type with the necessary enclosure to prevent fouling by snow
oy ice.

Tre required oil flow for the gas turbines, couplings and alternator is
agpreximately 964 GPM. The fuel flow pumps are over-sized to allow the
by-pays pressure regulator to operate without starving the bearing.

The Jdiasphragm type regulator controls the pressure at the outlet of the
modsle to 30 PSI regardless of flow demand due to viscosity change and
Hearing clearance change. The AC pumps will require approximately 100
HP motors while the DC pumps require approximately 50 HP motors. Over-

1nad on the motors is prevented by a single pressure relief valve.

Thz 4il from the pumps is piped to an outside air to oil heat exchanger

hich is sized to reject approximately 3.6 million BTU per hour. The

T

from the heat exchanger is returned to the auxiliary module and is
cenducted through either of the dual filters. The flow can be diverted
toy either filter by a 3-way diverter valve. This allows filter element

change-out without interrupting oil flow to the bearings.

The 3-way thermostatic valve controls oil by-pass around the heat
2¥changer thus providing oil to the bearings between 130°F and 160°F

site ambient temperatures varying over a wide range up to 110°F.

The reservoir is sized for a 5 minute residence time plus 30 percent to
r<auve foaming and provide an air space over the oil for cross ventila-
ticn. Baffles are located in the reservoir to assist in deaeration and

foam reduction.

Three 25 KW low intensity heaters are located through the top. During
low ambient operation, the heaters will maintain oil temperatures be-
tween 80° and 90°F. An oil level switch is mounted on the top of the

rerervolr to signal high and low levels.

16



PFB Combustor/Heat Exchanger

r‘he peneral arrangement for the PFB vessel has been established and is
jllustrated in Figure 7. The PFB is enclosed in a cylindrical vessel
with hemispherical ends, internally insulated and mounted in an upright
position on four support columns. Located inside the vessel is the
iistyibutor plate for air injection to fluidize the bed and the heat

:xchanger tubes to regulate the temperature of the bed.

“he design concept for using straight-through single-pass heat exchanger
“sibas joined in bundles for a modular arrangement was prepared to show
“rs feasibility in a commercial unit. The bundles consist of nine heat
- Achanger tubes in a square array which are joined to a header pipe at
gach end. Each header has a single port (collector tube) for either

the entering or leaving air flow. The inlet collector tubes are secured
L+ the distributor plate and to an inlet plenum. The outlet collector

vubes are welded to a plenum chamber in the freeboard.

T, sealed plenums above and below the heat exchanger tubes, keep the

cozling air separated from the fluidizing air which is used for combus-
tivn of the coal. The outlet tube header is located sufficiently above
vhe top of the bed to minimize particle impingement. The inlet header

is protected from impingement by not fluidizing the bottom of the bed.

iach tube bundle is attached to the distributor plate through a thermal
sizeve. The inlet plenum is suspended from the heat exchanger inlet
sipaes that extend through the distributor plate while the outlet plenum

supported on the columns of heat exchanger outlet pipes.

f mairy design concern was the serviceability of the heat exchanger
uwhes and of the insulated vessel wall. Both objectives are achieved

tv the feasible removal of the tube bundles from the vessel through the
z11 cutlet port at the top of the vessel. Also, there is a considera-
tle amcunt of clearance space between collector tubes for serviceability

che tuyere air box and in the freeboard.

17
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The primary advantage of this modular arrangement is the reduced number
»F penetrations in the distributor plate which permits adequate space
for the support structure formed in a grid arrangement to carry the
over one million pounds of load acting on the distributor bed plate.
The entire intermal structure including the heat exchanger tubes,
tuyeres, coal and dolomite, distributor bed plate, inlet and outlet air
boxes and the brick refractory insulation are supported off the pres—
sure vessel wall by a continuous ring welded to the pressure vessel
wall through a doubler plate and reinforced by gussets to uniformly
distribute the shear and overturning moment loads. A detailed computer
stress analysis of the grid supporting structure has been performed and

the number, locations and sizes of the beams have been established.

the outside of the vessel is enclosed by four walls attached to a net-
work of steel colummns and beams on which is provided the various stairs
aund platforms needed for access to the vessel and its equipment. The
wall structure also supports the three primary gas cleanup cyclones,
trickle valves and ash return pipes at the upper half of the vessel.

an ash removal cooler and cleanup cyclone is also mounted to the out-
side of the wall structure. The ash cooler empties into an ash re-

ceiver which is set on legs alongside the PFB vessel.

The location of the air, gas, ash, coal and sorbent penetrations were

established.

ine ceoal injection nozzles are located around the circumference of the
vessel and through the bottom of the distributor plate. Each nozzle is
spacaed to have a selected area coverage throughout the bed cross-section.
iic nozzles are oriented so that the injected coal does not impinge
directly on the heat exchanger tubes. Coal nozzles on the side of the
w2ssel are shorter in length than those going into the bottom of the

bed. Straight lengths are used to permit withdrawal of the nozzle while
the vessel is operating under pressure. Nozzle removal is accomplished

with alr sealing and coal cut-off valves and a packing gland.

19
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The design of the pressure vessel wall thickness and the type of thick~
ness of the refractory insulation in the active bed region, freeboard
region and top spherical head region has continued. The PFB unit will
have a framework structure surrounding it with sheet metal walls which
will eliminate concern for wind velocity while maintaining normal

updraft convection.

Study is continuing on the use of fire~brick in the bed and freeboard
regions, and, castable refractories in the top spherical head and other

regions.

Several concepts are being considered for the bed region and freeboard
region which will utilize fire-brick refractories for the hot lining
and a layer of a castable refractory between the fire brick and the
carbon steel shell. Present efforts are being directed to obtaining
the best trade-off between the amount of refractory insulation, the

outside shell temperature and stress.

30 MW Unit Mechanical Design - PFB Combustor/Heat Exchanger Design

A parallel effort is being directed on a PFB configuration for a 30 MW
gas turbine generator module. The objective is to follow the modular
concept by designing the PFB for shop fabrication and shipment to the
site for installation. This PFB diameter is limited to approximately
12 feet outside diameter for shipping purposes. Three PFB's will be
used for each gas generator. A double-ender arrangement using two
contemporary sized gas generators are incorporated in the module for

each 30 MW alternator.

A general arrangement for the reduced diameter PFB has been prepared.
Except for size, the basic configuration is the same as for the 100 MW
PFB. Fewer heat exchanger tube bundles are required and as a result
the outlet air plenum was modified to have flanged connections for its
complete removal through the outlet port in the top of the vessel head.
The tube bundles now have a clear withdrawl path from the bed and
through the outlet port,.with the removal of the center heat exchanger

tube bundle outlet pipe.
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One primary cyclone clean-up is used per PFB. The cyclone is mounted

at the top of the vessel. There is also one ash removal system on each
vessel., Coal injection nozzles are spaced equally around the circum—
ference of the vessel. The plot arrangement features three side-by-side
PFB's per gas generator. An external framework is built around the

vessel to support the access stairs and platforms.

Plant Flow, Piping and Electrical Diagrams and General Arrangement

The conceptual flow diagrams were prepared for:

a. Steam system
b. Feedwater system
c. Condensate system

Air and Combustion Gas

Work has been starited on the following conceptual flow diagrams:

Fire protection and service water
b. Cooling water

c¢. Compressed air

The PFB/gas turbine area general arrangement drawings have been started.
The control building general arrangement drawing was completed and the
electrical one-line diagram was completed. Electric equipment (trans-

formers, switchgear, etc.) has been sized and the arrangement of equip-

ment in the control building and switchgear room completed.

Primary turbine building general arrangement drawings have been com-
pleted and piping composites were started for the low pressure steam,
high pressure steam, condensate, and boller feedwater systems between

the waste heat boilers and steam turbine plant,

Plant "Description of Work" which forms the basis for the plant cost

estimate was completed and is being updated as design progresses.

Various equipment manufacturers were contacted for information relative

to size and price of their equipment.
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Work Forecast

Complete engine general arrangement and critical speed analyses. Com-
plete the auxiliary module drawings. Prepare preliminary specifications
on the enclosure and oil heat exchanger to provide information for pric-

ing.

Complete the drawing of the PFB vessel, vertical fuel nozzle assembly
and identify instrument locations. Prepare material selection and

detailed structural features for pricing purposes.

Continue sizing of the refractory insulation and the pressure vessel
thickness. Perform a shell analysis of the pressure vessel wall and

evaluate the effects of discontinuities and concentrated loads.

Release the drawings for turbine building general arrangement, control
building, piping composites (steam, condensate, and feedwater) and

4,160 V and main one-line diagram.

Continue the plot plan showing the overall station arrangement, and

instrumentation and control definition.

Complete the conceptual flow diagrams for fire protection and service

water, cooling water and compressed air.
Continue estimating the capital cost of the plant.

Commercial Plant Environmental Engineering

The environmental engineering for the commercial plant was started for

definition of:

a. Circulating water system
b. Liquid, solid, and gaseous waste systems
c. Hot-gas cleanup

Boiler makeup water treating.
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Work Forecast

Continue with the environmental engineering effort including estimating

the costs for the various systems.

Pilot Plant Conceptual Design and Analysis

The computerized model of the CW J65 gas turbine driven Total Energy System
has been modified to simulate the Pilot Plant Coal-fired PFB system. The
performance of the gas turbine section of this PFB system was analyzed and
is summarized on Figure 8. Pressure drop of 4 inches H20 at the inlet and
10 inches H,0 at the exhaust was used in the analysis. Part power operation

2
from base to 20 percent power is shown.

The calcification, sulfation and combustion reactions, the solids input
and removal, the change in engine match for the relatively low LHV and
high pressure drop of the PFB system, and the resultant changes in thermo-
dynamic properties of the exhaust gases were all accounted for in the com-

puter model.

The salient net results are the predictably lower cycle thermal efficiency
and compressor rematch toward the surge line. In fact, the data indicate
the necessity of building a control system to bypass the power turbine
with some exhaust gas for low power operation to avoid surge. The amount
of bypass in estimated to be 20 percent. Such a system is also needed for
starting and heating the bed, while using the auxiliary burners. A power
turbines bypass valve system will be included in the design of the pilot

»lant and its controls.

Performance of the gas turbine at standard ambient conditions was calculated
te obtain compressor drive turbine inlet temperature and speed and power
cturbine inlet and outlet temperatures, compressor airflow, bed airflow and
pressure ratio. Excess ailr variation in the fluid bed at a constant bed
temperature of 1650°F is shown on Figure 9 together with the required tur-
bine bypass bleed for surge avoidance. The locations of the base load and
part power operating points were developed on the compressor map. Below

80 percent load, operation of the turbine bypass is required.
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PFB

PILOT PLANT

SIMPLE CYCLE PERFORMANCE DATA

Overall Unit Performance - (Sea Level Standard)

Yar Cent Gas Turbine Power
€
Ha2at Rate (LHV) B/KW - HR

tizat Release (LHV) B/HR X 106

100 80 60
6035 4760 3684
18,718 20,190 22,790
113.2 96.0 83.7

“2zzad on Coal and Sorbent Combine LHV)
“Jezt Ioss (Bed Material Off-Take) B/HR X 100 1.761 1.498 1.308

Uxhaust Heat Loss (B/LBM)
Sed S0lid Off-Take (LBM/SEC)
Coal Flow (LBM/SEC)

“orbent Flow (LBM/SEC)

6

231.0 215.3 197.3
1.438 1.27 1.07
2.50 2.12 1.85
0.87 0.74 0.65

Fuel Heating Values

521l and Sorbent Combined LHV (B/LBM
¥¢r a. Coal HHV (B/LBM Coal)
b. Coal LHV (B/LBM Coal)

Coal) 12,574

C. Calorific Value for Coal
Borne Sulfur (B/LBM/Coal)

Assumes all Fuel-Bo
Sulfur Reacts to SO

d. Calorific Value for
Sulfation Reaction
(B/LBM Coal)

e. Calorific Value for

Calcination Reaction

(B/LBM Coal)

“ombustion Efficiency (Per Cent)

13,090

12,691
rne
2 -163
Bed

+276
Bed

-230

99

“nclnding heat transfer to surroundings)

Figure 8
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40
2330
29,800
69.3

1.083
175.0
.89
1.53
0.54

20
1212
47,100
57.0

0.890
155.1
.73
1.26
0.44
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A similar study of the performance and stability of the system with remote-
mounted J65 burners was made. This system is satisfactory with the power

turbine bypass system in use, for starting, bed heating and cooling.

Work Forecast

A power turbine bypass control schedule will be developed for non-standard
day conditions and, following a decision on the optimum schedule, perform-

aice will be predicted for several power level settings.

Cperating data for the existing waste heat boiler are being analyzed, and
will be correlated with the gas turbine performance so that overall plant

cutput can be evaluated.

Design Recommendations based on the performance data will be initiated.
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Task 3 Site Evaluation

“e¢al Estate Report for the Pilot Plant site was prepared. Soil boring work
“s7v both the pilot plant site and SGT/PFB test rig site was completed and soil

Teporse were prepared.

s wtacyenlogy and climatology sections have been completed for inclusion in

site evaluation report. Newark airport weather date has been summarized.

. preliminary topographic map was prepared and has been reviewed.

waster plan and review of local codes, license and permit requirements is

Dihe U

in progress.

wark ¥Forecast

Zemplate the resources and transportation studies, site master plan, and review

of the final tcpographic map.
tivmplete the geotechnical study for the site evaluation report.

“ualk 3 -~ Technology Support Rigs

lleat Exchanger Tube Fabrication

brazirg has been selected as the method of fin attachment for the initial heat

saihange tube requirements (i.e., Dorr-Oliver 12" Fluo Solids Reactor). Fabri-

1 techniques including assembly and braze parameters to produce this tubing

TETAG

ste being developed in conjunction with Wall Colmonoy.

~traightening techniques and special fin indexing fixtures have been de~

eloped and utilized in the assembly of the tubing.

S¢veral Cobalt braze alloys, Nicrobraz 210 and 300, were utilized to construct
fhe ¥luo Solids Reactor tubing. These alloys were chosen over nickel base
ailovs because they offer the best combination of high temperature strength and
reerssion resistance.  While both have similar compositions, the 300 alloy was
included for evaluation because it has the ability to braze sections with gaps

tp to .010 inch. The 10 and 20 fin configurations were brazed with the 210
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alloy and the 15 fin configuration with the 300 alloy. Using the same braze

vole, the 300 alloy exhibited more interaction with the base alloy. Its use

-

was, therefore, limited to the one set of tubes. To use this alloy, additional
tests will have to be run to obtain optimum braze parameters. All tubes have

been brazed and final construction of the tube assembly is in progress.

mitial evaluation of the fabrication technique using the I.D. pleated fin for
the 4 inch Schedule 40 configuration is in process. Several configurations
have been prepared and each will be evaluated for ease of assembly and brazing
o the I.D. wall. Braze alloy application techniques are being evaluated.
i~itial results indicate that controlled spraying of the braze alloy with a

2w binder provided excellent adherance to the fin material.

Discussions are continuing with various casting companies to determine the

fezsibility of producing cast tube sections with intregral OD and ID fins.

In order to assure complete metallurgical bond between the fins and tube, a
non-destructive test using ultrasonic techniques was developed at Curtiss-

Wright.

Wurk Forecast

Development work is continuing to determine the assembly techniques and braze

pavaneters for the I.D. pleated fin configuration.

Besign and cost aspects of an integral OD and ID finned tube casting will con-

tipue to be evaluated.

Al - PFB Combustor/Heat Exchanger Rig

nrail design of the test heat exchanger assembly has been completed. The

design accommodates a 7 1/2 foot deep bed containing seven bayonet type cooling
tubes. Four of the tubes are water cooled and serve only to control bed tempera-
ture. The remaining three tubes are connected in series and will be cooled with
200°F air. Air flow to the bed of 1.713 1b/sec at an inlet pressure of 87.0 psia

supplied to the tuyeres for combustion.
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A thevmal analysis was made to determine the finned tube wall temperatures to
evaluate the relative thermal growths of the three ailr cooled tubes

a5 a function of cooling airflow rate. Predictions of cooling air
discharge temperatures were also completed. Selection of 0.43 1lb/sec cooling

2ivr flow was established.

The basic assembly drawing of the heat exchanger has been completed including

dztails for all components in preparation for hardware manufacture.

({zpies of a proposed subcontract document for test service was submitted to

NRDC/CSL for their review and acceptance and to ERDA for approval.
Work Forecast
Cowmplate instrumentation drawing.

brain subcontract approval and forward heat exchanger installation drawings to

NRBC/CSL so their test rig modifications can be initiated.
Initiate fabrication of the heat exchanger.

Dorr-0liver 12 Inch Diameter Fluosolids Reactor

All equipment, except for the finned tubes, was manufactured or procured and
installed on the 12 inch fluo-solids atmospheric reactor at Dorr-Oliver's
S5pringdale Laboratory. Fabrication of the constriction plate for the hot
reacior. and for a cold model, were also completed. These tests are designed
to chtain initial gas-side heat transfer data and bed performance with heat

exchiunger tubes of various fin configurations.

"le test plan was prepared and submitted to ERDA for approval.

The initial heat exchanger using a hairpin tube assembly without fins was
rompleted, instrumented and installed in the test facility. Experiments with
tris uvnfinned tube to establish a baseline for comparison with the various

finned tubes have started.
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The finned tube sections for the remaining heat exchanger tube assemblies have

all been completed and are currently being instrumented.

Work Forecast

Complete instrumenting the 10, 15 and 20 fin heat exchanger tube assemblies and
prepare for test. Continue tests of heat exchanger tubes in the Fluo-Solids

Reactor.

Commercial Fluid Bed Corrosion/Erosion Material Tests

Arrangements were made to install test fixtures incorporating various candidate
materials in two Dorr-Oliver designed commercial fluidized beds. One bed is a
municipal sewage sludge incinerator in Torrington, Conn., and the other is a
Pfizer Co. limestone calciner in Adams, Mass. The environments in these two
beds should bracket conditions expected in the coal/dolomite PFB and yield
early data relative to the long term erosion/corrosion of the materials

selected for test.

Verbal approval for the test at the limestone calcining facility has been
granted. Written approval has been granted by the City of Torrington for the
test to be conducted there. Test plans for the programs at both of these

facilities have been prepared and submitted to ERDA.

A1l of the critical materials for the specimen tube sections have been procured.
Fabrication of the complete test fixture assmblies is proceeding. Instrumenta-
tion design was established to obtain tube vibration data in order to provide
insight into the dynamic environment of a large fluidized bed of considerable
depth, particularly in regard to possible excitation of vertically orientated
heat exchanger tube bundles. The Torrington, Conn. incinerator which will
accommodate test specimens of approximately seven feet in length was selected
to obtain initial vibration data. High temperature weldable strain gages will
be mounted on the outside of tube specimens to measure vibratory stresses. A
tri-axial accelerometer will be mounted at a tube closure outside the bed to
detect amplitudes above 100 cps. Displacement pickups will be used to investi-
gate the low frequency range 10 to 100 cps.
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Work Forecast

Obtain test plan approval from ERDA.

Fabricate and instrument test fixtures assemblies for the two selected commer-

cial fluid beds.

Turbine Materials Corrosion/Erosion Rig

The Turbine Materials Corrosion/Erosion Rig test is designed to evaluate rela-
tive resistance of turbine alloys to a simulated PFB turbine environment. The
environment is created by addition of alkali metal salts to sulfur-~bearing jet
fuel at the time of combustion. Erosion is produced using an air stream
entrained with 10 micron Aluminum Oxide particles which is aimed at the speci-~
mens. The specimens are exposed to the fuel combustion flame and operate at °F tempera-

tures approximately 1600°F.

The test plan was submitted to ERDA outlining the specific test conditions,
alloys to be run, and schedule of exposure time for each test. ERDA approval

was received.

The unit toprovide the abrasive particles and air stream to create erosion con-
ditions was calibrated fcr particle velocity and flow. A temperature calibra-
tion test was run to determine the temperature distribution over the 2-1/8 inch
length of the specimen at 0.20 inch intervals. A slip ring assembly allows the
thermocouple measurement to be taken from the specimen rotating through the
combustor flame exactly as the actual test specimens will be run. The tempera-
ture range was 1540°F at the tip, 1615°F at the mid station and 1445°F at the

base.

The specimens for Test #1 were machined, coated as required and installed in
the rig. Material for specimens of Hoskins 875 and Tophet A-Cb was received
and is being fabricated into specimens for Test #2. Specimens to be coated
with Co-Cr-Al-Y and Ni-Cr-Al-Y; and Pt- aluminide were prepared for application

of coatings.

Test #1 consisting of samples of U-700, U-500, U-710, IN738, IN738 and S-31
with an aluminide diffusion coating, was initiated and 64 hours of specimen

exposure has been accumulated.
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Work Forecast

'zuat #1 will be completed and the evaluation of results will be initiated.
i'abrication of specimens for Test #2 will be completed and testing will be

initiated.

¥y Tube Materials Erosion Rig

fhe Erosion Rig is an externally heated fluidized bed of Aluminum Oxide which
provides an environment of temperature and space velocity similar to the PFB
cowbustor. Candidate nickel and cobalt base alloys for PFB heat exchanger

tubes are being evaluated for relative erosion resistance. The rig was modi-
fied to achieve the required operating parameters and the specimens and holders
save machined. The rig was run at design operating temperature and calibrated.
ihe temperature of the bed stabilized at 1600°F + 25°F. The design of the
svecimen holder was modified to minimize shielding of the specimens from the action
¢f the bed material. The specimens have been measured for dimensions and surface
toughness. The assembled specimen holder was imstalled in the rig and testing
wvas initiated. To date, 120 hours of specimen exposure has occurred. The test

is scheduled to run 1000 hours with observations at 250, 500 and 750 hours.

Woivk Forecast

Test #1 will be completed and specimens from test will be evaluated for erosion
1esistance, Specimens for Test #2 will be installed and testing will be ini-

tiated.

SGT/PEFS Operating Parameter Rig

Geiailed layouts of the PFB combustor (with the exception of the air distributor
szzgembly) and ash return loop have been completed and released for procurement.
The stress analysis of the distributor assembly was completed for the design
which reduced the thermal gradients across the top of the distributor assembly.
The air distributor assembly is presently being updated to reflect the latest
21y coonled tube configuration and the 8 in. cooling air connection is being

iotated to simplify the cooling air supply lines from the facility air preheaters.
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The site layout drawing for the SGT/PFB rig is in its final stages of comple-
tion utilizing descriptive data of system components received from equipment

manufacturers.

A general arrangement drawing of the SGT/PFB with the combustor ash return, and
ash removal in its steel structure is in progress. This drawing includes a
Bill of Material of all components required to assemble the SGT/PFB in the
structural steel support. A flow schematic of this SGT/PFB system is shown

in Figure 10.

Preliminary layouts of the following were initiated:
1. Tuyere air supply pipe with valve, air straightener and orifice (5 inch

diameter pipe).

2. Heat exchanger cooling air supply pipe with valve, air straightener and

orifice (8 in. dia. line).
3. Air supply line from facility (10 in. dia. line).
4. Heat exchanger discharge line from PFB (10 in. I.D. refractory lined pipe).

5. Primary cyclone discharge to secondary clean up inlet (10 in. I.D. refrac-
tory lined pipe).

6. Combining of the secondary clean up flow with the PFB heat exchanger dis-

charge line.
7. Quench chamber for the combined flow prior to exhausting to a silencer.

8. Positioning the small gas turbine engine in relation to the combined flow

piping.
9. Sizing the main back pressure valve.

gpecifications were prepared for valves, gas monitoring instrumentacion and
digital Control Center and several existing systems were investigated regarding
potential use for the SGT rig. Final pressure and instrumentation drawings and

a flow diagram have been completed.
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Stress analysis of the SGT/PFB rig is nearing completion. All basic thicknesses
per ASME Code Section 8, Division 1, have been established for the pressure
retaining components with the exception of the ailr inlet pipes and P¥B pressure
vessel boundary attachwents. A Division 2 analysis on the air inlet pipes will
be prepared because of large thermal transients which will occur in these regions
during system startup. A wind, weight and seismic analysis has also been maae

to augment the evaluation of stresses and deflections in PFB supports and erector

steel.

Consideration has been given to the effect on the pressure boundary of internal
pressure, refractory expansion and temperature in the Curtiss-Wright computer
programs used in the analysis (Retfractory Program Log 2278 and General
Axisymmetric Shell Program Log 2072). Variations in environmental conditions
were also considered to assess the impact of wind and ambient temperature on
stress and operational limitations. Using the refractory program results, a
correlation was established which predicts the combination of ambient conditions
under which limited operation will be necessary to maintain refractory/steel

shell stresses to allowable levels 1f external shielding of the PFB is avoided.

Analysis of PFB internals for the normal operating condition has been completed
for the distributor box where Section 8, Division 2, requirements are the
governing criteria because of the predominance of the radial thermal gradient
effects. Additional thermal stress analysis was initiated in the localized
region of the air inlet pipes to the distributor box under a startup condition.
This work is proceeding as tne thermal gradient profiles in the pipes become
defined for the final design. Analysis of the cooling air tubes in the bed
region for the normal operating condition is partially complete. The stresses

in the region of the tube supports (to the distributor box) do not meet Section 8,

Division 2, 35 m allowables, therefore, low cycle fatigue analysis is in progress.

Effort was also initiated to estimate the mechanical loads on the tubes due to
fluidized bed operation (and possible sloshing due to seismic effects), So that
lateral intra-tube connections and tube base support structural analysis can be

completed.
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Service and repair work continues at the boiler house to reactivate the coal
handling and storage facilities. Design for installation of the PFB vessel,
material handling system, control system and interface to facility systems has
been initiated. Foundation design, drawings and specifications for the PFB

vessel have been completed and issued to sub-contractors for bid.

Tayout drawings showing the air inlet piping to the PFB vessel from the faci-

1ity Development Laboratory have been completed. Specifications for the expan
sion joints have been completed and issued to vendors for quotation. A preli-
minary layout of the control room showing various control board systems, motor
zontrol center and wire ways has been completed. Purchase orders for wire and

i1ire ways have been issued.

(Quotations were solicited and received for purchase of the coal grinding mill
and dryer system. Vendor selection was made and the purchase order issued.
Quotations were solicited for purchase of the coal and dolomite feed injection
system. Quotations were solicited for the remaining items of the material
handling system (feeders, silos and bucket elevators) and received. Vendors
were selected and approval for release of purchase order has been requested
from ERDA. Quotations were solicited for the fabrication of the SGT/PFB
Combustor, cyclone and ash return loop and have been received. These are under

review for vendor selection

Work Forecast

The air distributor assembly drawings will be released for manufacture. The
site layout drawing and the general arrangement drawing will be completed.

Final layout of the hot piping requirements, final process flow chart and in-
scyumentation layouts will be initiated. Final valve, gas monitoring instru-

mentation and control software will be selected.

Service and repair work for reactivating coal handling and storage facilities
ai the boiler house will continue. Installation and facilities interface
cdesign of all systems will continue. Foundation bids will be received and a

subcontractor will be selected.

System arrangement layout of the material handling, feed systems, injection
systems and control logic information will be transmitted to vendors for proper

interface design of the systems.
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Task 6 — Program Management

The Phase I Program Schedule is shown in Figure 11,

Subcontracts were drafted covering the efforts of major subcontractors Dorr-
Oliver Corp. and Stone and Webster Engineering Co. Also a subcontract draft

was prepared covering the procurement of test services from NRDC/CSL for the
evaluation of Curtiss-Wright's air tube heat exchanger design in the Leatherhead
Research Stations PFB conbustor test facility.

These documents have been submitted to the subcontractors for review and to

ERDA for approval.

Requests for ERDA approval have been submitted for procurement of the SGT/PFB
rig's coal and dolomite storage, preparation and injection system. ERDA

approval was received for the preparation system.

A program status review was held at Curtiss-Wright on July 13 and 14, 1976
with ERDA and Mitre representatives in attendance.

Work Forecast

Obtain ERDA approvals for outstanding subcontracts under review.

Task 7 — Reliability

The design arrangement and layout of this commercial PFB system implies a
series Block Diagram Model for the reliability Analyses. Such a block diagram
has been constructed containing a block for each module and an allocated
reliability for the block. Where analyses has been unable to design detail,

a predicted reliability is used for the module. Design details continue to be

analyzed so that the Block diagram is up-dated, in an iterative process.
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PROGRAM SCHEDULE

ENGINEER, DESIGN, CONSTRUCT, TEST AND EVALUATE A PRESSURIZED FLUIDIZED BED
PILOT PLANT USING HIGH SULFUR COAL FOR PRODUCTION OF ELECTRIC POWER
CONTRACT ERDA-CT-E(49-18)-1726

As of Date Aug. 31, 1976
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Task 8 - Documentation and Reporting

The following reports were submitted during the quarterly period:
A. Monthly Final Copy:
Technical Report - Monthly - June 1, 1976 to June 30, 1976
Technical Report - Monthly - July 1, 1976 to July 31, 1976
Financial Report - Monthly — June 1, 1976 to June 30, 1976
Financial Report - Monthly - July 1, 1976 to July 31, 1976
Financial Report - Monthly - August 1, 1976 to August 31, 1976
B. Final Copy of Previously Submitted Draft:
Quarterly Report - Technical - March 1, 1976 to May 31, 1976
Technology Support Test Plan - PFB Heat Exchanger Fin & Tube Materials
Erosion Rig Evaluation
Technology Support Test Plan - Turbine Materials Hot Corrosion/Erosion Rig
Evaluation
Technology Support Test Plan - Dorr-Oliver 12 inch Fluo-Solids Hot Reactor
C. Draft Copy:
Technology Support Test Plan - Commercial Fluid-Bed Long Term Erosion/
Corrosion Test in a Municipal Sewage
Incinerator
Technology Support Test Plan - Commercial Fluid Bed Long Term Erosion/
Corrosion Test in a Limestone Kiln
Task 3 - Site Evaluation - Real Estate Report
D. Program Review:

Phase 1 - Preliminary Engineering Program Review - July 13, 1976

S GOVLRNMENT PRINTING OF fICH.: 1978-740-094/1001
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