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1.0 Introduction

More than 150 ammonia plants worldwide use
reformed gas waste heat boilers featuring
bayonet style tube bundles. Legacy Kellogg
(KBR) plants built from the 1960s to the 1980s
typically have three shells numbered as 101-CA,
101-CB & 102-C. 101-CA and CB are bayonet,
water tube boilers and 102-C is a fixed tube
sheet, fire-tube boiler. Although the bayonet
technology was highly successful and credible in
that timeline, it has become obsolete. KBR has
been offering single shell one pass floating head
technology since the mid-1980s, which has been
highly successful in numerous ammonia plants.

A review of on-stream factors of plants having
bayonet boilers reveals that such aging boilers
may contribute significantly to loss of
production. Severe process conditions and
inevitable transient operations lead to failure of
these boilers. Smooth and reliable performance
of these boilers is a pre-requisite for profitable
operation of ammonia plants. Mechanical
failures prevent optimum operations and require
excessive maintenance.

KBR’s water tube boiler with a floating head
provides an opportunity to replace multiple
existing exchangers with a single shell. This
provides reliable, sustained operation proven in
numerous grass-roots KBR plants built since the
mid-1980’s. Ammonia plants built prior to that
time need to compete with the newer ones, and
upgrading their boiler technology will enhance
plant on-stream factor significantly. KBR has
developed a cost effective execution solution,
and plants with bayonet boilers are either
implementing or considering this solution.

Modern natural gas-based, efficient ammonia
plants produce high flows of high pressure steam
using innovative heat integration. Such
integration requires supplying boiler feed water
and collecting of steam from the frontend and
Ammonia Synthesis loop located far from each
other. A simple, robust, low-cost and user
friendly system for generating steam from waste
heat is needed in the Synthesis loop to ensure
profitable ammonia operations.

The uniqgue KBR steam system provides a
simple, user friendly and low-cost arrangement.
The KBR ammonia synthesis loop uses two
shell & tube exchangers in this demanding steam
generation service. This is preferred compared
to other complex mechanical designs including
those with integral drums. The common steam
drum approach is proven to be very user friendly
as there are no routine operation and
maintenance needs associated with each steam
drum, e.g. level control, drum water analysis,
chemical dosing and individual drum blow-
down requirements. This system, proven in
numerous KBR plants, is also very user friendly
during operational transients as the operator has
fewer things to manage such as only one drum
level .

The paper discusses reliability issues associated
with Reformed gas boilers and Synthesis loop
boilers, compares different technologies and
describes the retrofit execution.

2.0 Front End Waste Heat Boilers

Many legacy Kellogg (KBR) plants built prior to
1990s are producing 30% — 80% more than the
nameplate ammonia production capacity. In
every case no upgrade has been done to the



existing waste heat boilers, 101-CA/CB.
Operating at increased capacity increases the
heat flux across exchanger tubes, increases the
vaporization rate, and reduces the residence time
in the steam drum, which leads to increased rate
of tube failure.

Refer to Figure 1: The Secondary Reformer,
103-D effluent gas enters the shell through a
distributor pipe with perforations for uniform
distribution of gas. The gas at around 1,000°C
flows upwards heating water in tubes, and the
cooled process gas then goes to the Secondary
Waste Heat Boiler, 102-C, for further HP Steam
Generation.

Boiler Feed Water (BFW) from the elevated
Steam Drum, 101-F, flows through one down-
comer into the water chamber where it enters the
top of the inner tubes of 101-CA/CB and flows
down. At the bottom of the inner tubes water
flows up into the annular space between outer
and inner tubes. High Pressure steam and BFW
at ~105 bar (g) rise in the annular space to the
steam chamber and then to the steam drum
through two risers.

- H\
(' STEAM DRUM ;
o

From Secondary ==mi:
Reformer

Figure: 1 — Legacy Kellogg Waste Heat Boilers
LEGACY KELLOGG DESIGN
The legacy Kellogg waste heat boiler is

protected by a water jacket on the outside and a
single layer of refractory on the inside. The

metal shell is designed for about 200 °C. The
refractory also has a metal liner. The exchanger
baffle diameter and the inside diameter of the
metal liners are carefully selected so that at
operating temperatures a reasonably tight seal is
formed. This tight seal avoids gas by-passing the
heat transfer area.

Each exchanger, 101-CA/CB, has multiple tubes
to transfer the required duty. The inner tubes
(bayonet) are 1” (25.4 mm) and are open at both
ends. The outer tubes, referred to as scabbards,
are 2” (50.8 mm) in diameter and are closed at
the bottom.

To keep bayonet and scabbard (inner and outer)
tubes separated by a somewhat uniform distance,
nail-like projections are welded to the outside of
bayonets.

Nameplate design of these exchangers was with
a BFW to steam ratio of 10. With increased
plant rate and higher heat transfer duty this ratio
reduces to seven or less. Refer to Figure 2.
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Figure: 2 — Bayonet Style Waste Heat Boilers,
101-CA/CB



PAST ISSUES WITH LEGACY KELLOGG
DESIGN

1. Metal liner — During operation the metal liner
warps and gets out of shape. When the
exchanger tube bundle is to be pulled it does not
come out easily as the exchanger baffle binds
with the liner. In some cases the metal liner is
forcibly removed with the tube bundle.

2. Nails on the outside of the bayonets — Nails or
spacers disrupt the flow pattern and can create
hot spots. The clearance between the spacers and
scabbard increases with use. This causes the
nails to rub against scabbard more vigorously.
This rubbing removes the protective magnetite
layer and leads to tube failure by corrosion.

3. Deposits at the bottom of the scabbards —
BFW and steam change direction at the bottom
of the scabbards. Any debris will deposit at the
bottom and form scale leading to hot spots and
higher rates of failure.

HOW ARE WASTE HEAT BOILER
PROBLEMS SOLVED TODAY?

All ammonia producers strive for greater
reliability and many achieve four years between
a plant turnaround. Major ammonia producers
are striving for six years between plant
turnaround. As a corporate policy, spare tube
bundles are maintained or the ammonia plant
participates in a spare parts sharing pool with
other plants. At a regular interval, approximately
every four or six years, 101-CA/CB tube
bundles are replaced. No effort is made to
analyze problems or improve on the design.

One east European ammonia producer has an
excellent plant workshop where they fabricate
their own tube bundles.

In extreme cases some have replaced their
bayonet Waste Heat Boilers with a Fire-tube
style exchanger. This is an expensive solution,
made without cost benefit analysis and without
considering legitimate low cost options. Fire-
tube boilers have their own set of pluses and
minuses.

LOW COST (BUT
SOLUTION

INCOMPLETE)

Replacing the existing 101-CA/CB shells with
dual layer refractory and no metal liner will help
expedite removal of the tube bundle. The tube
bundle is replaced with new and improved
design with upgraded materials.

The new in-kind replacement design cannot
address debris deposits at the bottom of the
scabbard tubes. The new design cannot address
the issue of disturbances caused by spacers.
Thus, this upgrade will not increase the expected
life of the bundle. However, removal and
insertion of the bundle will be much faster, thus
greatly reducing downtime on the failure of a
bundle.

Replacing the shell with a refractory lined
upgrade could be done in an extended
turnaround. Due to heavier weight, the structural
steel may need to be modified. If this change is
done, 102-C should be replaced with the current
design that is more reliable.

CURRENT DESIGN: ATOTAL SOLUTION

In newer plants, KBR has maintained the good
aspects of the legacy 101-CA/CB design.
Features like the proven design of the refractory
lining and water jacketing on the outside are
maintained.

The new design is also based on natural thermo-
syphon. The BFW from the elevated Steam
Drum, 101-F is taken through the exchanger,
and HP Steam plus BFW are returned to the
drum like the legacy design.

In the new design, all three Waste Heat Boilers,
101-CA/CB and 102-C, are replaced with one
exchanger. The High Temperature Shift inlet
temperature is controlled with a bypass on the
exchanger.
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Figure: 3 — KBR Water-tube Waste Heat Boiler

WATER TUBE BOILER DESCRIPTION

The exchanger shell in the current KBR design
has dual layer refractory. The inner layer is for
heat conservation and outer layer for erosion
protection. There is no metal liner in this design.
The exchanger baffle diameter and the inside
diameter of the refractory are set such that they
form a tight seal at operating conditions. At
ambient conditions there is enough clearance
between the refractory and baffles that the tube
bundle comes out easily.

BFW from the elevated Steam Drum, 101-F,
flows to the bottom of the exchanger and up
through the tubes. Secondary Effluent gas at
around 1,000 °C enters shell side of the
exchanger through an inlet gas distributor. The
inlet gas distributor is a special proprietary KBR
design. The gas distributor avoids direct
impingement of the hot gases on the tubes.

REPLACING BAYONET EXCHANGERS
WITH KBR FLOATING HEAD
EXCHANGER

All three exchangers are replaced with new one
floating head exchanger. The new exchanger
(101-C) is designed for the higher duty required
for increased capacity. Almost all legacy
Kellogg Secondary Reformers, 103-D, have two
outlets, one for each 101-Cs. These Secondary
Reformer outlets are combined together with
one water jacketed transfer line which sends hot
reformed gases to the new heat exchanger.

The new exchanger is installed outside the
existing structure and parallel to the Secondary
Reformer. Since the new exchanger (101-C) is
on a new foundation, it is installed while the
plant is in operation.

High pressure boiler feed water lines to and
from the drum require modifications, and proper



piping stress analysis is necessary to assure reliable upgrade.

SECONDARY
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REMOVE THE OLD 101-C'S AND
ABANDON OLD 102-C IN PLACE

Figure: 4 — Replacing Bayonet Exchangers with New Floating Head Exchanger
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Figure: 5 — Replacing Bayonet Exchangers with New KBR Floating Head Exchanger
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BFW QUALITY

No matter how good the design, one still must
pay close attention to the Boiler Feed Water
quality. The main conclusion of P. Orphanides
and R. Michel in their 2008 paper was: “Keep
your boiler surfaces clean and you will not
suffer damage.”

3.0 Synthesis Loop Waste Heat
Boilers

With HP steam generated in the synthesis loop
since the late 1980’s, different steam system
configurations have emerged in the ammonia
industry as various technology providers
reconfigured the steam system of the plant.
Considering the significant distance between the
syn-loop waste heat boiler and the steam drum
of the front-end, most plants have a separate
steam drum for the synthesis loop. Some
configurations have used synthesis loop waste
heat boilers with their integral steam drums as
vendor designed items while others provided
separate drum in the synthesis loop. While
following this approach where the syn-loop has
two separate ammonia converters with multiple
boilers, plants may also have more than one HP
steam drum in the synthesis loop.

KBR has used a different approach in integrating
the steam system in modern energy efficient
ammonia plants. While producing high pressure
steam in the syn-loop, KBR uses only one
common high pressure steam drum, located near
the reforming section, for the ammonia plant.
The common HP steam drum is located close to
the secondary reformer waste heat boiler to
support thermo syphon water circulation. BFW
and steam from the boilers located at the exit of
HT shift converter and ammonia converter, flow
into this common, steam drum. The deaerated

BFW is preheated and then split between the
two heat recovery trains — one recovers heat in
the frontend exit of the HT shift converter and
other recovers heat in the synthesis loop exit of
the ammonia converter. Steam is produced in
the HP drum by force feeding two-phase steam
plus BFW mixture from these two trains as seen
in FIGURE-1.

Several different configurations are used by
other licensers. For example, the front-end may
have a dedicated secondary reformer waste heat
boiler with a piggy back HP steam drum that is
integrated with the boiler downstream of the HT
shift. The synthesis loop uses vendor designed
vertical boilers with integral HP steam drums in
such plants. Where plants have a second
ammonia converter in series, two such vertical
boilers with their dedicated drums are used as
seen in FIGURE-2.

SYNTHESIS LOOP
BOILER

WASTE  HEAT

Rather than using a complex waste heat boiler,
KBR uses two shell and tube exchangers in
series (see FIGURE-3) in the syn-loop to
generate high pressure steam. These exchangers
use a removable U-tube configuration having
special details where water is placed inside the
tubes. This configuration is more tolerant to
transient operating conditions in this severe
service, thus provides high reliability. Other
configurations including fixed tube-sheet
designs or inverted U tubes with hot gas inside
having an integral steam drum are more prone to
failure as seen in operating plants. A portion of
the boiler feed water required in the common
steam drum is fed through this exchanger to the
common steam drum. A significant portion of
water is vaporized and the two-phase stream of
steam plus water is routed to the common steam



drum following a specially executed robust
piping arrangement that has no restriction on its
length.

The uniqgue KBR steam system provides a
simple, user friendly and low-cost arrangement.
KBR uses two shell & tube exchangers in this
demanding operating service of the syn-loop.
This is preferred compared to other complex
mechanical designs including those with integral
drums. The common steam drum approach is
proven to be very user friendly as there are no
routine operation and maintenance needs in the
synthesis loop as typically associated with each
steam drum, e.g. level control, drum water
analysis, chemical dosing and individual drum
blow-down requirements. This system, proven
in numerous KBR plants, is also very user
friendly during operational transients as the
operator has fewer things to manage such as
only one drum level .

Due to its unique features, compared to other
complex designs, this exchanger arrangement in
KBR plants is relatively more forgiving to
possible transients in the water treatment regime
and to process upset conditions usually seen
over the life cycle of ammonia plants. High
reliability of this system contributes to the
exceptionally high on-stream factor of KBR
ammonia plants. This simple compact waste
heat boiler with fewer associated system items
(e.g. no level control) in the steam system assists
in reducing installed cost of KBR ammonia
plants.

CONCLUSION

Maximum recovery of process waste heat for
producing high pressure steam is required in
modern, efficient ammonia plants. This requires
a system to supply HP BFW and to collect HP
steam from heat exchangers located all over the
plant. Although several complex systems are
used in industry, including vendor designs with
separate steam drums, HP steam generation
systems in KBR ammonia plants provide simple,
robust, low cost and user friendly systems that
ensures profitable ammonia operations.



FIGURE-1: SINGLE DRUM KBR STEAM SYSTEM
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FIGURE-3: Ammonia Converter exit waste heat
boiler
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Failure of the new RG Waste Heat Boiler of Ammonia 5 at Qafco

Qafco’s Ammonia 5 plant is one of the 2 new ammonia plants at Qafco, that came with
the Qafco 5 and 6 major expansion project, increasing Qafco’s Urea and Ammonia
capacitities by 1.6 and 2.8 million Metric Tons (MT) per year respectively.

The new plants are located at the new site for Qafco 5 and 6 at about 3 km west of the old
site of Qafco 1 to 4 plants and were commissioned from 2011 to 2012.

On Sept. 9™ 2011 the RG Waste Heat Boiler of Qafco’s Ammonia 5 plant experienced a
major leaking of boiler water to the process side, only shortly after commissioning and
start-up of the new plant. Two tubes were found ruptured and almost half of the tubes
showed cracks in the tube to tube sheet welds at inlet side.

Inspection, analysis and repair took more than 4 months, after which the plant was
restarted and operated at reduced plant load and lower HP steam pressure.

Only about 2 weeks later, when the plant experienced a shut down, again leaking of the
WHB was observed. This time the main damage was at the outlet tube sheet, especially
the tube sheet itself showed severe cracks in the base material.

The plant could be restarted after 3 months. But again after 2 weeks leaking of the WHB
was observed and the plant was stopped. Few tube leaks were found at the inlet tube
sheet. After a 1 month repair period the plant was started and the WHB didn’t fail
anymore until its replacement during the scheduled Warranty Shut down in Februari 2014.

This article describes the process observations and root causes of the failures

Marco van Graefschepe

Qatar Fertilizer Company (Qafco)



Failure of the new waste heat boiler E0308

The Qafco Ammonia 5 plant primary reformer furnace was lit for the first time on August 16™
2011 and the front-end reached stable operation on August 26™. During the start up activities
the primary reformer experienced 4 process trips. Synthesis convertor reduction started on
August 27" at 80% plant load and was completed on Sept. 4™. First liquid ammonia production
was achieved on Sept. 1%. Plant load reached 100% on Sept. 4™,

On the evening of September 8" 2011 the plant was running stable with normal process
conditions at approximately 100% load. At around 20:30hrs, during his routine plant survey, one
of the field operators observed a small fire from E0309 (HP-steam super heater) channel flange.
He immediately informed the shift supervisor and DCS operator via the radio.

The fire was put-off shortly after by operational staff using a trolley mounted dry chemical
powder extinguisher. It was observed that process gas was leaking from E0309 channel flange
(process gas temperature was 370 deg C). Nitrogen and steam was applied with hoses on the
leak spot in order to dilute the leaking gas. Meanwhile key people from Contractor and
Company were contacted and briefed about the leakage and fire. Upon arrival of this key
personnel, the situation of the leakage was reviewed and it was jointly decided to shut down the
plant and attend to the leak. Shutdown activities started at 23:30hrs on September 8" and at
04.00hrs September ot primary reformer shut down was completed.

Plant shutdown:
Decision to shutdown the plant was taken at 23:30hrs on the September 8™ due to fire
discovered at E-0309 flange channel cover. The various sections were systematically taken
out of operation as follows:

» From 23.30hrs to 02.30 hrs plant load was reduced from 100% to 60%

» At 02:30hrs plant back-end was taken out of operation

> At 03:10hrs methanator & CO2-removal system (including LTG/LTS) were taken out of
operation.

At 3.30hrs front-end plant load was reduced to 30%

At 03:38hrs remaining process air to secondary reformer was cut-off

At 03:43hrs the primary reformer shutdown was initiated from DCS after observation of
heavy steam/gas leak and loud sound from temperature control valve TV03175 (process
gas bypass of HP-steam super heater E0309). (Figure 1). This observation is significant to
the analysis of the failure of the waste heat boiler ( E0308).

» The full plant shut down was completed without any automatic trip initiation.

Y V V



Figure 1: Leaking Process gas bypass valve of E0309

First visual observations with respect to waste heat boiler E0308:

> While preparing steam superheater E0309 for inspection, the primary reformer loop
was fully depressurized on September 12" evening. In parallel, the HP-steam circuit
(consisting of steam drum V0301 and the 3 waste heat boilers E0308, E0410 and E0801)
was pressurized with nitrogen to purge the system and keep it under inert media as the
shutdown was estimated to last for a longer period.

» During this activity, drop wise water leakage was observed from TV03175 bonnet
(EO309 bypass valve) and E0308 gas side outlet compartment drain. Based on these
observations, HP Waste heat boiler (E0308) upstream and down stream side manholes
were opened and heavy leakage was observed from some the E0308 tubes from both
sides.

» On September 14”‘, when E0308 could be entered for first time after cooling down, the
following observations were made:

Heavy water leakage was observed from 2 tube-tube sheet joints at the inlet tube
sheet (Figure 2). The process gas bypass (center pipe) was found slightly deformed
at the inlet tube sheet (also Figure 2).



Figure 2: Heavy water leakage was observed at the inlet tube sheet

Most of the ferrules were found in damaged condition. Debris of ferrules and
refractory was found at E0308 inlet compartment (Figure 3).




Figure 3: Most of the ferrules were found damaged and debris of ferrules and refractory
was found at the entrance in front of the tube sheet.

Also broken ferrule pieces went through the pipes to the outlet compartment and
water had traveled from E0308 to E0309. (Figure 4)

v
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Flgure 4: Water and debris was found at the outlet compartment

Analysis of process parameters before/during/after the fire incident

After above observations on E0308, the relevant process parameters were collected and
analyzed to understand at what stage in time this major leaking had occurred and if any
operational abnormality could explain for this failure to happen.

Based upon first analysis of trends it became clear that major leakage had occurred during the
shut down around 3.40hr, after the process air was cut off. Several significant parameters show
a sharp change here.

From the further analysis no indications were found which could give a reason for the failure as
such. All parameters were moving as per process requirement and expectation. No abnormal
temperatures or pressures were observed which could have put the boiler under too high stress
and which could lead to this failure.



Following were the main observations during the shut down taken around the “E0308 failure”
(referring to the time around 03.40hrs)

1) Waste heat boiler E0308 inlet temperature (Figure 6 and Table 1): Before the failure, the
waste heat boiler inlet temperature increased from 896 deg C (03:20hrs) to 996 deg C
(03:39hrs), due to increasing primary reformer outlet temperature. After that, this
temperature came down suddenly to 965 deg C (03:40hrs) and dropped further to 365 deg C
(03:41hrs) and reached 241 deg C ( 03:42hrs) (Figure 7 and Table 1). Note that there are
actually 4 thermo couples measuring at approximately 1,4m distance from E0308 inlet
tubesheet (TI03171 and TX03177/A/B/C) (Figure 5). Almost sure the observed temperature
drop (Figure 7 and Table 1) is caused by the boiler water spraying under high force out of
the leaking tubes.

E0308 Inlet thermocouple distance from tube sheet E0308 Thermocouple arrangement
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Figure 5: Thermo couple locations at the E0308 inlet side

Later analysis of operational data revealed that 1 of the thermo couples (TI03171) during 2
earlier front-end trips showed a sudden drop for several minutes. Most likely some extent
of leaking was already present at that time and water was spraying on this specific
temperature element (Figure 6).

A5: E0308 Inlet Temperature during the trip (17th Aug 2011) AS: E0308 Inlet Temperature during the trip (18th Aug 2011)
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Figure 6: One of the inlet thermo couples inlet EO308 showing temporarily a drop in
temperature.
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3)

4)

5)

V0301 (steam drum) Level (Figure 7 and Table 1): Before the moment of the major failure
the level and pressure of the steam drum were still normal. From the moment of failure, the
level of the steam drum came down from 52.42% (03:39hrs) to 30.26% (03:43hrs) but
stayed above the trip value. Also the boiler feed water flow rate to V0301 increased from 88
T/hr to 193 T/h in same time and reached a maximum of 324 T/hr around 03.50 hrs.

E0308 (WHB) outlet temperature (Figure 7 and Table 1): The outlet temperature of E0308
came down from 436 deg C (03:39hrs) to 250 deg C (03:42hrs). Note that this outlet
temperature at this point of time is higher than the inlet temperature of the WHB!

Reformer system pressure (Figure 7 and Table 1): the front-end pressure measured at the
high temperature shift converter R0401 increased from 2060 kPaG to 2770 kPaG. Almost
sure due to sudden vaporization of the leaking BFW water from the WHB entering the
process side.

Leakage from SSH E0309 gas bypass valve TV03175: One of the field operators observed a
heavy steam/gas leak and loud sound coming from temperature control valve TV03175
(process gas bypass of steam super heater E0309), which lead to the decision to initiate shut
down of the primary reformer. This leakage from the flange bonnet seems to have occurred
when above mentioned sudden front-end pressure increase happened due to the BFW
entering the system, as it was discovered at the same time. Note that it was found later that
the bonnet gasket was damaged and that the bonnet joint bolts were loose i.e. not properly
tightened.
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Figure 7: Main process parameters around time of E0308 failure
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EO0308 inlet T E0308 outlet T EO0309 outlet T SX from E0309 outlet T HTS inlet pressure V0301 level BFW flow V0301 pressure
Max:990/Min:215 Max:452/Min:250 Max:351/Min:220 Max:344/Min:286 Max:2781/Min:2058 Max:74/Min:32 Max:326/Min:72 | Max:10.85/Min:7.12
Date Time Range : 0-1200 Deg C | Range : 0-600 Deg C Range : 0-600 Deg C Range : 0-600 Deg C Range : 0-6000 kPag | Range: 0-100 % | Range:0-450 TPH | Range: 0-16 Mpag
9/9/2011 331 9.71 4.53 351 345 9.00 5.60 2.05 10.85
9/9/2011 3:32 9.73 4.51 3.50 3.44 8.27 5.51 2.19 10.77
9/9/2011 3:33 9.73 4.41 3.47 341 7.59 5.46 2.25 10.72
9/9/2011 3:34 9.80 4.34 3.46 3.39 7.39 5.44 2.37 10.75
9/9/2011 3:35 9.85 4.36 3.47 3.41 7.28 5.44 2.34 10.74
9/9/2011 3:36 9.86 4.38 3.48 3.42 7.28 5.42 245 10.72
9/9/2011 337 9.89 4.38 3.48 3.41 7.18 5.45 2.53 10.74
9/9/2011 338 9.90 4.39 3.48 342 7.03 5.47 2.53 10.76
9/9/2011 3:39 9.92 437 3.49 342 6.86 5.50 2.60 10.79
9/9/2011 3:40 9.45 4.22 3.49 343 6.99 551 2.58 10.75
9/9/2011 341 3.87 2.84 3.23 327 9.23 4.68 3.87 10.02
9/9/2011 3:42 2.2 2.50 2.98 3.13 8.67 3.83 5.54 9.70
9/9/2011 3:43 2.32 2.56 2.78 3.09 7.91 341 6.73 9.52
9/9/2011 3:44 2.16 2.56 2.46 3.06 8.00 3.24 7.48 9.33
9/9/2011 3:45 2.18 2.62 2.30 3.07 9.27 3.29 7.40 9.19
9/9/2011 3:46 2.27 2.72 2.34 3.07 9.22 3.45 7.58 9.01
9/9/2011 3:47 2.29 2.75 2.46 3.05 9.13 3.59 8.45 8.83
9/9/2011 348 2.30 2.77 251 3.02 8.92 3.92 8.61 8.83
9/9/2011 3:49 2.29 2.75 251 3.00 8.67 4.29 9.16 8.71
9/9/2011 350 2.28 2.71 245 2.99 8.43 471 9.28 8.60
9/9/2011 351 2.26 2.64 240 2.98 8.25 5.17 9.32 8.47
9/9/2011 352 2.25 2.59 2.36 2.98 8.07 5.64 8.81 8.29
9/9/2011 353 2.24 2.53 233 2.97 7.94 6.02 8.07 8.11
9/9/2011 3:54 223 2.52 2.31 2.96 7.84 6.40 7.96 7.94
9/9/2011 355 2.23 2.54 2.29 2.94 7.78 6.77 7.44 7.78
9/9/2011 3:56 222 2.55 2.26 2.92 7.73 7.07 6.00 7.62
9/9/2011 357 2.22 2.56 2.24 2.91 7.68 7.27 5.76 7.49
9/9/2011 3:58 221 2.60 2.24 2.89 7.58 7.41 4.29 7.36
9/9/2011 359 221 2.63 222 288 7.35 743 3.80 7.23
9/9/2011 4.00 219 2.63 2.20 2.87 6.96 7.22 2.00 7.12

Table 1: Main process parameters around time of E0308 failure




6)

Bed Temperature (Deg C)

R0401 (HTS convertor) temperature profile behavior around the time of E0308 failure
(Figure 8 and Table 2):

a) R0401 catalyst bed temperatures were decreasing after the E0308 failure. R0401 inlet
temperature dropped from 347 deg C (03:40hrs) to 143 deg C (04:35hrs).

b) One hour after the failure, 7 out of 8 catalyst bed temperatures indicated a temperature
of around 145 deg C. All these catalyst bed temperatures had come down gradually
from a range from 350 to 420 deg C to this 145 deg C.

c) Up to this instant, the outlet temperature of R0401 was always higher than the inlet
temperature. At 04:37hrs the outlet temperature came down dramatically from 229 deg
C at 04:37hrs to 149 deg C at 04:42hrs (about 80 deg C within five minutes). This may
indicate an amount of water which has entered the catalyst bed.

d) The temperature at the outlet of R0401 increased again after that but at 04:54hrs
dropped back to slightly below R0401 inlet temperature. This most likely indicated that
the water after entering the catalyst bed had further settled.

HTS Bed Temperature Profile
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Figure 8: HTS catalyst bed temperatures behavior around time of E0308 failure



1104002 104011 1104007 104004 1104008 TI04005 1104009 TI04006 7104010
Time [HTS Inlet Temp HTS Outlet Temp  |HTS Bed Temp HTS Bed Temp HTS Bed Temp HTS Bed Temp HTS Bed Temp HTS Bed Temp HTS Bed Temp PDI04001
3:31 352.34 413.22 352.11 352 369.65 375.52 409.6 410.26 410.22 8.91
3:32 351.01 412.53 350.84 350.65, 368.85 374.57 410.82 411.44 410.83 7.6
3:33 349.31 411.89 348.85 348.28 367.58 373.26 411.64] 412.26 411.1 10|
3:34 348.83 411.39 347.75 347.17, 365.75 371.28 412.13 412.85 410.93 9.87,
3:35 349.07 410.86} 347.77 347.37 367.2 373.75 4137 414.57 410.73 8.49
3:36, 349.29 410.55 348.27 348.1 368.18 375.41 415.72 416.56 410.94) 8.44
3:37, 349.06 41037 348.51 348.31 367.75 37441 417.29] 418.16 411.49 9.29
3:38, 348.91 410.25 348.48 348.16) 366.79 372.68 418.74] 419.56 412.32 9.81
3:39, 348.95 410.32 348.26 348.07, 365.73 37113 419.85 420.79 413.39 8.99,
3:40 349.05 41043 348.21 347.92 364.88 370 419.84] 421.1 414.69 22.75]
3:41 337.76 411.44] 346.76 347.14 360.17 362.94 417.09] 418.68 417.19 40.5,
3:42 318.58 412.48] 333.55 334.35 344.53 344.68 397.79 396.84 421.18] 67.81
3:43 299.72 414.4 315.8 316.6) 325.01 323.18 367.16 363.91 423.26} 56.32
3:44, 280.98 417.13 298.59 299.45 307.38 304.93 340.38 337.08 414.3 44.24
3:45 267.79 419.98] 284.97 286.13) 293.35 290.61 320.05 317.24 394.11 31.67,
3:46 259.27 420.85 272.97 274.05 280.43 277.86) 303.77 300.92 368.92 38
3:47, 259.41 415 266.33 267.16 271.05 267.82 287.93 284.77 341.25 35.17,
3:48, 259.08 399.35 263.97 264.48 267.4 264.75 275.57 272.09 316.63 35.71
3:49, 255.91 377.29 261.32 261.81 264.58 262.65 269.25 266.06 296.32 35.07,
3:50, 252.21 353.06) 257.99 258.44) 261.35 259.58 265.5 263.14 281.1 33.92
3:51 248.38 329.74 254.2 254.73 257.7, 255.97, 262.02 260.17 271.76) 33.98,
3:52 244.99 310.66) 250.56 251.09 253.96 252.3 258.55 256.78 266.47| 33.1
3:53 242.25 296.52 247.39 247.88 250.66 249.18 254.92 253.23 262.65 31.89)
3:54, 240.12 286.36) 244.82 245.21 247.93 246.53 251.64 250.09 259.28) 30.23
3:55 238.46 278.94 242.58 243.04 245.64 244.37, 248.79 247.45 255.99 29.13
3:56, 237.25 273.16) 240.83 241.22 243.83 242.73 246.49 245.21 252.81 27.35)
3:57] 236.4 268.44 239.61 240.05, 242.48 241.5] 244.55 243.42 250.05, 25.6)
3:58, 235.69 264.44) 238.65 238.98 24143 240.52 243.02 242 247.71 24.62
3:59) 234.68 261.02 237.59 237.99 240.35 239.58 24181 240.77 245.68) 20.11
4:00 233.81 258.02 236.4 236.57 239.1) 238.28 240.58 239.63 243.84] 16.12

Table 2: HTS catalyst bed temperatures behavior around time of E0308 failure

Operational staff reported at a later point in time that a considerable amount of water
had been drained downstream of R0401, upstream of R0403 (LTG).

Also water was drained from the process gas side inlet - and outlet compartments of 2
waste heat boiler E0410, located directly downstream of R0401.

When the E0309 tube bundle was pulled out from its shell, pieces of ferrule and
refractory material were found. Therefore it was suspected that debris consisting of
ferrule and refractory material also had reached the top layer of the catalyst bed of
RO401.

While taking samples from the top layer indeed this debris was found. Analysis results of
samples taken from the catalyst top layer indicated phosphate depositing from the
boiler feed water, so confirming also that water had entered the vessel. Based upon
further tests on the catalyst it was decided to take out all the catalyst and replace it with
a full new charge that was available as spare.

Above findings clearly evidence the leaking of the waste heat boiler.

During the shut down the combination of operational parameters pointing together
towards a leaking waste heat boiler was not immediately recognized as such.

Main reason was that the alarm management system had not been optimized yet, the
DCS-operators were still flooded with alarms of different priorities.

Also the plant was just for a few days in normal operation so there was still little
experience with the behavior of the new running plant.

Nobody expected a leaking waste heat boiler in a new plant just after start-up.

The incident happened in the weekend, supervision at night shift was limited.

After bringing the plant to shutdown the focus was on E-0309, to prepare for inspection
and repair. Earlier after the shut down, when opening the 2 drains at the inlet and outlet
chambers of E0308 only little water came out (due to plugging of the drains with debris
from refractory and ferrules as was found later). All together this resulted in the fact
that the leak of the waste heat boilers, was only discovered some days after the shutting
down the plant for E0309.



Observations and root cause analysis

Observations and analysis

During first observations two tubes were found ruptured and almost half of the tubes showed
cracks in the tube to tube sheet welds.

Further inspection, analysis and repair took more than 4 months, after which the plant was
restarted and operated with relieved conditions for the WHB: at reduced plant load and with
lower HP steam pressure.

Failure mode was found to be brittle fracture in HAZ of welds repaired before operation, due to
high residual stresses and high hardness.

Root cause
The root cause for these high residual stresses and high hardness is most likely not a single one.
After extensive analysis, the following were found to be the most likely root causes:

- The relative complex design of the WHB (although following ASME code): the chosen
materials, the length, the thin tube sheet combined with thick shell/bypass pipe) and
the local PWHT requirement in work shop (which made it difficult to control the
temperature equally)

- The lack of proper control of manual repairs on site, before in operation (several defects
like excess/lack of penetration, lack of fusion, carburization and root undercut, which
are very difficult to detect or undetectable with UT, especially on the tube side)

The damage refractory and broken ferrules were considered to be a result of the tube failure,
not the cause, most likely broken due to high water/steam pressure impact. Ceramic ferrules
have high thermal resistance but are mechanically less strong (sensitive in case of rapid
guenching water/steam force and when no proper decoupling between rigid and flexible
elements).

Lessons learnt:

Choose more conservative design, with more easy to control PWHT (if possible furnace PWHT)
Choose metal alloy i/o ceramic ferrules for this application of high temperature/pressure with
relative thin tube sheet (and where there is always a chance of leaking tube sooner or later)

Second and Third failure of the waste heat boiler

Second failure and root cause

Only about 2 weeks later, when the plant experienced a shut down, for the second time leaking
of the WHB was observed. When the drain on the outlet compartment was opened to check for
a possible leak, water was coming out. After opening in- and outlet man ways, the findings were
at the outlet tube sheet, especially the tube sheet itself showed severe cracks in the base
material (Figure 9 and 10). The plant was restarted 3 months after failure.




This 2nd failure of the WHB was found to be due to stress corrosion in areas around welded
tube plugs with high remaining stresses and local (phosphate) deposition in crevices.

Figure 9 and 10: Cracks in outlet tube sheet

Third failure and root cause

After 2 weeks of operation increased flow of boiler feed water to the steam drum was observed
and confirmed leaking of the RG WHB again. This time a few leaking tubes were found at the
inlet tube sheet. Root cause here was found to be insufficient stress relieve of few repair welds
on earlier repaired tubes (which were in a difficult to reach area of the tube sheet)

Plant was restarted after 1 month repair and since then WHB E0308 has not leaked anymore.
The unit was replaced by one of different design during the warranty shutdown in Febr. 2014,
Ammonia 5 plant is now operating at 105% of its design capacity.
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FERTIL’s Profile

Location

JLipd
FERTIL

<

Ruwais (250 km west of Abu Dhabi)

Established 1980
Shareholders ADNOC (2/3) & TOTAL (1/3)
Plants FERTIL 1 FERTIL 2
Established/
Started Up Nov. 2009 / June 2013

2,000

Ammonia

Products, Name plate| (MT/Day)
capacity Urea

(MT/Day)

3,500

Plants Photo
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FERTIL-1 WHB function ;}:J‘“Ji @
.

 cools reformed gas to the temperature required
for CO conversion in the HTSC
J
)
 produces high-pressure (HP) steam by using
available process heat from Secondary Reformer
J
)
 produces about 170 t/h of HP steam at the
present load.
J
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WHB History #g;’i@

1984 s/d for 25 days for repair of refractory in inlet channel of WHB
as hot spots were noticed

CHIE s/d due to tube to tube-sheet weld failure T‘
118% Amm.

production

@three shutdowns due to waste heat boiler tube leakage v
75,628 MT MT

Amm. loss
partly re-tubed. Stress relieving of the re-tubed boiler v
could not be done due to practical constraints 109,460 MT

Urea loss
@Failure again occurred V

Post Welding Heat Treatment was done but results were
not successful

@replaee this boiler
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Causes of Failure gg;*;@

After an investigation by Borsig, the causes of the frequent boiler failures
were identified as:

1. High heat flux near the hot end of the boiler and suspected lower
than required circulation ratio resulting in steam blanketing

2. Suspected lapses in the BFW quality ?
v i
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Action Taken ;‘g;ﬁf@

1. Inthe design of the new boiler, the previous factors were given due consideration
* some design parameters were changed.
« the new boiler is larger in size.
* Some additional down comers and risers added.

2. the BFW quality was improved and providing on line analyzer, conductivity and Na-
meters enhanced better monitoring.

3. BFW conductivity is now maintained at less than 0.2uS/cm2 as compared to

1.0uS/cm2.

The new boiler is performing satisfactory till date

www.fertil.com

Objectives and
Applied Practices

A general action plan was made in 1996 to meet the following objectives:

Improve Availability and Reliability by analyzing all
shutdown causes and determine remedial action

Maximize the through-put of the plant by identifying the
plant load limitation and define remedial action

Sustain the plant integrity

Elaboration of Standard Operations Procedures and check-
lists
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TECHNICAL ASSESSMENT OF SAFCO-4 SYNTHESIS LOOP
WASTE HEAT BOILER-II LEAKAGE

BY:
MR. EKAMBARAM MANAVALAN
MR. ABDULRAHMAN AL JOHANI

CHEMISTRY THAT MATTERS"
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BACKGROUND

Saudi Arabian Fertilizer Company (SAFCO), an affiliate of Saudi Arabian Basic Industries
Corporation (SABIC) is the first petrochemical company in Kingdom of Saudi Arabia.

* SAFCO is one of the leading producers of Ammonia and Urea in the world with annual
production capacity of around 2.3 million tons of Ammonia and 2.6 million tons of Urea.

* In our SAFCO-4 Ammonia plant back end Synthesis loop waste heat boiler # 2, tube leak
was observed within 6 years of service. Premature failure of this critical Equipment is a
great concern.

» This presentation explain the problem history, Equipment details, technical assessment,
mitigation, inspections and repairs carried after leak to operate the Equipment without
affecting the Safety and integrity.

No. 1
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HISTORY

« SAFCO-4 Ammonia plant Synthesis loop waste heat boiler#2 (41-E-612) was
commissioned during 2006 and performing satisfactorily till January 2012.
(Process Licensor: Uhde; Equipment manufacturer: OLMI, Italy)

» During January 2012, Ammonia plant tripped due to power failure. After the plant start-up,
higher conductivity was reported from condensate blow down. Minor tube leakage was
confirmed by process analysis.

» Equipment was in operation in same leak condition with close monitoring until April 2012.

* During April 2012 Turnaround, Equipment was internally inspected and leak was
attended. There was no further leak until July 2013.

» Higher conductivity again reported during July 2013. Process evaluation confirmed tube
leakage. Equipment was in operation with leak condition with close monitoring until
January 2014.

* Equipment was internally inspected and leak was attended during January 2014
shutdown. There is no further leak and Equipment is now performing satisfactorily.

No. 2

_‘|7||_u.|
sadbia
PROCESS DESCRIPTION

Synthesis Gas
from
41-K-601

(

> HP S
41-R-602

~ T

41-E-61

N

41-E-611 Internal

Leak of Syn
Gas into BFW-
Steam System

41-R-601

Synthesis Gas

=) Synthesis Gas

= HP Steam
s Blow-down

Blow Down « 1

= Partially converted synthesis gas (—21% Ammonia & 48% H, and rest N,, CH, & Ar) at pressure of ~200
Kg/cm?g and temperature ~ 420°C from converter Il enters 41E612 waste heat boiler-11 tube side.

= Preheated BFW from BFW preheaters enters the shell side of 41E612 boiler at ~125 Kg/cm?2g , a part of BFW

converts to HP steam after cooling the synthesis gas and rest directed to waste heat boiler-1 (41E611) for
cooling synthesis gas coming from converter 1.

e

No. 3
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EQUIPMENT SCHEMATIC
HP Steam outlet
SE=I T TS
oF
Preheated
D Qutlet
BFW to@‘;_‘_
E611
|
| 1
; BFW Inlet
—+ T —
| =il
| b |
Synthesis gas — ¢ ettt ‘Gas outlet
Inlet 2 -Temp: 300°C
Temp: 420°C — éess: 200 KSCg
Press: 200 KSG; 2
Equipment size: 1360mm shell ID x 10152mm overall length
j—
No. 4
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MATERIAL OF CONSTRUCTION

Shell / Head: 20 MnMoNi 4.5 (~ ASTM A553)

* Internal Barrel: ~ ASTM A515 Gr 70

* Tube: ~ Alloy steel 2 % Cr-1 Mo; Total tubes: 290 U, Size: 30mm O.D x 3.2 mm thick.
*  Tube sheet: ~ Alloy steel 2 %2 Cr-1 Mo, Weld overlay with Inconel 600.

» Channel: ~ Alloy steel 2 ¥, Cr-1 Mo

* Gas guide plate : ~ SS 321

* False Tube sheet: ~ SS 321

e Ferrule: ~ SS 304

No. 5



IMPACT OF THE LEAK

Sl

sadbia

Process Upsets

Mitigation Action

Elimination action

High conductivity /

 Higher ionic load on

Arrange Ammonia removal < Inspect & Repair

Ammonia in turbine mixed bed polisher unit leaking tube.
condensate going to leading to lower * Arrange draining facility for
Utility cycle time and contaminated turbine * Replace the boiler
production condensate during next
More waste * Import polish water from TA2015.
generation SF3 & IBB
(sustainability) * Reduce plant load
Presence of H2 and H2 in the condenser + Measure explosive on
inert in steam ejector & de-aerator platforms / working area
vents (Safety  Restrict hot jobs in plant
concern) area
» Vacuum disturbance < Line up spare ejector to
maintain vacuum
No. 6
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INSPECTION FINDINGS & REPAIR DONE DURING 2012

* Shell side hydro test revealed one tube leaking from tube in-bore welding due to
circumferential crack on the weld.

+ Total no of tubes: 290-U tubes (580 single length).

* Tube inspection by Eddy Current Testing (by Delta test) were done for 368 out 580 tubes
and the test result was found satisfactory without any wall loss or any abnormality. ECT
could not be performed for 144 tubes due to fouling of false tube sheet gas guide plate
and 68 tubes due to weld protrusion.

* Tube in-bore welding UT inspection (by Olmi) was done for accessible 394 tube welds and
the test result was satisfactory except for 1 leaky tube and 2 additional tube welds which
was found with weld liner indication. Inspection could not be performed for 179 tube welds
due to fouling of false tube sheet gas guide plate and 7 tubes due to weld protrusion.

+ 3 tubes (one leaking tube and 2 tubes having weld linear indication ) were plugged.

* Boroscopic inspection from shell side nozzles revealed that there was no corrosion of
tubes outer surface.

No. 7
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INSPECTION SCOPE DURING 2014

» Perform visual / DPT inspection of channel head internals, gas inlet chamber, expansion
bellow, ferrules, tube- sheet weld overlay and, nozzle welds.

* Shell side hydro test at design pressure
* Remove all ferrules for tube inspection.
* Modification of false tube sheet guide plate for full assess of tube inspection.

 100% Tube inspection by Eddy Current Testing (using modified probe to assess
inaccessible tubes which were not tested during 2012).

* 100% Tube in-bore welding UT inspection (after modification of false tube sheet guide
plate for full assess of tube inspection).

* 100% Boroscopic inspection of tubes in-bore welding.
» Tubes plugging for leaky tubes as per approved procedure provided by Uhde/OLMI

« Additional sensitive pneumatic leak test to detect minute tube leak.

_4|.'.| Ll...l...l
sabia

INSPECTION FINDINGS & REPAIR DONE DURING 2014

» Shell side hydro test revealed one tube leaking from tube
in-bore welding due to circumferential crack on the weld.

* Tube inspection by Eddy Current Testing (by Delta test)
were done for all tubes (except the 3 tubes which were
plugged during 2012). Result was found satisfactory without
any tube wall loss or any abnormality.

* Tube in-bore welding UT inspection (by Olmi) was done for
all tubes. In-bore weld of one leaky tube was found crack
along the weld axis and in-bore welds of 5 other tubes
revealed linear indication. All defects were in cold side of
the tube sheet.

* 6 tubes (one leaking tube and 5 tubes with welding linear
indication ) were plugged.

.. . . Longitudinal Crack in in-
* Boroscopic inspection from shell side nozzles revealed that 9 bore weld

there was no corrosion of tubes outer surface.

* Total tubes plugged so far: 9.
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CONCLUSION

* Original fabrication defect (which was not detectable) propagated during service due to
plant upsets is considered as the main cause for the tube weld failure.

» During the procurement of new Equipment, more focus shall be given to avoid any
fabrication defect by increasing the scope of NDT and quality checks.

No. 10
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A\ oectvesitiesuy

Objetive
= Afeasibility study is performed for assessing the profitability of a new CHP
(Combined Heat and Power) plant, for energy supply to an oil refining site:
v Power generation technology: gas turbine.
v" Electrical power limit 50 MW (legislation)
v" GT Exhaust gases are used to:
» Replace two furnaces generating process thermal oil.
* Produce cooling water in an absorption refrigeration system, to replace

mechanical chilled.

= Study of the performance of an organic Rankine cycle (ORC) for additional

power generation.

= Feasibility of different modifications (maximum profitability of cogeneration).
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'V\ 2. Energy demand profiles: Thermal demand 6

Hot oil demand
Hot oil currently generated by 2 furnaces:

*  Furnace B8401
Duty: 27 MWe
Inlet temperature: 260°C
Outlet temperature: 320°C
Hot oil flow: 700 t/h

* Furnace B401N
Duty: 41 MWe
Inlet temperature: 260°C
Outlet temperature: 320°C
Hot oil flow: 1049 t/h



2. Energy demand profiles: Thermal demand

Cooling water demand

Process air currently requires cooling water generated by chillers:

v Fenol Il Line
+ Cooling power: 921 kW
+ Chilled water (20% ethylene glycol): 170 m3/h
« Inlet chilled water: 5°C
+ Outlet chilled water: 0°C

v" Fenol lll Line
» Cooling power: 1.354 kW
+ Chilled water (20% ethylene glycol): 250 m3/h
+ Outlet chilled water: 0°C
« Inlet chilled water: 5°C

Total Cooling Power: 2.275 kW

2. Energy demand profiles: electrical demand

Electricity

Cogeneration NO designed in base on electricity demand of the site

Sell all the electricity to the grid and purchase 100% electricity demand

Maximum electrical power : 50 MW (legislation)

Legislative framework beneficial: bonus on sale price of the electric

energy to the grid
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PVA

GT + HRSG Basic CHP:

v Gas turbine
Natural Gas v" Thermal oil to process

Postcombustion?

Outlet Gas

150-157°C

320°C 260°C

Thermal Oil to



PVA

GT + HRSG + PSC

Natural
Gas

Electrical
Power

Outlet
Gas

) 150-157°C
K=

Postcombustion

Filter @
20°C 260°C

Natural Thermal Oil

Gas to process

v" PSC to increase hot oil production

v Gases temperature limit after combustion: 800°C

PVA

POSTCOMBSUTION?

e 0bjetive : Increase hot oil production

* Advantage: Increase EEE

Postcombustion

- + v Total PSC is transfered to thermal oil

285°C
320°C 260°C
Natural Thermal Oil
Gas to process

v For larger sizes selected gas turbines meet both furnaces demand: operative benefit

" Disadvantages: It requires a design of gas/oil heat exchanger according to the rules

provided for process furnaces (40-50% cost overrun)

Economical evaluation PBT: beneficial. PSC reduces 1 -1,5 afios el PBT
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4.1A Cooling Absorption System (CAS)

v" Include an oil/gases exchanger to feed
NH3/|‘|20 BI‘Li/HZU cooling absorption system

v Chilled water generated by absorption
~E=- -

Thermal

system is used to supply the cooling

Superheated
Water

@ Oil
125°C

145°C 110°C 90°C
Absorption

NH3/H20

process

Absorption

Laiz0 v Chilled water temperature required 0/5°C

(supply /return)
Cooling
water
(tower)

Cooling

towen ¥ Both BrLi/H20 and NH3/H20 CAS have

been considered to refrigerate water, with

0°C 5°C

different options for CAS thermal feeding:

Chilled Chilled
ter t
‘process water 1o low pressure steam, superheated water and

thermal oil

.V\ 4. Improvements to basic CHP configuration 16

4.1A Cooling Absorption System (CAS)

NH3/Hz0 BrLI/K20 Main differences NH3/H20 vs BrLi/H20 CAS

B v Cooling demand
Thermal
® o M« Brli: partial replacement cooling demand,
145°C 125°C 110°C 90°C

water is cooled to 7°C

Absorption
NH3/H20

Absorption

Ler/H20 « NH3: total replacement cooling demand, water

is cooled to 0°C

Cooling
water
(tower)

Cooling
water
(tower)

- - v NH3/H20 CAS requires higher temperature of

Chilled Chilled thel’ma| feedlng

water to water to
process process
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4.1B Organic Rankine Cycle (ORC)

Cycle power generates electricity from heat source medium or low temperature (300-180°C)

Organic fluid: low vaporization temperature and pressure, expansion outside of biphasic zone

Variety of cycles: simple, regenerated supercritical

Heat Source =, [

Turbine
e 3=
W Ty
Evaporatorl a L,-‘ Expansion
64+ &+ T

) :z Regenerator )

21 la

Ty
Q.

e

Condensation

Condenser

ORC cycle

'V\ 4. Improvements to basic CHP configuration 18

4.1B Organic Rankine Cycle (ORC)

ORC typologies

= CHP Thermal source 300°C. Generates electricity and water to 90°C
Gross electrical efficiency: 19%

= HR Thermal source 300-240°C. Only electricity. Gross electrical efficiency : 22% - 17%

= HRS Thermal source 310°C. Only electricity. Gross electrical efficiency : 24,5%

160 kWe ORC (Triogen)
Heat recovesy from lanctil

L e P bede
(v ot BRI o nits
I >0
“ Turboden
\ 250 kive PWPS)
Geothermal power plant

e, @ P )
N e Geomenmal Comineg cyce|
TRACHUNSE Tt =)
Feeding the evaporator: Heat oil, hot water or = = i

OUTPUT kWe

saturated steam

ORC produces electricity from waste heat
Options:
v Two stages evaporator
v Step 1 Feed: heat oil (300-240°C)
v Step 2 Feed: hot water (155°C)

v Use of higher temperature range of the thermal source
* Source: TURBODEN
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4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)

ORC and absorption system integration

Study of several configurations of gas recovery system:

1) Absorption fed by steam + ORC
2) Absorption fed by superheated water + ORC
3)  ORC + Absorption fed by hot oil

4) ORC with doble stage evaporator

.V\ 4. Improvements to basic CHP configuration 20

4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Study of several configurations of gas recovery system.

1) Absorption fed by steam + ORC Outlet temperature gases of LP

Outlet evaporator to high temperature

Postcombustion Oil Heat 0il Heat

Exchanger Exchanger

150°C @

—»

It is possible to reduce stack

temperature to 150 ° C ...

Natural PROCESS

Gas

4

Absorption

NH3/H20

... operating ORC with low

temperature
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4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Study of several configurations of gas recovery system.

2) Absorption fed by superheated water + ORC -

Gas

150°C

Postcombustion Oil Heat 0il Heat

Exchanger Exchanger

HX gas/water

Changes
Absorption is fed with superheated

Superheated water instead of steam.
Water

320°C 260°C

140°C
Advantages

Natural PROCESS
G
o Lower cost of gas/superheated-H20
Absorption exchanger due to the lack of
NH3/H20 evaporator.

.V\ 4. Improvements to basic CHP configuration

4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration
Study of several configurations of gas recovery system.

3) ORC + Absorption fed by hot oil

Outlet
Gas

150°C
Changes:

Postcombustion Oil Heat Oil Heat Oil Heat

Bchanger e Exchanger Exchanger Inverted order between
- absorption and ORC.
Thermal Heat oil instead of superheated
320°C seoc 260°c| 160°C water for absorption.
Natural PROCESS

Gas Advantages:

Increase ORC efficiency (higher

Absorption
NH3/H20 temperature thermal source)
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4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Study of several configurations of gas recovery system.

4) ORC with double stage evaporator ot

150°C

Postcombustion Oil Heat '
Exchanger Changes.
R ORC with double
A stage evaporator.
Thermal Thermal < min 85°C >
il 155°C N
R . It’s possible to
320°C 260°C 125°C P
Superheated reduce temperature
Natural PROCESS Water

stack to 100/110°C.

Gas

Absorption
NH3/H20

.V\ 4. Improvements to basic CHP configuration

4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Study of several configurations of gas recovery system.

4) ORC with doble stage evaporator |

150°C

Postcombustion Oil Heat
Exchanger
Thermal recovery in the
- A
second stage ORC is
Thermal Thermal bsoc limited.
oil oil 2
320°C 260°C :
Superheated
Natural PROCESS Water
Gas

A Stack temperature is
Absorption L i
NH3/H20 similar to previous case
(150°C approx.)
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4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Study of several configurations of gas recovery system.

4) ORC with double stage evaporator

Outlet
Gas

150°C
Postcombustion Oil Heat

Exchanger

Conclusions:

Superheated NO advantages

Water .
Disadvantages:

Higher cost of ORC

Absorption
NH3/H20

.V\ 4. Improvements to basic CHP configuration

4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
ORC and CAS integration

Final configuration: ORC single stage + absorption heat fed by hot oil

Outlet
Gas

) 150°C Advantage
Postcombustion Oil Heat

Oil Heat Oil Heat . .
Exchanger Exchanger Exchanger Use thermal oil for absorption
285°C i i .
implies:
Thermal - Lower costs compared to
Oil steam (not evaporator).
320°C 260°C 260°C | 160°C
Natural PROCESS

ORC before absorption:

Gas
Supplying 100% cooling
Absorption demand.

NH3/H20
More efficiently ORC.
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4.1 Cooling Absorption System (CAS) and Organic Rankine Cycle (ORC)
4.2 GT air inlet cooling (GTAIC)

Selection of CHP systems

Sensitivity analysis

'V\ 4. Improvements to basic CHP configuration 28

4.2 GT air inlet cooling (GTAIC)

= GTAIC is included in the proposed configuration of the CHP system with BrLi-H20 Absorption, to compensate GT
electrical output decrease during summer season.

= Astudy of GT cooling power requirement is carried out, as a function of yearly variable ambient temperature.

Gas turbine

o [T

Increase electrical

N
N power output

N

n
Decrease Heat Rate
Increase fuel

Heat Rate
|t
== Exhaust Temp

consumption

—
Increase flow in the Higher thermal
Exhaust ases .
Nfow 9 content in the
Fuel flow Exhaust temperature :exrtl):_:\ust gases of the
BN reduction urbine
Power
(] m » w W % w0 ™ = M e M0 1
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4.2 GT air inlet cooling (GTAIC)

Natural
Gas

Electrical
Power

Postcombustion

Thf)rirlnal Superheated
Filter @ @ Water
320°C 260°c  260°C  160°C 90°C 90°C
Thermal Superheated Absorption
N;;tural oilto Water LiBr/H20
o o as
12°¢ 7e process

Electrical Cooling
Power water
S ower

(tower)

v~ Air cooling system to inlet gas turbine (coil) supplied with chilled water
(additional cooling load).

v"Increase size LiBr absorption cooling/water to meet all demand: Partial
coverage of cold process + coil demand.

Outlet Gas
A

125-130°C

7°C

12°C

Chilled water to
process
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4.2 GT air inlet cooling (GTAIC)

Effects: 1.- PSC and hot oil exchanger

Natural Gas

Electrical
Power

Increase heat in exhaust gases

U

Decrease PSC

Outlet
Gas
Postcombustion
HX 1 125-130°C
Thermal
—r oil Superheated
Filter 'y @ @ Water
320°C 260°C]| 260°C 160°C 90°C 90°C
110°C| .
Superheated Absorption
Natural Gas Thermal Water LiBr/H20
120 2o¢ Oil to (
process
Elect{i Cooling
Power . water
Cooling (tower)
water
(tower)

Chilled water to

12°C process
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4.2 GT air inlet cooling (GTAIC)
Effects: 2. ORC cycle

Increase electrical power GT

Natural Gas :

Decrease ORC cycle load (max. limit 50 MW)
Bypass: heat fluid or gas

Electrical
Power

Outlet
Gas
Postcombustion
125-130°C
— Superheated
Filter 4 Water
320°C 26¢7C o0°c
Superheated Absorption
Natural Gas Thermal Water i
e LiBr/H20
e . Oil to
process
Eled Cooling
t
Pdiver Cooling rowor
(tower)
water
(tower)
. >

Chilled water to
7°cy 12°C process

4.2 6T air inlet cooling (GTAIC) I e r—m——
Effects: Absorption LiBr-H20 E ?.: T E—
Natural Gas e : 2 3 4 5 & 7 8 9 W M 2 ph

Electrical

Variable demand of GT air inlet cooling
Power

Priority: Process cooling demand vs ORC
Outlet Gas
Postcombustion A

HX'1 HX 2 HX3 HX 4 125-130°

hermal
- oil Superheated
Filter @ @ Water
320°C 2601 260°C 160°C 90°C
Superheated Absorption
Natural Gas TI;I":::' Water LiBr/H20
12°d 7°C
process

Electyical Cooling
Poyer water
Cooling (tower)

water

(tower)

| - .
> NoO priority ] Priority vaterto
e s€5S




ORC load
| parcial
Absorption fed (MW)

ORC load 100%
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4.2 GT air inlet cooling (GTAIC)

Mensual base study: Air temperature and humidity

2 w Dry temperature
28 |
P} P v
—_— m |
€ 2 * 2
o *
§ ®9 s *
g 18-
E !
g 16 = 8
14 - +
12 4 L]
10
1 2 3 4 5 8 7
Month

¢ Relative humidity
85%
- 8O%
-
L]
r— 75%
*
L]
- 70%
L
~ 65%
]
60%
9 10 1 12
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4.2 GT air inlet cooling (GTAIC)

f
|
|
|

Monthly base study

Case 2 - Thermal absorption demand

s

- @ ©

O = M W e @

01 02 03 04 05 06 07 08 09 10 11 12

Month

Thermal absorption demand:
* Constant part

Partial coverage of the cold process

* Part Load (air cooling GT)

Part Load absorption (Tamb moderate)

Absorption at full load (high Tamb)
ORC works part-load
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4.2 GT air inlet cooling (GTAIC)
Cooling capacity absorption

Outlet Gas

125-130°C

PRELIMINARY STUDY:

S heated 1 B i
s Define CAS capacity to cool air inlet to GT

110°C 90°C

Absorption
LiBr/H20

Cooling Analysis 4 GT (from 40 to 47 MW).

water
(tower)

Chilled
water

Cooling to process + Cooling to air
1,8 MW i

'V\ 4. Improvements to basic CHP configuration 36

4.2 GT air inlet cooling (GTAIC)

Cooling capacity absorption: additional cooling power between 1y 5 MW

Outlet Gas

—«— MNPV (10 years) - IRR (10 years)
42.5%

125-130°C

? \ 420%
=
Superheated 1.5% ;
Water T e

110°C 90°C 41.0%

Absorption
LiBr/H20
59.000 40,5%
00 1o ol 3.0 40 S0
| Additional cooling power (MW)

Cooling  *0 MW additional cooling
water
(tower)

v Maximum values of IRR and NPV for 1 and 2 MW

v NPV reaches maximum for 2 MW

Cooling to process + Cooling to air
1,8 MW S
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4.2 GT air inlet cooling (GTAIC)

Conclusions

Power absorption refrigerating equipment: 1,8 MW+

Natural Gas

2 MW

(Process) (cooling air admission)

Electrical
Power

Outlet
Gas
A
Postcombustion

125-130°C
Filter | %

Thermal

Qil

@ ®
320°C

J60°C  260°C 160°C

12°@

Superheated
Water

Thermal
Natural Gas i
7€ Oil to

process

. 90°C
Superheated
Water

Absorption

LiBr/H20
Electrical

Power

Cooling
water
Cooling (tower)
water
(tower)

7°Cl 12°C

Chilled water to
process
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CHP base configuration
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Selection of CHP systems

Sensitivity analysis



5.2 Preliminary energy assessment

Summary studied configuration

1) BASE CONFIGURATION (NH3 AbS)I GT + PSC + HO exchanger + ORC + NH3 Cooling

Outlet Gas

150°C
Postcombustion p
Oil Heat 0il Heat Oil Heat
Exchanger Exchanger Exchanger
 E—
Thermal
Oil
320°C 260°C 260°C 125°%¢
Natural PROCESS
Gas

Absorption
NH3/H20

.V\ 5.2 Preliminary energy assessment

Commercially available 6T

= First selection of commercially available GT
v Generate electricity at 50 Hz
v~ Nominal electric power from 15 MW to 50 MW
v Results: 41 turbines considered in the study

haust

Mw) ) e kaPCIkwn)  (adim)
Solar Titan 130-20500S 15,002 497 176 10226 2801
Hitachi H15 15,086 546 188 11257 3,127
GE LM1800e Low Power 16575 486 217 10545 2,929
GE LM1800e High Power 494 224 10.418 2,804
Kawasaki GPB180D 533 211 10576 2,938
Siemens SGT-500-A2 369 348 10683 2,068
Solar Titan 250-T30000S 463 241 9.263 2573
GE LM2500PE (') 529 246 10133 2815
Siemens SGT-600 542 279 10513 2,920
PHW FT8 Swit Pac 30 463 296 9543 2651
GE 5371 PA 483 444 12580 3494
P+W FT8 Swift Pac 30 480 307 9.437 2621
RRRB211-G RT62 504 330 10132 2814
GE LM2500 PK 521 312 9685 2,62
RR RE211-GT RT62 504 339 9.075 2171
GE LM2500 PR 528 314 9.704 2,69
GE LM2500 PV 500 299 9.033 2,509
siemens SGT-700 528 332 9.901 2,750
Hitachi H25 557 341 10329 2.869
Siemens SGT-700-33 538 330 9764 2712
RR RE211 GT RT61 511 335 9.418 2616
GE LM2500 RD (G4) 526 324 9.308 2611
GE LM2500 RC (G4) 524 326 9.376 2,604
GE LM2500 RA (G4) 524 326 9.234 2,565
Siemens SGT-750 62 403 9.295 2,582
GE 65818 (") 546 524 11228 3119
GE 65818 546 524 11183 3,106
GE LM6000 PD 452 450 8687 2413
GE LMB000 PF 452 450 8.687 2413
GE 6591 C 568 423 9.885 2,746
GE LM6000 PC 451 456 8656 2,404
GE LM§000 PC 451 459 8666 2,407
Siemens SGT-800 544 463 9590 2,664
GE LM6000 PF SPRINT 15 aa7 an 8715 2421
GE LM6000 PC SPRINT a8 468 85684 2412
GE LM6000 PC SPRINT a8 an 8620 2414
GE LM6000 PD SPRINT aa7 an 8672 2,400
GE LMB000 PF SPRINT 25 450 an2 8659 2,405
GE LMB000 PH 475 497 8.778 2438
Siemens SGT-900 514 620 10946 3,041
GE LMB000 PH SPRINT 471 503 8774 2437




Preliminary analysis

Define more attractive GT
v Previous simulations of 41 turbines

v~ Main selection criteria: EEE cogeneration
v Priority: GT with low NOx combustion

PN

Results

Gas Turbine Model

‘Solar Titan 130-20500S
Hitachi H15

GE LM1800e Low Powier
GE LM1800e High Power
Kawasaki GPB180D
Siemens SGT-500-A2
Solar Titan 250-T30000S
‘GE LM2500PE (')
Siemens SGT-600

P+W FT8 Swift Pac 30
GE 5371 PA

P+W FT8 Swift Pac 30
RR RB211-G RT62

GE LM2500 PK

RR RB211-GT RT62

GE LM2500 PR

GE LM2500 PV
Siemens SGT-700
Hitachi H25

Siemens SGT-700-33
RR RB211 GT RT61

GE LM2500 RD (G4)

‘GE LM2500 RC (G4)

‘GE LM2500 RA (G4)
Siemens SGT-750

GE 65818 (™)

GE 65818

GE LMG000 PD

GE LM6000 PF
GE6591C

GE LM6000 PC

GE LM6000 PC

Siemens SGT-800

GE LMB00O PF SPRINT 15
GE LMB00O PC SPRINT
GE LMB00O PC SPRINT
GE LMB00O PD SPRINT
‘GE LM600O PF SPRINT 25
GE LM6000 PH

Siemens SGT-900

‘GE LM6000 PH SPRINT

Power
(Mw)

15,002 a97
15,086 546
16,575 486
17,725 494
18,045 533
19,065 369
21,730 463
21,822 529
24,630 542
25,048 463
26,589 483
27,555 480
27,697 504
20,276 521
29,401 504
20,846 528
30340 500
31,200 528
31,820 557
32215 538
32,435 511
32,606 526
32835 524
33,337 524
35.925 62
42,088 546
42,100 546
42,751 452
42,751 52
42,950 568
43,498 451
43517 451
47,000 544
47,003 aa7
47,179 aa8
47,182 448
47,333 a47
47,958 450
48,717 a75
49,500 514
51,039 a7

HeatRate  Heat Rate
(kIPCUKWh)  (adim)
10.226 2841
11.257 3127
10545 2929
10.418 2894
10576 2938
10683 2,968
9.263 2573
10.133 2815
10513 2,920
9.543 2,651
12580 3.494
9.437 2621
10132 2814
9.685 2,690
9975 2711
9.704 2,696
9033 2,509
9.901 2750
10329 2869
9.764 2712
9.418 2616
9.398 2611
9376 2,604
9.234 2565
9.295 2582
11.228 3119
11183 3,106
8.687 2413
8.667 2413
9.885 2,746
8656 2404
8666 2407
9590 2664
8715 2421
8684 2412
8690 2414
8672 2409
8.659 2,405
8.778 2438
10.946 3,041
8.774 2437

Electricity Combustible

(Mw) (MW PCI)
15,556 59,301

15,733 62,115

17,446 69.872

18,651 72,742

18,870 70,640

20,930 103,508
22,787 81,326

22018 82,283

25,981 94,450

26,531 97611

20217 134092
29123 102,972
29,443 108,516
30882 105.998
31216 112,864
31.468 107176
31,846 104,196
32,961 114,065
33,651 17,225
33,042 114428
34219 115,148
34,305 112,898
34,550 113671
35,052 113,664
38212 135,379
45,335 157,160
45,347 156,671
45,425 148332
45425 148,332
45,439 148,641
46,219 149,590
46,261 149,600
49,775 156,367
49,930 158,816
49,992 158,623
50,019 158,556
50,170 158,831
50,802 150,670
51,755 157,927
53,489 174,768
54123 163,805

5.2 Preliminary energy assessment

11 selected turbines to analyse in depth

ance gas turbine

Useful heat
(MW)
32443
34,357
38984

S RS S S RS SRS S S S S8 S SRS RS SRS S LSS S8 S &8 &

Power Exhaust irflo HeatRate  Heal Rate Electrici Combustible Useful heat
Ref E T Mw) (i ngwe '; 7:) (kI PCIKWh)  (adim) Mw) v (Mw PCI) (M) FEE
Solar Titan 130-205008 15,002 407 176 10226 2841 15,556 59,301 32403 66,9%
Hitachi H15 15,086 546 188 11.257 3127 15733 62115 34,357 65,79%
GE LM1800e Low Power 16575 486 217 10545 2929 17,446 69,672 38,984 65,79%
GE LM1800¢ High Power 17,725 404 224 10418 2,894 18,651 72742 40100 66,2%
Kawasaki GPB180D 18,045 533 211 10576 2938 18870 70,640 38026 66,5%
T.500. 19.05: 69 ™ 1068 968 0930 103508 oy "
| | Solar Titan 250-730000S 21,730 463 241 9.263 2573 22787 81326 42812 675%
GE LM2500PE 21622 529 246 0133 2615 22918 82,263 43610 67,1%
{ 2 Siemens SGT-600 24,630 542 279 10513 2,920 25,981 94,450 48,875 64,7%
BT T Sot Fac 30 o7 L % TET EST iy TR TEn x
GE 5371 PA 26569 483 44 12580 340 29217 134,002 72364 54,4%
PHW FT8 Swit Pac 30 27555 480 307 9.437 2621 20123 102,072 53342 66.6%
RR RB211-G RT62 27,697 504 330 10132 2614 29,443 108516 s7.011 65,29
GE LM2500 PK 20276 521 312 9,685 2,690 30882 105,998 54,139 67,4%
RRRE211.GIRIG: 9,401 04 339 99 1 31216 112860 844 G5
|| GE LM2500 PR 29,846 528 314 9.704 2,69 31,468 107,176 54,458 67,4%
B 0320 =0 25 903 L6 104 = 7
- Siemens SGT-700 31,200 528 332 9.901 2750 32,961 114065 57,330 65,4%
Hitachi H25 31620 557 341 10329 2,869 33,651 117,225 55,766 54,8%
Siemens SGT-700-33 32215 538 330 9.764 2712 33902 114428 57011 66.4%
RRRB211 GLRIGL 4 " 3 9418 816 34219 115,148 809 S
I s GE LM2500 RD (G4) 32,606 526 324 9398 2,611 34,305 112,898 56,054 67.8%
GE LM2500 RC (G4) 3263 524 326 5376 2,604 34,550 13671 56373 7,1%
GE LM2500 RA (G4) 33337 524 326 9234 2565 35,052 113,664 56373 68,7%
Siemens SGT-750 35925 462 403 9205 2562 38212 135,379 66,657 64,79%
42,08 4 4 11228 119 4 1524 "
L 42100 545 524 11,183 3,106 4534 156,671 361 9
42251 4 450 8.6 4L 5.4 1483 364 6.
IL_s 42,751 452 450 8.687 2413 45,425 148,332 72,364 66,9%
1295 E W25 9665 2,746 45,439 148,641 71648 66,0%
GE LM6000 PC 43498 51 456 8656 2,408 46,219 149,590 72,364 66,8%
GE LM5000 PC 43517 451 459 8666 2.407 45,261 149,600 72,364 66.9%
[ — Siemens SGT-600 37,000 EQ 755 5590 7664 W5.175 T56.367 72,364 ©5.5%
GE LM6000 PF SPRINT 15 7008 war G 5715 a2l 9,930 T56.616 72,360 3.1%
GE LM6000 PC SPRINT 47479 448 468 8684 2412 49902 158,623 72,364 63.9%
GE LM6000 PC SPRINT 4782 448 an 8690 2414 50019 158556 72,364 64,0%
|I_e__| cewsonopr sermr2s ar58 450 a2 scs 205 50802 159570 7288 o0
5T ce vooopri (Y 3 o7 B0 S 157907 = S0
< g 50 T Sriiniss :
I 10 GE LM6000 PH SPRINT 51,039 471 503 8774 2437 54,123 163,805 72,364 64,9%




'V\ 5.2 Preliminary energy assessment

Results

= 11 selected turbines to analyse in depth

rformance gas Cogeneration data
. Power s Air flow rate Heat Rate  Heat Rate Electricity Combustible Useful heat
Ref Gas Turbine Model Mw) ‘f%p (th) (kI PCUKWh)  (adim) (Mw) (MW PCI) (MW) EEE
1 Solar Titan 250-T30000S 21,730 463 241 9.263 2,573 22,787 81,326 42,812 67,5%
2 Siemens SGT-600 24,630 542 279 10.513 2,920 25,981 94,450 48,875 64,7%
3 GE LM2500 PR 29,846 528 314 9.704 2,696 31,468 107,176 54,458 67,4%
4 Siemens SGT-700 31,200 528 332 9.901 2,750 32,961 114,065 57,330 65,4%
5 GE LM2500 RD (G4) 32,606 526 324 9.398 2,611 34,305 112,898 56,054 67,8%
6 GE LM6000 PF 42,751 452 450 8.687 2,413 45,425 148,332 72,364 66,9%
7 Siemens SGT-800 47,000 544 463 9.590 2,664 49,775 156,367 72,364 65,5%
8 GE LM6000 PF SPRINT 25 47,958 450 472 8.659 2,405 50,802 159,670 72,364 64,1%
9 GE LM6000 PH 48,717 475 497 8.778 2,438 51,755 157,927 72,364 66,8%
10 GE LM6000 PH SPRINT 51,039 471 503 8.774 2,437 54,123 163,805 72,364 64,9%
11 GE 6581B 42,100 546 524 11.183 3,106 45,347 156,671 72,364 59,5%

5.2 Feasibility analysis

Energy Results

Option 2 3 4 5 6 7 8 9 10 1
Power Y 23,65 MW, ,19MW__ 3054 MW 31,69 MW 4030 MW_ 4652 MW __ 4683MW 47,13 MW ___ 49,80 MW 42,27 MW
T =

< Solar Titan  Sieme GE Sieme GE GE Siemens . GE . GE

Gas turbine 250T30000S  SGT600 LM2500PR  SGT 7 LM2500RD G4  LM6000PF  SGT800 -MOO0OPF  yy gogopyy  LMOOOOPH  poigegy
SPRINT SPRINT

Operation of the site h 8.760 8.760 8760 8760 8.760 8.760 8.760 8.760 8.760 8760 8760
Operation of the (CHP) h 8.400 8.400 8.400 8.400 8.400 8.400 8.400 8.400 8.400 8.400 8.400

ELECTRICITY BALANCE

Electricity of the gas turbine MWh/year 169.714 187.824 232.268 242.348 251.983 319.351 370.079 372.380 374.934 396.715 332.002
ORC electricity MWh/year 8.658 10.837 12.928 14.188 14.188 19.152 20.708 20.971 20.971 21.626 23.062
Generation in terminals MWh/year 178.372 198.661 245.196 256.537 266.172 338.503 390.787 393.352 395.905 418.341 355.064
Electricity used for the CHP MWh/year 4.454 4.967 5.738 6.017 6.055 7.600 8.234 8.267 8.298 8.571 7.819

Electricity exported MWh/year 173.918 193.694 239.458 250.520 260.117 330.904 382.553 385.084 387.607 409.770 347.245

STEAM BALANCE / THERMAL OIL / WATER

Thermal oil generated by the CHP MWhiyear 329.003 382.612 425678 454.146 440.194 571200  571.200  571.200 571.200 571.200 571.200
Water chiller exported by the CHP m3/aio 3528000 3528000 3528000  3.528.000 3,528,000 3528000 3528000 3528000 3528000  3.528.000  3.528.000
Cooling energy MWhiyear 19.110 19.110 19.110 19.110 19.110 19.110 19.110 19.110 19.110 19.110 19.110
Heat generated for absorption production MWhiyear 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960
Heat for natural gas to furnaces MWhiyear 0 0 0 0 0

Air for services and instruments m3lyear 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000
Useful heat (formula > 0°C) MWhlyear 348,592 402.200 445267  473.735 459.782 590.789  590.780  590.789 590.789 590.789 590.789
Useful heat MWhiyear 365.963 419.572 462.638 491.106 477.154 608160 608152  608.160 608.160 608.160 608.160
FUEL BALANCE

Gas turbine fuel MWhPCliyear ~ 453.718 579.793 645.700 690.205 684.272 807.475 1010332  927.444 946.260 1000222 1065271
Postcombusters fuel MWhPCliyear  219.467 195.796 234.217 248.212 242.046 387.979  256.637  374.909 341.418 338.209 213.704
Total fuel MWhPCliyear 673184 775.589 879.917 938.507 926.318 1195454 1275968 1302353  1.287.678  1.338431  1.278.976
Efficiency

Electric efficiency 26,5% 25,6% 27,9% 27,3% 28,7% 28,3% 30,6% 30,2% 30,7% 31,3% 27,8%
Thermal efficiency 54,4% 54,1% 52,6% 52,3% 51,5% 50,9% 47,7% 46,7% 47,2% 45,4% 47,6%
EEE (>0°C) 62,4% 60,4% 63,7% 62,2% 64,1% 62,8% 63,1% 60,9% 62,7% 61,3% 57,0%
EEE 66,9% 64,2% 67,0% 65,3% 67,2% 65,1% 65,1% 62,8% 64,7% 63,1% 58,9%
Total CO2 tlyear 135.983 156.669 177.743 189.578 187.116 241482 257.746  263.075 260111 270.363 258.353
ENVIRONMENT

Primary energy consumption of reference MWhPCliyear ~ 361.773 510.416 557.877 588.548 588.802 592.652 925983  669.498 745.823 777.082 969.801
PES (Primary Energy Savings) year 147.829 169.407 201.608 207.315 212.035 240.138  280.666  246.689 267.096 265.216 227.299
PESR (Primary Energy Savings Ratio) 41% 33% 36,1% 35% 36% 1% 30% 37% 36% 34% 23%
CO2 emission savings tyear 29.861 34.220 40725 41.878 42.831 48.508 56.694 49.831 53.953 53574 45914
CO2 associated to electricity generation tlyear 53.845 62.498 73.907 79.352 80.022 104984  121.249 126577 123613 133.865 121.855

Total CO; year 135.983 156,669 177.743 189.578 187.116 241.482 257.746 263.075 260.111 270.363 258.353




5.2 Feasibility analysis

Energy Results

Option 1 2 3 4 5 9 10 11
Power 21,23 MW 23,65 MW 29,19 MW 30,54 MW 31,69 MW 40,30 MW 46,52 MW 46,83 MW 47,13 MW 49,80 MW 42,27 MW

GE GE
LM6000 PH =

@ e Solar Titan Siemens GE Siemens GE GE Siemens LM6000 PF GE
= 250T30000S  SGT 600 LM2500PR  SGT700 LM2500RD G4 LM6000 PF  SGT 800 SpRINT M 6000PH SPRINT. PG 6581

It is always covered the entire cooling process demand, for all selected turbines.

ECECTRICITY BACANCE

Electricity of the gas turbine MWh/year 169.714 187.824 232.268 242.348 251.983 319.351 370.079 372.380 374.934 396.715 332.002

ORC electricity MWh/year 8.658 10.837 12.928 14.188 14.188 19.152 20.708 20.971 20.971 21.626 23.062

Generation in terminals MWh/year 178.372 198.661 245.196 256.537 266.172 338.503 390.787 393.352 395.905 418.341 355.064

Electricity used for the CHP MWh/year 4.454 4.967 5.738 6.017 6.055 7.600 8.234 8.267 8.298 8.571 7.819

Electricity exported MWh/year 173.918 193.694 239.458 250.520 260.117 330.904 382.553 385.084 387.607 409.770 347.245
I Thermal oil by the CHP. MWh/vear, 329,003 382,612 425,678 454,146 440,194 571,200 571,200 571,200 571.200 571,200 571,200
|

arerThiterexpored-y e TSYat 8 8 520+ 8 =520+ 8 =528+
[Cooling energy NWRTyear TITIO TITIO TITIO T IO T9TIO T IO T9TIO TITTO T9TIO TTTO TITIO
Heat generated for absorption production MWh/year 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960 36.960
oot g L £ 0 0 Q o 0

Partial coverage of thermal oil demand for GT from 1 to 5, total from 6 to 10.

FUEL BALANCE
Gas turbine fuel MWhPCl/year 453.718 579.793 645.700 690.295 684.272 807.475 1.019.332 927.444 946.260 1.000.222 1.065.271
P husters fiiel M\WhPClvear 21946 195796 4,217 48,21, 242,046 87,979 256.6: 4,909 41,418 09 13.704.

Different EEE, between 63% y 67%, and PES (primary energy savings), between 33% y 41%.

ETECTIC EMICIENCY O 070 5,070 T.970 T.S70 70 5570 U070 U Z70 U 70 1,570 SO70
Thermal efficiency 54,4% 54,1% 52,6% 52,3% 51,50 50,9% 41,1% 46,7% 47,2% 45.4% 47,6%
| EEE (>0°C) 62,4% 60,4% 63,7% 62,2% 64,1% 62,8% 63,1% 60,9% 62,7% 61,3% 57,0%
r EEE 66,9% 64,2% 67,0% 65,3% 67,2% 65,1% 65,1% 62,8% 64,7% 63,1% 58,9%
TOICO: Tyear 5595 15600 TP 169576 TETIT o Sl SEE GOTTTT
ENVIRONMENT
Primary energ ion of reference MWhPClivear 361773 510416 557,877 588,548
L PES (Primary Energy Savings) year 147.829 169.407 201608 207315 212,035 240138 280.666  246.689 267.096 265.216 227.299
[PESR (Primary Energy Savings Ratio) TIPS I 5T % % TI% 0% TS TO% 7% 3%
CO2 emission savings tyear 29.861 34.220 40725 41.878 42.831 48.508 56.604 49.831 53.953 53574 45914
CO2 associated to electricity generation tlyear 53.845 62.498 73.907 79.352 80.022 104984 121249 126577 123,613 133.865 121.855
Total CO2 tlyear 135.983 156.669 177.743 189.578 187.116 241482 257.746 __ 263.075 260111 270.363 258.353

5.2 Feasibility analysis

Economic Results

Option i 2 3 4 5) 6 7 8 ) 10 11
Power 21,23 MW 23,64 MW 29,19 MW 30,53 MW 31,69 MW 40,30 MW 46,51 MW 46,83 MW 47,13 MW 49,80 MW 42,26 MW
Solar Titan . . GE . GE GE

q Siemens GE Siemens GE Siemens GE GE

Gas turbine 250 LM2500 RD LM6000 PF LM6000 PH
30000S SGT 600 LM2500 PR SGT 700 G4 LM6000 PF  SGT 800 SPRINT LM 6000PH SPRINT PG 6581

Total investment k€
Specific cost ke/MW

e Income and cost of each GT and for 3 studies

Electricity exported k€lyear

Thermal oil heating k€lyear C as es

Chilled water production k€lyear

Natural Gas heating k€lyear
Total income k€/year |
COSTS
Natural Gas k€lyear
CO, cost k€lyear
Air instruments cost k€lyear -
A nstruments cost Fuel, electricity and utilities assessed with 10
cost k€lyear
Electric toll cost kelyear
O&M cost (variable) k€lyear y ear fo r e C aS tS
O&M cost (fixed) D k€lyear
1 Total costs k€lyear

1 Insurances included



PV

Investment for each case

Configuration
Gas turbine

Values in k€
MAIN EQUIPMENT
Gas turbine
Burner
Oil to process/gas heat exchanger
ORC
Absorption cooler
Coil

SECONDARY SYSTEMS
High voltage electricity and power transformers
Low voltage electricity
Outlet and bypass gasses
Gas combustible system
Piping system
Control and supervision system
Instrumentation and monitoring of emissions

CIVIL WORKS

ADDITIONAL SYSTEMS

TOTAL PHYSICAL INVESTMENT

ENGINEERING, CIVIL WORKS DIRECTOR, MANAGEMENT, LEGALIZATIONS

TOTAL INVESTMENT

Specific cost (kE/MW)

*Example: Results for cogeneration Modif 1 (BrLi Abs)

PV

Financial scenary

* Period analysis: 10 years

* Hours of operation of cogeneration: 24 hours/day

» Availability of cogeneration: 8400 hours/year

* Planned stops:
v Stop hot parts (€ 1.5 million) and higher stop (€ 2.5 million)
v Every four years, alternately

* Financing Method: 100% itself

» Depreciation method: linear to 10 years

* Residual value: 4 times the cash flow last year



PV

Financial Results

Option

Power

Gas turbine

21,23 MW

Solar Titan
250 T30000S

23,64 MW 29,19 MW 30,53 MW
Siemens

SGT 700

Siemens
SGT 600

GE
LM2500 PR

31,69 MW

GE
LM2500 RD
G4

40,30 MW 46,51 MW
Siemens

GE
LM6000 PF SGT 800

46,83 MW

LM6000 PF
SPRINT

8

GE

9

47,13 MW

GE
LM 6000PH

10
49,80 MW

GE
LM6000 PH
SPRINT

11
42,26 MW

GE
PG 6581

Total investment ke
Specific cost kEMW
INCOME

Electricity exported kelyear
Thermal oil heating kelyear
Chilled water production kelyear
Natural Gas heating kelyear
Total income ke€lyear
COsTs

Natural Gas kelyear
CO, cost k€lyear
Airr instruments cost kelyear
Cooling water (tower) cost kelyear
Electric toll cost kelyear
O&M cost (variable) k€lyear
O&M cost (fixed) 2 kelyear
Total costs ke€lyear
RESULTS

Operating profit year 2012 2 kelyear
Net profit for the year 2012 k€lyear
PBT years
IRR (10 years)

NPV (10 years) k€

Investment from 25,6 to 41,3 MM€

Specific cost from 1,21 to 0,83 MM€ / MW

Net operating profit from 4,8 to 9,1 MM€ / year

PBT very attractive for all turbines ranging
analysed from 3,5to 4,5 years

U Insurances included

High values of the IRR, from 30% to 39%

2) Profit before interest, taxes,

, depreciation and amortization

*Example: Results for base configuration

5.3 Optimum CHP plants - Results

PV

Selection of the best cases

Selection of the best two turbines for each configuration studied:

BASE CONFIGURATION

Modification 1

Siemens
SGT 800

Modification 2

GE LM6000 PF

Attractive financial results:

47,05
69,8
151,9
63,3%
31,0%
46,5%
30%
52.945

Siemens
GELM6000 PHIY  J T
47,69 48,9
69,8 69,8
1533 1548
63,0% 63,3%
31,1% 31,6%
46,1% 45,6%
35% 29%
49.640 53.878

45,6
69,8
1483
64,4%
30,8%
47,6%
38%
48.296

Abs NH3
Siemens | e M6000 PH
SGT 800
ENERGY RESULTS
Electrical power MW 46,52 47,13
Useful heat MW 72,4 72,4
Total fuel MW 151,9 153,3
REE 65,1% 64,7%
Electrical efficiency 30,6% 30,7%
Thermal efficiency 47,7% 47,2%
PES (percentage of primary energy savings) 30% 36%
CO2 savings tlyear 56.694 53.953
FINANCIAL RESULTS
Total investment k€
Specific cost ke€mw
Operating profit year 2012 Kelyear
Net profit for the xear 2012 kaxear ]
PBT years
IRR (10 years)
NPV (10 years) ke

IRR: 39 —42%

Best turbines selected:

v Base Configuration
v Modif 1 (Abs LiBr)

PBT:

Very attractive results:

Siemens SGT 800,
GE LM6000 PH and GE LM6000 PF

Siemens SGT 800
&
GE LM6000 PH

v Modification 2
(GT Air cooling)

Siemens SGT 800
&
GE LM6000 PF



'V\ 5.3 Optimum CHP plants - Results

Summary of the selected turbines

Siemens GE GE
SGT 800 (47,0 Mw) LM6000 PH 8,7 mw) LM6000 PF (42,8 Mw)

Results independent of the settings

selected: NH3 or BrLi Abs or GT air
cooling

PVA

Efectos de la reduccidon de los incentivos EE

= Study conducted on the basis of the incentives provided by the RD 661/07.
= Need to analyse the sensitivity of the results to reductions EE final prices

CONCLUSIONS

so0k GE LM600 PF =IRR Payback period (year) 120 = 50% on incentives not
0 ’

1
. : ! impair the profitability of projects:
. ;
1 -
40% N : : s 100 v" PBT increases
1 - =
35% ¥ 5 .
] - L 80 ©
* - >
— 30% \:\ ! — = v IRR decreases
S | \4_\_ e el e > =
= 25% 2 60 2
z ! | \P\
% 200 o e
15% — ! - [ 40 The minimum level of return
12 5
10% s m e | . was achieved when the
5% S . ' incentives take
~ 1
0% - - . . . 0,0
0% 20% 409 60% 80% 700%

Variation of electric bonus
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ABU QIR FERTILIZEF

Consists of three plants producing 6000 tpd
from nitrogen fertilizers

Aby Qir| AbuQirl  AbuQirl



ABU QIR |

Plant.on-Stream 1979 =8 >

Ammonia plant Producing 1150 tpd
Urea plant Producing 1650 tpd

ABU QIR I

Ammonia plant Producing 1000 tpd
Nitric acid plant Producing 1800 tpd
Ammonium nitrates plant Producing 2400 tpd



Ammonia plant Producing 1200 tpd
Urea plant Producing 2000 tpd

AMMONIA SHIPLOADING

Capital Investment
Fully covered by Company's own funds

Capacity 100000 tpy

\Vessel Characteristic

Length : 150 m Width: 21 m Max Draft : 7.5 m
Capacity : 7000-11000 M. T

First Shipment 1990



ABSATRACT

» Waste heat boiler is located down stream of
ammonia converter .

» Waste heat boiler showed an internal leakage from
tube side to shell side after 4.5 years from
commissioning.

» This report describes the case, how to detect the
leakage and how to manage this problem, the
possible causes and the final action.

INTRODUCTION

» ABU QIR 3 plant was commissioned in October 1998,
it consists of two main plants, ammonia plant with
capacity 1200 ton and Urea plant with capacity 2000
ton. Granulated urea.

» After 4.5 years from start up the plant a gas leakage
from tube side to shell side of synthesis loop waste
heat boiler happened , and repeated for five times.

20/11/2014
»12:24



INTRODUCTION

» The synthesis loop consists of :-
1- Ammonia converter with three beds Radial Flow
2- Waste heat boiler

3- Gas gas heat exchanger

4- Gas cooler

5- Cold exchanger

6- Loop chiller I & 11
/- Separator

8- Flash drum

vV v vV vV v vV VY

\

Syntheses Loop Waste Heat Boiler Specifications:-

» The number of the tubes is 400- U-Tubes with 2 passes.

> The tube length is 5760 mm, tube outside diameter is 25 mm anc
wall thickness is 2.5 mm.
> The number of baffles is 26 and the boiler inside shell diameter is
mm.



Material of Construction

» The tubes of the waste heat boiler are made of :

» (10 CrM0910), tube sheet is made of (12 CrMo0910), the
shell, head, and shell flange are made from (20
MnMoN:i45).

» The waste heat boiler cools down the gases outlet
ammonia converter from 465 °C to about 306 °C and
generates saturated steam with 329 °C, the converted
gases are introduced in the tube side at an operating
pressure of 184.8 bars and the steam is generated in the /
shell at 125 bars absolute and temperature of 329 °C. /

Old W.H.B

== Steam outlet

Vane
separator
(’

Cont.blowdown
g —

Temp. blow down |




History of Internal leakage in W.H.B
The first leakage:-

It occurred in the morning shift on 6th march 2003, at this ¢
the values of the PH, Cond. and ammonia of generated stea
from W.H.B increased to dangerous limits:-

History of Internal leakage in W.H.B

Tag Name

After
Leakage

Before Leakage  After Leakage Before Leakage After Leakage Before Leakage

BFW
Blow Down 6.6 6.8 9.1 . 1.2
Steam Drum
HP Steam 8.6 9.8 9.3 . ---- 2.1
Blow Down 6.9 72 9.1 . -—-- 100
Waste Heat Boiler
HP Steam 9.1 9.3 ) ---- 122
Blow Down 5.8 . 9.1 . 1.2
Package Boiler
HP Steam 1.7 9.3 . 2.1




History of Internal leakage in W.H.B
condensate samples

I I T
Ammonia Compressor 309

20/11/2014
~12:24

History of Internal leakage in W.H.B

BT

20/11/2014
~12:24



The steps of preparation to Repair the W.H.B

1) During shutdown of the synthesis loop , at 120 bar cooling down for Ammonia
converter & W.H.B was done by opening Quench valves HV 308604 & 605 forabout 4 h

steam pressure was kept lower than synthesis loop pressure.

2) Depressurize the synthesis loop gradually, at 20 bar transfer NH; from ammonia
separator & flash drum to ammonia storage tank, then continue decreasing Syn. loop
pressure till 3 bars.

3) N, purge in the forward direction of gas flow and vent through the drain valvesgthe

purge should have done first for about 8 hr. and samples should be taken every 1hr.

(R 308603 H Cose I
Faed Forword
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The steps of preparation to Repair the W.H.B

4) After the analysis of the last two samples showed constant value at the end of forwa
direction purge, then, N, purge in the reverse direction started for 8 hr.

5) Take samples every 1 hr.

6) Cooling down of W.H.B by means of B.F.W at 120 °C ,then using deionate water at 25

for about 10 hrs.

7) Dismantle the thermo well of gas exit Ammonia converter to vent N, and erect a ma

valve on this point,Sampling from this Ti is an indication for the gas inside waste heat
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The steps of preparation to Repair the W.H.B

7) During cutting the lower weld seal of waste heat Boiler:-

» Put N, hose on Ti-308049 (exit converter) and crack it open.
» Take samples from the drain of PDI-308206 (H, & NH;) must be Nil.
» Exit N, will be from drains of start up heater.

» During cutting N, hose must be directed with small flow till the end of cut.

\

The steps of preparation to Repair the W.H.B

The cutters and welders should wear special safety clothes.

Cut about 3-4 Cm of the welding and take measurements for H, & NH,.

If the measurements are Ok open more than one N, hose and continue cutting
Cm and stop for more measurements.
Then continue cutting.

Remove the internal expansion joint connected to the cone, and erect a blinc
inside the waste heat boiler on the gas header outlet the converter.
Erect N, hose with PI indicator on the gas header outlet the converter to adju

pressure at 0.3 bars inside Ammonia converter.



( \ 2004 /09 /22

Repair Procedure:-

+ Detecting the defected tubes in the waste heat boiler specially the hot inlet side by
filling.

<+ Removing the ferrules of the failed tubes.

<+ Enlarging the Secondary tube sheet to insert the plugs.

#+ Insert the tube plugs up to the primary tube sheet.

<+ Preheating before welding and weld plugs to the primary tube sheet.

<+ Annealing for the welded plugs tube sheet.



Repair Procedure:-

+ Make a rolling expanding for the plug to depth approximately 2/3 of the tu
thickness.

=+ |nspection for the welded plugs.

<+ Hydraulic test up to 120 bars and holding time for half an hour.

<+ \Welding the cover of the enlarging part in the secondary tube sheet.

<+ Welding the cover of the outer diaphragm disk, N, flow must be opened with cc
measuring the explosion mixture.

<+ Pressure test must be done by filling the shell with deionate and increasing the
40 bars.

The Steps To Close The Waste Heat Boiler:-

1) Erect the cyclone.

2) Put N, hose at the point of PDI-308206 to protect Ammonia converter.

3) Remove the blind flange and erect the expansion joint.

4) Open the N, hose from gas-gas heat exchanger to the waste heat boiler and t
analysis of H,&NH,.

5) When H,&NH; analysis approximately Nil. , then put the disk and crack open t
N, from PDI-308206 and start welding with continuous H,&NH; analysis.



start end no. of plugged tubes

3/6/2003 3/13/2003 I
4/13/2003 4/17/2003 2
5/26/2003 5/31/2003 15

7/5/2003 7/8/2003 10

total 34 tubes

***The waste heat boiler leaking repeted five times and total plugged tubes were
34 tubes from a total of (400) tubes

Inspection by Eddy Current (EC):-

1. Inspection of the tubes was limited to a length of 250 Cm above the tube sheet.

2. Most defected tubes were found in the area between 129 Cm and 193 Cm above
sheet (in the area between tube sheet and the first baffle).

3. The leakage was caused by reducing the thickness from outside.

4. 17% of the tubes were defected by reducing the average wall thickness more tha

5. All defected tubes are located in the inner pass of the exchanger (hot gas entrance
boiling zone).

6. In the outer pass (cold gas outlet water preheated zone)......... No defect was



Analysis of the problem and the expected
reasons for the failure:-

<+ By Visual inspection by endoscope for the shell from the drain nozzles N 11 A/B, i
observed flakes of deposition from one side only at the tube sheet, which was ma
deposits.

+ The possible reasons for the tubes failure of the synthesis loop waste heat boiler
very clear but most of the corrosion is found under the baffle plate of the hot side.

<+ The steam blanketing for inlet tubes led to drying and wetting for the outer surface o
tubes, natural recirculation and this phenomenon led to crack the passive layer (
and these continuous cycles led to loss the tube thickness and finally failure “

<+ Hot gas entrance due to inclination in the inlet tube.

Actions for prolong the life of the waste heat boiler

1) The pressure test was carried out at lower pressure than recommended (40 Bar) to
the weak tubes from leakage.

2) At any shut down or start up for the synthesis loop the pressure drop between t
and shell side was restricted to keep it at lower as possible.

3) Increase the blow down rate to maximum.

4) Take complete analysis from N6 every week



The Decision for ordering a new waste heat boiler

With comparing production losses, money paid for the temporary shell, and the expected
risk with adjustment , with the price of the new shell ,it was decided to order a new
complete waste heat boiler with the new modification in the:-
<+ Hot gas inlet

<% Number and height of the baffles of the inner pass

» The new W.H.B

7




New WHB Design
Steam Outlet

") i—

<—/1|BFW Inlet

Gas Inlet J[=—"> ! ——>|Gas Outlet

Procedures for changing waste heat boiler

1) N2 purge in the normal direction of the gas flow about 8 hr.
2) N2 purge in reverse direction also about 8 hr.

3) Cutting the weld seal in the gas inlet the waste heat boiler and also the gas line
4) After the cutting, two flanges with N2 hose were erected to gas gas heat exchang

inlet line and outlet converter line.



Procedure to clean the new waste heat boiler

Boiling Out

The first boiling out

A) Fill waste heat boiler with Boiler feed water to normal level (60%) anc
the waste heat boiler must be opened and add 2 lit. hydrazine.

B) Prepare the chemicals in a tank:-

1- 30 kg. of caustic soda with concentration of 50%
2- 21 kg. of tri-sodium orthophosphate -12H20 with concentration of 97.5%
hydrazine

pressure steam.



BGhe first boiling cut

D) Increase the temperature by 50 C/ hr.

E) Adjust the pressure in waste heat boiler at 12 bar by closing the vent
F) After 12 hr. the first boiling out is finished

G) The steam must be close and drain the waste heat boiler from N11A/Band G
sure that the vent is fully opened.

H)After finishing the drain of waste heat boiler it must be pressurized by

Boiling Out W.H.B Analyses

Boiling Ouaut W_H._B

Using Alkaline Trisodbium phosphate
l Sample from Tanlct of chemical additives

/1

pIX 2 TNa T N2XX,4 PO ms/l
13.1 1.6 140 =000

l Sample from Rinsing WHEBE with BEEW

4] Sio Turbidity Fee FEVI N 1
PEL mg;l '?;;:::, ~NETU AR <ons. (mg‘/l) };
8.3 O.1 a4a ias=2 aias =

Boiling Out WHEBE at 12 bar (15 stage)

7 Date Mirne P .1:‘:‘ l::g.-;; Col:::l;‘r-ci’g‘/l) BO. me/l :rni/sl 3::;.

14-30 12.4 15 16 : =25 150 a . O SO0

| 30/9/2z004 18:30 124 10 1= so 170 — -
24.00 12.3 8 _o0 1= 100 130 a_.o

Samplc after flushing withh BEFWVW

e e/l Cons. Gmg/1) e |

g Date Time PHL Lot=e Nz, ECINCr, PO, g/l ™Na™ %

1/10/Z2004 8:30 10.8 o.8 .= is =29 a2 _ 7




BGhe second boiling out

1 - The same 4 steps in the first boiling out.

2 - Adjust the pressure in waste heat boiler at 16 bar by closing the vent anc
adjust the temp. at 200 C°.

3 - The vent of waste heat boiler opened fully every 30 min. for 5min.

4 - After 12 hr. the boiling out was finished

5 - The steam must be closed and drain the waste heat boiler from N11£
and be sure that the vent is fully opened.

6 - After finishing the drain of waste heat boiler it must be pres

Boiling Out W.H.B Analysis

Roiling Out WHB at 16 bar (2" stage)

Date

10004 | 1045 | 122 | 0.6




Flushing the waste heat boiler

1 - Open the waste heat boiler vent fully.

2 - Fill the waste heat boiler with boiler feed water and then drain it
N2 pressure.
3 - Repeat the flushing of waste heat boiler and take analysis

Conclusion




plant, so it should be taken in consideration during design,
precommissioning, and normal running of this equipment.

» During design, the number of baffles, its height and distribution at the

the heat load at a certain zone.
» Gas inlet pipe should be carefully treated in the design step to prevent
localization.

» During precommissioning, the boiling out of the waste heat boiler should Bg
carefully handled, cleaning and flushing with measuring the pH should conmfifi
that the equipment is free from any chemicals that are used during the/borling:
out. |

ih our hest wiste

Hosam Naiem
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PRIMARY WASTE HEAT BOILER

FAILURE ANALYSIS
REPAIR METHODOLOGY AND REPLACEMENT

ABSTRACT:

After eight years of trouble free operation, hot spots were noticed on the inlet
channel of primary waste heat boiler of Ammonia Plant. Rightly diagnosed failure
and timely shutdown helped in averting the serious consequences.

This expensive boiler is one of the most critical equipment because of its severe
operating conditions, unique thin tube sheet design supplied by limited designers,
difficult repair and long delivery period.

Here are discussed the failure analysis, repair methods adopted, post failure
operating experience with couple of repeated failures, few design modifications
in new boiler, removal/installation procedures and custom made alkali boil out
procedure. Also briefed is the unique core tube philosophy conceived and adopted
in this boiler on its own by ALBAYRONI.

INTRODUCTION:

Al Jubail Fertilizer Co. (ALBAYRONI) operates a 1000 MT/D nameplate
capacity Kellogg design ammonia plant at Al-Jubail, Saudi Arabia. In ammonia
plant, Primary waste heat boiler (101-C), located at the downstream of secondary
reformer, is Borsig make, fire tube type horizontal exchanger. This boiler had
been operating satisfactorily since commissioning in 1983 and no abnormality was
observed in operation or regular inspection until 1990. As a first abnormality, the
hot spot was noticed on the inlet channel in February 1991. No one knew then
that, it was the beginning for a two-year long trouble full period for
ALBAYRONI.
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BOILER DETAILS:

The waste boiler was designed to cool reformed gas from 996°C to 371°C and
produce high-pressure steam at 104 bara. The boiler is illustrated in Figure-1 and

main specifications are furnished in Table-1.

The Shell is made of SA516 Gr 70 and tubes of SA 213 T12. The exchanger has
an internal bypass tube with control valve at cold end to control the outlet
temperature. The SA387 Gr 12 CI 2 tube-sheet is protected from erosion and
collapse by 5mm thick incoloy 800H liner. The hot gas is directed into tubes
through the refractory by incoloy 800H ferrules. SA387 Gr CI 2 alloy steel inlet
channel is lined with two layers of refractory material, 96% bubbled alumina
castable and 25% alumina insulating castable. The principal feature of this waste

heat boiler is its thin reinforced tube sheets.

Another important feature of this waste heat boiler is its core tube design. The
original boiler purchased in 1983 was without core tubes. But, during
commissioning in 1983, repeated severe fouling was observed inside the tubes and
the tubes at the cold end. This was attributed to the substantial velocity drop from
hot end to cold end, which in turn was due to equivalent reduction in temperature.
To overcome this problem, during commissioning stage only, in house developed
and designed core tubes were inserted from cold end side to increase the velocity
at cold ends. Process licensor as well as boiler manufacturer approved this

modification. The core tubes were 6 meter long 1/2” SS304 sch.40 pipes.
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INCIDENT:

Ammonia plant was running at 110% load. As usual, 101-C inlet temperature was
conservatively maintained at 930-940 degC, much less than design fluid
temperature 996 degC. On February 10, 1991, during the normal inspection, a hot

spot was noticed on the inlet channel of Primary Waste Heat Boiler (101-C).

At the area of hot spot, the green pyro paint turned into white, indicating
temperature in excess of 480°C. Thereafter, temperatures were regularly
monitored by infrared pyrometer ‘HEATSPY’ and were found in the range of
520-590°C. Steam Cooling arrangement was provided to cool the hot spot area.
Infrared thermography was also carried out to confirm the temperature and to

determine the area of damage.

Based on the thermography results, the plant was shut down on February 23,1991

to inspect and repair 101-C.

OBSERVATION:

On opening of manhole of inlet channel, following were observed.

I A pool of water was found in channel, indicating the tube leakage. At hot
spot area, bottom layer of refractory was totally missing and cracks were
found on surrounding areas, towards shell.

Il At bottom of the channel, the refractory was found completely broken
disintegrated and soaked in water

Il Near Hot Spot Area on the tube-sheet, incoloy 800H liner was completely
damaged, ferrules in tubes were also damaged. Some ferrules were

dislocated from their positions and found at bottom of the channel. Castable
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covering the tube-sheet was completely damaged, thus exposing the
tubesheet to hot gases. Cracks on tube-sheet were observed in both
longitudinal and transverse directions. At some places, cracks were found
throughout the thickness of the tube-sheet.

Iv Opposite to manhole and also on top side of channel cover, refractory was
found broken and shrouds were exposed.

v By-pass tube was found cracked at tip at both inlet and outlet channel ends.
The incoloy 800H liner of by pass tube was also found cracked at one

location.

FAILURE LOGIC :

A. Refractory and Tubesheet Failure :
It was established that the problem was initiated by the tube leak from the
bottom row towards manhole side. The release of high-pressure boiler feed
water caused erosion and thermal shocks to refractory. Due to complete
failure of refractory, shell as well as tube-sheet, both of alloy steel and not
compatible at 931°C, started cracking. Tube-sheet had completely cracked
at some places and shell cracked up to the depth of 12mm.
Crazed pattern of cracks on tube-sheet indicate that it had been subjected to

thermal fatigue, i.e. alternate heating and cooling cycles.

B. Tube Failure
Following are the frequently contributing factors for tube failures in similar
service
1. Dry Out Phenomenon
2. Water Quality
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1. The dry out phenomenon was ruled out because of following
reasons:

I. Generally, the dry out phenomenon would result in the failure of
tubes in top rows. Whereas, in this case the tubes has failed only
in bottom rows.

ii.  Although, coincidentally and emergency shutdown was faced only
one month before this incident, no water loss or steam drum low
level operation was observed during this emergency and also
during normal operation.

ii.  Inaddition to 101-C, one gas fired water tube type auxiliary boiler
and another fire tube type waste heat boiler are also connected to
the same steam drum. And no abnormality was observed in any of
these other two boilers.

2. Water Quality

Boiler Water quality was believed to be the most probable cause for

following reasons.

. Most of the plant operators generally believe that the boiler feed
water quality is controlled and monitored strictly within the
specified limits in their plants. In spite of, the quality of water fed
to the boilers has been frequently found to be a major contributory
factor to many of such failures.

Il Boiler water irregularities can cause deposits, which get collected
at bottom of the shell in a horizontal fire tube type waste heat
boiler. This leads to an aggressive under deposit corrosion,
especially in high heat flux areas, i.e. at tube inlet side. Failure in

bottom row of tubes also explains this phenomenon.
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Boiler manufacture also believed this to be the most probable reason.
Later, it was known that similar failures are not unusual after several
years of services.

To avoid under deposit corrosion problem, periodic chemical cleaning

from waterside may be considered.

REPAIR WORK:

The tube sheet was very badly damaged by hot gases and cracked in both
longitudinal and transeverse directions near hot spot area. At some places,
grinding was carried out to find the depth of cracks, which were found throughout
the thickness of the tube-sheet. Due to this it was decided to put a patch on tube-
sheet covering 14 tubes and filler weld with the tube-sheet at both sides i.e. inlet

and outlet side.

On inlet channel shell, depth of cracks were determined by Ultrasonic testing and
found to be 12mm. The same was also repaired by complete grinding followed by
welding. After welding, it was inspected by penetrant test and post-welding heat-

treating (PWHT) was carried out.

After PWHT, in order to do Hydro test, boiler drum 101-CF and shell of 101-C
were filled with water. With the head pressure of @1.5Kg/cm?, patch welding at
inlet and outlet channel over plugged tubes started leaking from heat affected
zone.

After draining out water from shell side, gouging was carried out from leaking

area followed by welding. Inspection by penetrants and PWHT was carried out.
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After PWHT, leak test was carried out by air at 5.0psi. Further, it was leak tested
by water at 30kg/cm2 for 30 minutes. After leak test, refractory was replaced in
bottom half and on the tube-sheet. Incoloy 800 liner was placed on tube-sheet and

followed by curing of refractory.

POST REPAIR EXPERIENCE:

The significant difference between pre- and post failure operation was in boiler
water control limits. For some parameters, the control limits were made stricter by
following the VGB guidelines. These control limits are furnished in Table-2.
However with the kind of damage this boiler material had suffered and the severe
operating conditions it was undergoing, long run future reliability was very much
in doubt. Early replacement was recommended.

Not unexpectedly, the failure repeated after five months of operation on 18
August 1991. This time extra cautious operating staff identified the failure
immediately, thanks to the thermocouple located at the bottom of the inlet
channel. This immediate symptom was sudden drop of @ 23-30 degC in inlet
temperature, presumed as the result of water spillage at bottom side. This time,
two tubes were found leaking, again in bottoms rows of tubes but little away from

fist failure.

The plant was restarted with no further change in operating conditions. To our
disappointment, the boiler failed within two months of operation on 07 October
1991, by displaying the same symptoms. This time, nine tubes had leaked in the
bottom most row. Including this, total blocked tubes were now @7%. The tube

failure layout is placed at Figure-2.
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The plant load reduced to 100% and the inlet temperature was brought down to
900°C. With these changes, the boiler did not fail anymore till the replacement in
January 1993.

NEW BOILER:

Right form the first failure observations; it was decided to order a new boiler at
the earliest, based on the factual saying “A single failure can easily result in a
profit loss equal to the total cost of the boiler”. Also important was that this
specially designed boiler is supplied by very few fabricators and with long

delivery time.

The same design and manufacturer were selected based on the following reasons.
1. This boiler has performed satisfactorily at least for eight years of operation.
2. More number of boilers, of same make and design, compared to the nearest
competitor were operational with satisfactory performance.
3. The alternative design required many changes in down comer and riser
piping with the common steam drum for other two boilers; it looked unwise

to go for outright changes.

The new boiler was purchased with some, but not significant changes. The new

and old boiler specifications are compared in Table-1.

REPLACEMENT AND CHEMICAL CLEANING:

This particular equipment is situated in a very congested layout. To replace this

equipment, structures and high pressure pipe lines had to be cut and re welded.
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The replacement job was completed within thirty-five days. These included the

four days of chemical cleaning operation.

As described earlier, this boiler is part of a wide network of steam/ bfw pipelines
and equipment’s. The chemical cleaning of other equipment’s/ piping was not
required, rather preferred to avoid. To meet this requirement, the chemical
cleaning of 101-C only was carried out by inserting the chemical circulation hoses
into the riser openings of 101-C through steam drum manhole. The multiple

outlets were taken from the blowdown valves available at the bottom of 101-C.

CONCLUSION:

Severe operating conditions and special design features provide little operational
flexibilities and demand very strict water quality control. Statistically, failure
frequency of such kind of waste heat boilers is high and post-repair life is very
low. Inspection including tube thickness measurement in every turnaround is
highly recommended. It is advisable to order the new boiler at the earliest as
delivery of this boiler is very long and “A single failure can easily result in a profit

loss equal to the total cost of the boiler”
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ATTACHMENTS:

TABLE-1: 101-C SPECIFICATIONS
SL.# PARAMETER NEW 101-C OLD 101-C
SHELL TUBE | SHELL | TUBE
1 |Fluid BFW/ Process BFW / Process
Steam Gas Steam Gas
Fluid Flow, Kg / Scc 558 41,76 558 41.76
(100% Load)
3 |Temp. In/ Out, Deg. C 3147314 1996 /371 | 314/314 | 9967371
4 |Operating Press., bar (E) 103 303 103 30.3
5 |Circulation Ratio 12:1 - 12:4:1
6 [Heat Duty, MM Kcal / Hr Si.5 51.5
7 |Surface Area, M2 4613 472
L 8 |Design Pressure, Bar (E) 118 34 118 34
9 |Design Temp., Deg. C 143 1010 1n/ 343 1010 In/
480 Out 480 Out
I1¢ |No. of Tubes 460 420
| 11 |Tube Lenpth, MM 8,450 8,450
12 |Tube OD ¢ THK, MM 38/5 424745
13 [Tube Pitch, MM 51191 6/96 |
14 |Shell OD / THK, MM 2206 /96 2233/ 110
15 [Tube Material SA213T 12 SA213T 12
|6 |Shell Material SA302GRC SA 516 GR 70
17 [Tubesheet Material SA387GR 12CL2
Inlet Channel SAJ8TGR12CL2 [ ga 387 GR 22 CL2
Outlet Channel SA387GR12CL2
I8 |Bypass Pipe, ID MM 252.4 265
19 |Core Tubes 265M 1 I6MM 0SS | 21.3 MM QD SS, 6 M
i 20 M : 12MM ¢SS LONG
20 |Refractory for Inlet Channel  |Petrolite DA0K Plicast D40K ¢ Plicast
(Reinforced) / Plicast  |Petrolite (150 MM)
s LW122 R/G (200 MM)
PZ‘I Relractony for Tuhesheo! Pribl:co_."")!( Phcasr( Petrolite 3‘)K_-
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TABLE-2:  WATER QUALITY CONTROL LIMITS

PARAMETER | UMIT  [NEWLIMITS | OLD LIMITS
A. BOILER FEED WATER :
pllat 25 deg. C - 9.0-9.6 88-92
Si02 ppb <10 -
N2i4 ppb 20 - 100 >20
B. BOILER WATER :

L‘L .

pliat 25 dep. C s 9-10 92-99
Conductivity at 25 deg. C us/cm <50 <100
Sio2 ppb <300 <1000
Phosphate as PO4 ppm 2-6 S-10

FIGURE-1: PRIMARY WASTE HEAT BOILER (101-C)
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FIGURE-2: TUBE FAILURE LAYOUT

vy

180°

TOTAL TUBES (42.40dx4.5t): 420

NO. OF COVERED/PLUGGED TUBES

SHUT | NO. OF] DATE |SYMBOL
DOWN TUBES

151 17 |19-3-91 [ @]
2ND 2 5-8-91 | o\

3RD g 10-10-91] [¢]
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THE FACT OF WASTE HEAT IN INDUSTRY

O Roughly one-third of the energy consumed by industry is
discharged as thermal losses directly to the atmosphere or to
cooling systems,

O These is the result of process inefficiencies,

O In USA it is estimated that between 20 to 50% of industrial
energy input is lost as waste heat,

O Recovering waste heat Ilosses provides an attractive
opportunity for an emission free and lesscostly energy
resource,

O Numerous technologies are commercially available for waste
heat recovery, However, in many cases heat recovery is ‘mot

economical or even possible, NS

ocp
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WASTE HEAT RECOVERY (WHR) FEASIBILITY AND
EFFICIENCY

Carnot Efficiency (%)
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Temperature Classification of Waste Heat Sources and Related Recovery Opportunity
. ; Disadvantages/ Typical Recovery Methods/
Temp Range Example Sources Temp (°F) Temp (°C) Advantages Barriers Technologies
Nickel refining fumace 2.500-3.000 1.370-1.630 | High-quality energy. High temperature creates | Combustion air preheat
Steel electric arc fumace 2,500-3,000 | 1.370-1.650 available for a diverse increased thermal
- rgen § 29 " 19 range of end-uses with stresses on heat Steam generation for process
i?sm DEvEeR erh ci i 5 0(5:) 20200 1 1(1)6_(1)0100 varying temperature exchange matenials heating or for mechanical/
uminum reverberatory 2,000-2, A00-1.2 requirements electrical work
fumace _ Increased chemical
Hich it fon-52 igh-efficiency power activity/corrosion umace loa eatl
g Copper refining furnace 1,400-1.500 760-820 =t fficiency p ty F load preheating
=1.200°F Steel heating fumace 1,700-1.900 930-1,040 generation
[= 630°C] Copper reverberatory furnace | 1,650-2,000 900-1,000 ] Transfer to med-low
Hydrogen plants 1,200-1,200 £50-920 High heat transfer rate per temperature processes
t
Fume incinerators 1200-2600 | 650-1430 it ares
Glass melting furnace 2.400-2.800 1.300-1.340
Coke oven 1,200-1.800 650-1,000
Iron cupola 1,500-1.800 820-980
Steam boiler exhaust 450-900 230-480 More compatible with Combustion air preheat
Gas turbine exhaust 700-1,000 370-540 heat exchanger Steam/ power generation
Medium | Reciprocating engine exhaust |  600-1,100 320590 materials Ongamow; I;““""mﬂ’;ei:f"’ for
s0.1 3 . -
?‘23300-163002:3}]. Heat reating funace 800-1.200 430-630 Practical for power Fumace load preheating,
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ENERGY PRODUCTION IN PHOSPHORIC ACID PLANT

O Phosphoric acid process uses phosphate and Sulfuric acid
to produce phosphoric acid,

Q Sulfuric acid processing is an exothermic process, the heat
released is used for steam production and electrical power
generation,

to produce steam
-70% recovered < &
to generate power

-28% » |ost by acid cooling
- 2% » |ost by radiation
[
o4
ocp
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EVOLUTION OF TECHNOLOGIES USED IN SULFURIC
ACID PLANT FOR WASTE HEAT RECOVERY

Technology
Double
absorption
contact with
HRS
. Double
absorption
Double with HRS
absorption
Single
absorption
One
absorption
Contact
1976 > 2000 FaN
Year 4,
N
ocp
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(HRS) IMPLEMENTATION IN OCP SULFURIC ACID PLANT

Flow Diagram

Cooling sea water
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Power Generation T
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PRODUCTION EFFICIENCY INCREASED WITH HSR

Installation of two heat recovery systems (HRS) in sulfuric
acid unit that led to:

O Additional production of sat. steam : 50 t/hr at 9,5 bars
O Additional power capacity : 16 MW

O Reduction of atmospheric pollutants SO2, NOx, CO

A
N
-
b
L
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REPLACEMENT OF 2 UNIT (SA) BY 1 UNIT WITH HRS

Versle bac de
pompage
commun
Préchauffeur HRS
Sortie refroidisseur TS
ey Lt o) o
>
by g byl Chaudiére HRS
g
Tour HRS et bac e Y
our HRS et bac "v"(‘;,
adjacent }y
ocp

11 PROCESS WASTE HEAT BOILERS INTEGRITY AND RELIABILITY - 1-3 DECEMBER 2014

THE NEW SULFURIC ACID UNIT WITH HRS SYSTEM

HRS tour =




CONSTRUCTION OF THE NEW SULFURIC ACID UNIT
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PERFORMANCE OF THE NEW SULFURIC ACID UNIT

Ligne H LigneB &D

Double absorption

Technology avec HRS Simple absorption
Starting date 2009 1976
Production capacity 3410 TMH/] 1500 TMH/]
Conversion yield 99,7 98

Specific production VHP 1,19
pecific production VBP 0,47 0]
Emissions <417ppm <2000ppm
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ENERGY COST REDUCTION WITH HRS SYSTEM
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> Recovering waste heat losses provides an attractive
opportunity for an emission free and lesscostly energy
resource.

> The mean factors that affect the heat recovery are: heat
quantity, heat quality and temperature,

» The implementation of HRS in OCP sulfuric acid unit led to:
» Increase in steam production,
» Increase in power generation,
» Decrease in gas emission CO2 and NOx
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INTRODUCTION

This is a case study carried out by APC to investigate a gas side corrosion problem
that resulted in repetitive tube failures and a severe fouling occurring on
economizer heating surfaces of boiler unit No.2 at its thermal power plant.

The studly relied on physical examination of the economizer tube, field data,
collected at various boiler loads, reviewing the performance data and the
economizer and boiler design.

An evaluation has been done and solutions including immediate corrective actions
and future more efficient alternatives are discussed and presented. The study
presents description of the failure, possible causes and mechanisms followed by
conclusions and recommendations.

The study concluded that the severe corrosion at the lower section of the
economizer is due to sulfuric acid condensation and the heavy fouling on the
economizer tubes is due to the present economizer configuration and arrangement
that resulted in ineffective soot blowing

For immediate operation and in order to restore the boiler reliability in a short
time, the corrosion was minimized by increasing the economizer feed water
temperature from 138°C to about 170 °C with the consequence loss in the boiler
efficiency

Future opportunities and alternatives to improve the boiler efficiency while
controlling the fouling and corrosion problems were addressed and presented.
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PROBLEM:
APC cogeneration thermal Power Plant consists of 2 steam boiler units and one auxiliary steam
boiler unit with a back pressure steam turbine and the according auxiliary systems

Boiler unit No.2 (SG4-Boiler) has a design capacity of 110 t/h process steam at 64 bar, 478°C.
The boiler with first commissioning at 1982 was completely replaced in 2004. The economizer
which made of carbon steel is a separate unit with plane casing and external reinforcement and
external insulation. One year after commissioning, the economizer started facing repetitive tubes
and bends ruptures in its lower part.

In addition to the corrosion and tube failures there was severe fouling occurring on the
economizer heating surfaces, preventing efficient heat transfer to the economizer tubes, which
resulted in a high flue gas exit temperature and hence a reduction in boiler efficiency and
increase in fuel consumption.

DATA GATHERING AND ANALYSIS

Heavy fuel oil is fired in the boiler. The oil contains about 4.0 % sulfur by weight and also
vanadium and potassium in ash. Feed water was originally supplied at 126 °C increased later to
138 °C from a deaerator operating at 2.4 kg/cm2a and further heated by steam in a HP heater.

The study relied on physical examination of the economizer tube, field data collected at various
boiler loads, reviewing the performance data and the economizer and boiler design. The
influence of fouling on the behavior of some operational parameters such as the pressure in
furnace and pressure drop in economizer and pipe metal temperature, among others, has been
verified.

An evaluation has been done and the solutions including immediate actions and the future long-
term solutions are discussed and presented in this study.

BOILER FEED WATER TEMPERATURE CONCERN

Combustion calculations and estimation of acid dew point was the starting point for the analysis
of the problem.

The calculations and the analysis clearly indicated that the feed water temperature and hence
the tube wall temperature in the inlet portions of the economizer were below the sulfuric acid
dew point temperature, sulfuric acid was condensing on the economizer tubes. Hence the back
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end of the finned tube economizer were facing severe acid corrosion (see figure 1) and tube
failures were occurring within weeks of repair/replacement

Figure 1: severe acid corrosion of economizer tube

Combustion and Acid dew point Calculations

Combustion calculations and estimation of acid dew point is the starting point for the analysis
of the problem. The following fuel data (table 1) was used as the basis:

Table 1: heavy fuel oil HFO analysis

Fuel Oil Analysis (% by weight)

Carbon 84.19%

Hydrogen 11.21%

Sulphur 4.38%

Nitrogen 0.22%
100.00%

Table 2 shows the flue gas analysis on wet and dry basis in % volume at various excess air levels
at an ambient temperature of 35C and 60 % relative humidity:

Table 2: flue gas analysis on wet/dry basis
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composition of flue gases
Component mole % | mole % | mole % | mole % | mole % | mole %
Wet Dry wet Dry Wet Dry

% Excess Air 10% 10% 15% 15% 20% 20%
cO2 12.33% | 14.2% | 11.82% |13.6% 11.35% 13.0%
SO2 0.24% 0.28% |0.23% |0.26% | 0.22% | 0.25%
02 1.75% 2.0% 2.52% | 2.9% 3.22% 3.7%
N2 72.43% | 83.5% | 72.58% | 83.3% | 72.73% | 83.1%
H20 13.25% | --- 12.85% | --- 12.48%

Total 100% 100.0% | 100% 100.0% | 100% | 100.0%

The next step is the computation of acid dew points. There are a few correlations for acid dew

points and the following correlation is widely used:

Sulfuric acid dew point "Tdp" in°K is given by:
1000/Tdp=2.276 - 0.0294*LNpH20 - 0.0858*LNpSO3 + 0.0062 *LNpH20O* LNpSO3

PSO2 vw (502 volume percent in wet gas)

pSO3 = (partial pressure of SO3, mmHg) =PSO2vw/100*CF/100%*stack presure

PH2O vw (volume percent in wet gas) = (partial pressure of H20O, mmHg) =(PH20

vw/100)*stack pressure

The major portion of sulfur in fuel is burned and appears as sulfur dioxide in the stack gas; a
small portion (2 to 4 percent) is further oxidized to sulfur trioxide. These oxides combine with
the moisture in the flue gas to form sulfurous and sulfuric acid vapors. When in contact with a
surface below the acid dew point, condensation takes place.Table 3 shows the acid dew point
calculations at different excess air levels:

Table 3: sulfuric acid dew point calculations

Composition of Wet Flue Gases (mole %)

% Excess Air 10% 10% 15% 15% 20% 20%
Conversion factor,% of So2 to So3 2% 49, 2% 49, 2% 49/
CcO2 12.33% | 12.33% | 11.82% | 11.82% | 11.35% | 11.35%
SO2 0.24% 0.24% | 0.23% |0.23% 0.22% | 0.22%
02 1.75% 1.75% | 2.52% | 2.52% 3.22% | 3.22%
N2 72.43% | 72.43% | 72.58% | 72.58% | 72.73% | 72.73%
H20 13.25% | 13.25% | 12.85% | 12.85% | 12.48% | 12.48%
SO3 ppmv (volume/volume) | 48 96.2 46.1 92.3 44.3 88.6
Sulfuric acid dew point(°C) | 156.6 164.0 155.9 163.3 155.2 162.6
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Hence the acid dew point varies from 155 to 163 C.

It should be noted that due to steam soot blowing, the moisture content will increase for brief
periods locally when the dew point temperature can be slightly higher. Also, the ash particulates
present in the flue gas deposit on the tubes lowering the tube wall temperatures further causing
condensation. Considering these issues and some margin in the correlation, a safe value for acid
dew point would be 170 C if no other measures were taken to help in lowering this value.

Solving the corrosion problem

Increasing the feed water temperature

As sulfuric acid dew point calculated above based on the field data ranges 155 °C to 163 °C, so
for immediate operation, the feed water temperature was increased to 170 °C by using an
auxiliary steam heat exchanger, which already installed between the deaerator and the
economizer to prevent condensation of acid vapor on tubes and thus minimize acid dew point
corrosion concerns. The exit gas temperature became higher in the range of 215 °C to 225 °C.
This is much higher than the value shown by the boiler supplier for the original design (namely
157 'C) with about 3% consequence loss in the boiler efficiency.

Utilization of Fuel Additives:

The study considered a further method for reducing the sulfuric acid dew point by the use of
fuel additives.

The plant already utilizes magnesium hydroxide slurry and organometallic additives for
protection against low- and high-temperature corrosion and for avoiding and neutralizing high
corrosive settlements on boiler tubes and economizers.

By applying these additives, reduction in the conversion of SO2/SO3 and thus decreasing the
acid dew point could be achieved.

The study considered increasing the magnesium hydroxide slurry dosage rate and decreasing the
feed water temperature in a controlled manner. This enabled us working safely below the
sulfuric acid dew point calculated above, and reducing the loss in boiler efficiency by about 1%.

Gradually increasing the fuel additive dosage rate from 250 ppm to 400 ppm with consequent
decreasing of the feed water temperature form 170°C to 155°C was successfully accomplished. A
close monitoring of ash pH downstream the economizer and the behavior of some operational
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parameters such as the pressure in furnace and pressure drop in the economizer while allowing
sufficient trial time was necessary to guarantee success. Table 4 shows the results obtained:

Table 4: fuel additive dosage rate versus feed water temp and ash pH

Feed Water Temp. °C | Magnesium Hydroxide ppm | Trial Period, months Ash PH, range
170 250 3-4 5.0-6.0

165 300 3-4 48-59

160 350 3-4 44-55

155 400 3-4 4.1- 4.9

The results indicate a successful reduction in the feed water temperature and hence reduction in
boiler efficiency loss.

Replacement of the economizer’s lower section

The study concluded that the heavy fouling on the economizer tubes is due to its current
configuration and arrangement as it has been designed with staggered arrangement at close tube
spacing. This will be discussed later.

Though the above conclusion and to restore the boiler reliability in a short time, the heavily
corroded lower section was replaced with the same tube arrangement; due to difficulties of the
inline arrangement as lower fin density needs extra spaces and modification on the existing flue
gas duct arrangement.

ECONOMIZER ARRANGEMENT CONCERNS

There are some other concerns with the present design of the economizer

e The boiler economizer has been designed with staggered arrangement at close tube
spacing. For a clean fuel such as natural gas, a staggered-tube arrangement may be used.
For heavy oil fuel, an in-line arrangement is necessary to combat tubing deposit buildups
and to avoid plugging. The presence of the layer of dust or particulates will in turn lower
the tube wall temperatures further, thereby causing further condensation of acid vapor.
Staggered arrangement is not recommended when flue gases contain ash or dust
particulates, though small in quantity. Over a period of time, the accumulation can
become large as can be seen from the failed tubes. Fig 1 shows Inline and staggered
arrangement of tubes
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GAS FLOW GAS FLOW
00000 5000
00O % < OO0 00O
PP 00000

inline staggered

Fig 1: Inline and staggered arrangement of tubes. Staggered is difficult to clean with ash/dust
laden gases

e The use of 3 fins/in for this situation is also not a good choice for the design of the
economizer. As can be seen from the failed tubes, the ash and dust settles on the tubes
and is difficult to clean. Frequent soot blowing also is a concern as it increases the
moisture and makes the ash wet and sticky, besides increasing the acid dew point
temperature. The acid then corrodes and eats away the tubes and fins. Hence a lower fin
density is recommended for the tubes for better cleaning and lesser fouling.

o Field data were collected at 76 t/h and 107 t/h as shown below in table 5 and the boiler
calculations were reconciled to provide predicted data close to the field data for both the
cases. The fouling factor for the economizer had to be raised to a very high value,
namely 0.006 to 0.01 m2hC/kcal to match the field data. This is a very high fouling
factor. Normal fouling factor is in the range of 0.001 m2hC/kcal for heavy oil firing.

Table 5: data used for performance evaluation and predictions

Case Field Predict | Field Predict | Heat Predict
data data balance

Steam flow, t/h 107 107 76 76 110 110

Pressure,kg/cm2g 60 60 49 49 64 64

Steam temperature,C 488 488 476 476 487 487
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Feed water temp,C 150 150 165 165 138 138
Water temp leaving eco,C 256 263 252 251 239 267
Steam temp before spray,C 380 430 370 414 409 434
Steam temp after spray,C 351 366 340 350 301 367
Spray water flow,kg/s - 1.8 - 1.24 0.9 1.97
Gas temp to eco,C >510 529 445 467 602 533
Gas temp leaving eco,C >200 | 205 216 208 157 174
Oxygen % vol dry 2.5 2.5 3.2 3.2 2.4 2.4
Eco fouling,m2hc/kcal 0.0061 0.01 0.001 0.001

The study recommended replacing the economizer’s bottom section which faced severe fouling
with equivalent finned tubes in inline arrangement with 2 fins/in instead of the existing 3 fins/in
staggered arrangement. This option needs some modifications on the flue gas duct and extra
space. It is possible that with inline arrangement and lower fin density, soot blowing will be
more effective and fouling will be less and hence exit gas temperature may not be that high, say
10 to 15 C lower.

BOILER ARRANGEMENT CONCERNS

The study shows some other concerns with the design of the boiler; it indicates that the boiler
design was not optimized and could have been better. The evaporator size should have been
larger with a lower gas temperature entering the economizer. This will help to have a higher
economizer approach temperature and will also reduce the duty of the economizer. The surface
area for the economizer also would have been reduced. This would permit operation without
economizer steaming even if the superheater and evaporator surfaces got fouled up over a
period of time.

Future opportunities and alternatives to improve the boiler efficiency

It’s worth mentioning that reducing excess air will reduce the "cold-end" corrosion problem.
Reducing the excess air decreases the quantity of sulfuric acid vapor within the stack gas.
Research indicates a direct relationship between sulfur trioxide formation and excess oxygen (or
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air) levels. With reduced excess air, stack gas volume is also reduced. Stack gas temperature is
also reduced because gas velocities are reduced, allowing the gas to spend more time inside the
boiler where the heat can be absorbed. The economics are attractive. As a rule of thumb, boiler
efficiency can be increased one percent for each 1.8 reduction in excess oxygen or 20 C
reduction of stack gas temperature

Future opportunities and alternatives to improve the boiler efficiency while controlling the
fouling and corrosion problem:s:

1. The study recommended replacing the economizer’s bottom section which faced severe
fouling with equivalent finned tubes in inline arrangement. This option needs some
modifications on the flue gas duct and extra space. It is possible that with inline
arrangement and lower fin density, soot blowing will be more effective and fouling will
be less and hence exit gas temperature may not be that high, say 10 to 15 C lower.

The study concluded that due to the smaller evaporator surface, it will be difficult to add
more surfaces to the economizer to improve the efficiency as steaming of economizer can
occur, which is to be avoided.

The estimated cost of this option; equivalent carbon steel inline arrangement and lower
fin density, is 200,000 USD; the improvement in the boiler efficiency will be about 0.5%
equivalent to 175,000 USD annually.

2. Using Teflon coated tubes for the lower section or stainless steel finned tubes or duplex
tubes and operate at better efficiency with a lower feed water temperature. This
alternative prolongs the life of the economizer and allows operation even with some
acid condensation and so the economizer exit gas temperature can be lower and boiler
efficiency can be higher. These are however expensive materials and some modifications
to the existing system will be required to implement this option as liquid sulfuric acid can
be formed.

It is important that when implement this option, the stack gas exit temperature be
maintained above the acid dew point to avoid corrosion downstream of the
economizer.

By the implementation of this option the feed water temperature will be reduced to the
minimum while keeping flue gas temperature leaving the economizer above 160 C to
prevent stack corrosion. The estimated cost of this option using 2205 duplex tubes, inline
and low fin density arrangement is 450,000 USD the improvement in the boiler
efficiency will be about 2.0 % equivalent to USD 700,000 annually.
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CONCLUSIONS

The study concluded the following immediate actions and future more efficient opportunities
and alternatives

The following immediate actions have been taken to restore the boiler reliability in a short time:

1. The sulfuric acid dew point calculated based on the field data ranges 155 °C to 165 °C, so
for immediate operation, the feed water temperature was increased to 170 °C with the
consequence loss in boiler efficiency of about 3%.

2. To mitigate this high loss of efficiency, the magnesium hydroxide slurry fuel additive used
to decrease the feed water temperature gradually from 170 °C to 155 °C. This reduced
the efficiency loss by around 1%.

3. To restore the boiler reliability in a short time, the heavily corroded lower section was
replaced with the same tube arrangement; due to difficulties of the inline arrangement as
lower fin density needs extra spaces and modification on the existing flue gas duct
arrangement.

Future opportunities and alternatives to improve the boiler efficiency while controlling the
fouling and corrosion problem:s:

1. The study recommended replacing the economizer’s bottom section which faced severe
fouling with equivalent finned tubes in inline arrangement. It is possible that with inline
arrangement and lower fin density, soot blowing will be more effective and fouling will
be less and hence exit gas temperature may not be that high, say 10 to 15 C lower.

2. Using Teflon coated tubes for the lower section or stainless steel finned tubes or duplex
tubes and operate at better efficiency with a lower feed water temperature.
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INTRODUCTION

= This is a case study carried out by APC to investigate a
gas side corrosion problem that resulted in repetitive
tube failures and a severe fouling occurring on
economizer heating surfaces of boiler unit No.2 at its
thermal power plant.

The study relied on physical examination of the
economizer tube, field data collected at various boiler
loads, reviewing the performance data and the
economizer and boiler design.

An evaluation has been done and solutions including
immediate actions and future more efficient
alternatives are discussed and presented.
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PROBLEM

Boiler unit No.2 (SG4-Boiler) has a design capacity of
110 t/h process steam at 64 bar, 478°C. The boiler
with first commissioning at 1982 was completely
replaced in 2004. The economizer which made of
carbon steel, it started facing repetitive tubes and
bends ruptures in its lower part one year after
commissioning

Severe fouling occurring on the economizer heating
surfaces, preventing efficient heat transfer to the
economizer tubes, which resulted in a high flue gas
exit temperature and hence a reduction in boiler
efficiency and increase in fuel consumption.
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DATA GATHERING AND ANALYSIS
BOILER FEED WATER TEMPERATURE CONCERN

= Heavy fuel oil is fired in the boiler. The oil contains about
4.0 % sulfur by weight and also vanadium in ash. Feed
water was originally supplied at 126 °Cincreased later to
138 °C from a deaerator operating at 2.4 kg/cm2a and
further heated by steam in a HP heater.

Combustion calculations and estimation of acid dew
point is the starting point for the analysis of the problem.
The following fuel data was used as the basis:
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DATA GATHERING AND ANALYSIS

BOILER FEED WATER TEMPERATURE CONCERN

Fuel Oil Analysis (% by weight)

Carbon 84.19%
Hydrogen 11.21%
Sulphur 4.38%

Nitrogen 0.22%

AFA Workshop on Process Waste Heat Boilers Integrity and Reliability , Qatar, 2014




|  DATA GATHERING AND ANALYSIS
BOILER FEED WATER TEMPERATURE CONCERN

Component mole %
Wet

% Excess Air 10%

CcO2 12.33%

sO2 0.24%

02 1.75%

N2 72.43%

13.25%

100%

mole %
Dry
10%
14.2%
0.28%
2.0%

83.5%

100.0%

mole % mole % mole % mole %
wet Dry Wet Dry
15% 15% 20%

11.82% 13.6% 11.35%

0.23% 0.26% 0.22%

2.52% 2.9% 3.22%

72.58% 83.3% 72.73%

12.85% 12.48%

100% 100.0% 100% 100.0%
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I BOILER FEED WATER TEMPERATURE CONCERN
Combustion and Acid dew point Calculations

= The next step is the computation of acid dew
points. There are a few correlations for acid
dew points and the following correlation is
widely used:

Sulfuric acid dew point "Tdp" in’K is given by:
1000/Tdp=2.276 - 0.0294*LNpH20 -
0.0858*LNpSO3 + 0.0062 *LNpH20*
LNpSO3
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BOILER FEED WATER TEMPERATURE CONCERN
Combustion and Acid dew point Calculations

Composition of Wet Flue Gases (mole %)
% Excess Air 10% 10% 15% 15% 20% 20%
Conversion faciorh of So2 2% 4% 2% 4% 2% 4%
cOo2 12.33% 12.33% 11.82%  11.82%  11.35% 11.35%
SO2 0.24% 0.24% 0.23% 0.23% 0.22% 0.22%
02 1.75% 1.75% 2.52% 2.52% 3.22% 3.22%

N2 72.43% 72.43% 72.58% 72.58% 72.73% 72.73%

H20 13.25% 13.25% 12.85%  12.85%  12.48% 12.48%

SO3 ppmv
(volume/volume)

Sulfuric acid dew
point(°C)

48 96.2 46.1 92.3 44.3 88.6

164.0 155.9 163.3 155.2 162.6

AFA Workshop on Process Waste Heat Boilers Integrity and Reliability , Qatar, 2014

BOILER FEED WATER TEMPERATURE CONCERN
Combustion and Acid dew point Calculations

It should be noted that the critical factors governing

the sulfuric acid dew point corrosion include
the presence of corrosive quantities of sulfur trioxide,

the presence of moisture in the flue gas, and
the presence of metals whose surface temperature is below the
sulfuric acid dew point

The dew point increases as the quantity of sulfur
trioxide in the flue gas and the moisture content of
the flue gas increase
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BOILER FEED WATER TEMPERATURE CONCERN
Solving the corrosion problem

The following immediate actions have been taken
to restore the boiler reliability in a short time

1. Increasing the feed water temperature

= As sulfuric acid dew point calculated above based on the field
data ranges 155 °C to 163 °C, so forimmediate operation, the
feed water temperature was increased to 170 °C by using an
auxiliary steam heat exchanger

The exit gas temperature became higher in the range of 215
°C to 225 °C. This is much higher than the value shown by the
boiler supplier for the original design (namely 157 C) with
about 3% consequence loss in the boiler efficiency

AFA Workshop on Process Waste Heat Boilers Integrity and Reliability , Qatar, 2014

BOILER FEED WATER TEMPERATURE CONCERN
Solving the corrosion problem

2- Utilization of Fuel Additives:

The study considered a further method for reducing the
sulfuric acid dew point by the use of fuel additives.

The plant already utilizes magnesium hydroxide slurry and
organometallic additives for protection against low- and high-
temperature corrosion and for avoiding and neutralizing high
corrosive settlements on boiler tubes and economizers.

By applying these additives, reduction in the conversion of
S0O2/S03 and thus decreasing the acid dew point could be
achieved.

This enabled us working safely below the sulfuric acid dew
point calculated above, and reducing the loss in boiler
efficiency by about 1%.
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Feed Water Temp. Magnesium Trial Period,

°C

170

165

160

155

BOILER FEED WATER TEMPERATURE CONCERN
Solving the corrosion problem

Ash PH,

Hydroxide ppm months ’ range
250 3-4 5.0-6.0
300 3-4 4.8-5.9

350 3-4 44-55

400 3-4 4.1-4.9
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BOILER FEED WATER TEMPERATURE CONCERN
Solving the corrosion problem

3- Replacement of the economizer’s lower section

= The study concluded that the heavy fouling on the
economizer tubes is due to its current configuration and
arrangement as it has been designed with staggered
arrangement at close tube spacing. This will be discussed
later.

= Though the above conclusion and to restore the boiler

reliability in a short time, the heavily corroded lower
section was replaced with the same tube arrangement;
due to difficulties of the inline arrangement as lower fin
density needs extra spaces and modification on the
existing flue gas duct arrangement.
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ECONOMIZER ARRANGEMENT CONCERNS

= The boiler economizer has been designed with staggered
arrangement at close tube spacing. For a clean fuel such
as natural gas, a staggered-tube arrangement may be
used. For heavy oil fuel, an in-line arrangement is
necessary to combat tubing deposit buildups and to
avoid plugging.

Inline and staggered arrangement of tubes
GAS FLOW GAS FLOW
OO 000
OO OO0
OO 0O <
(1_) (? O O G—
ST

inline
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ECONOMIZER ARRANGEMENT CONCERNS

= The use of 3 fins/in for this situation is also not a good choice for the
design of the economizer. As can be seen from the failed tubes, the
ash and dust settles on the tubes and is difficult to clean. Frequent
soot blowing also is a concern as it increases the moisture and makes
the ash wet and sticky, besides increasing the acid dew point
temperature. The acid then corrodes and eats away the tubes and
fins.

Field data were collected at 76 t/h and 107 t/h as shown in the table
below and the boiler calculations were reconciled to provide
predicted data close to the field data for both the cases. The fouling
factor for the economizer had to be raised to a very high value,
namely 0.006 to 0.01 m2hC/kcal to match the field data. This is a
very high fouling factor. Normal fouling factor is in the range of
0.001 m2hC/kcal for heavy oil firing
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ECONOMIZER ARRANGEMENT CONCERNS

Case Field data  Predict Predict Predict

Steam flow, t/h 107 107 76 110
Pressure,kg/cm2g 60 60 49 64

Steam temperature,C 488 488 487
Feed water temp,C 150 150 138

Water temp leaving

256 263 267
eco,C

Steam temp before
spray,C

Steam temp after spray,C 351 366 367
Spray water flow,kg/s - 1.8 - . 1.97
Gas temp to eco,C >510 529 533
Gas temp leaving eco,C  >200 205 174
Oxygen % vol dry 2.5 2.5 . . 2.4

Eco fouling,m2hc/kcal 0.0061 0.001

380 430 434
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Future opportunities and alternatives to

improve the boiler efficiency while controlling the fouling
and corrosion problems:

1. Replacing the economizer’s bottom section which faced
severe fouling with equivalent carbon steel inline
arrangement and lower fin density

in-line arrangement is necessary to combat tubing deposit
buildups and to avoid plugging

a lower fin density is recommended for the tubes for better
cleaning and lesser fouling.

The estimated cost of this option is 200,000 USD; the
improvement in the boiler efficiency will be about 0.5%
equivalent to 175,000 USD annually
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Future opportunities and alternatives to

improve the boiler efficiency while controlling the fouling
and corrosion problems:

2- Using Teflon coated tubes for the lower section or

stainless steel finned tubes or duplex tubes and operate
at better efficiency with a lower feed water temperature. This
alternative prolongs the life of the economizer and allows
operation even with some acid condensation and so the
economizer exit gas temperature can be lower and boiler
efficiency can be higher.

These are however expensive materials and some
modifications to the existing system will be required to
implement this option as liquid sulfuric acid can be formed.
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Future opportunities and alternatives to

improve the boiler efficiency while controlling the fouling
and corrosion problems:

= |tisimportant that when implement this option, the stack gas
exit temperature be maintained above the acid dew point to
avoid corrosion downstream of the economizer.

By the implementation of this option the feed water temperature
will be reduced to the minimum while keeping flue gas temperature
leaving the economizer above 160 C to prevent stack corrosion. The
estimated cost of this option using 2205 duplex tubes, inline and low
fin density arrangement is 450,000 USD the improvement in the
boiler efficiency will be about 2.0 % equivalent to USD 700,000
annually.
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