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ABSTRACT

Dual enhanced tubes for LNG train pre-cooling circuit heat exchangers are now well known following their
systematic use in all six AP-X trains in Qatar. Operational feedback since first startup in 2009 has been that
the expected performance is met and even exceeded. For a given plant capacity, dual enhanced tubes
provide a reduction in equipment size and associated cost savings. This technology has now been adopted
for several grass root LNG plants as well as being considered for debottlenecking. The process design must
be optimised to get maximum benefit from dual enhanced tubes. A balance is struck between reduction of
the exchanger surface area and the reduction of the refrigerant compressor shaft power that results from
using the reduced cold end temperature approach that is possible with this technology. This paper will
describe the results of a study to assess the potential LNG production increase. Keeping the same
liquefaction process (C3/MR) but using dual enhanced tubes, an increase in LNG capacity for constant
refrigerant power and without any impact on the liquefaction unit CAPEX will be demonstrated. The paper
will show that the use of dual enhanced tubes at an early stage of a project allows a significant increase in
LNG plant capacity while minimizing the impact on :

a€¢ heat exchangers size, &€¢ plot plan 8€¢ equipments costs a€¢ installation costs.
INTRODUCTION

Dual enhanced tubes for LNG train pre-cooling circuit heat exchangers are now well known following their
systematic use in all six AP-X Mega-LNG ftrains in Qatar as well in the three first LNG trains after
debottlenecking (all those trains being operated by QatarGas). Operational feedback from the six Mega-
trains since first startup in 2009 has been that the expected performance is met and even exceeded. For a
given plant capacity, dual enhanced tubes provide a reduction in equipment size and associated cost
savings for a given targeted LNG production. This technology has now been adopted for several grass root
LNG plants as well as being considered for debottlenecking.

Over the last 18 years, Technip and Wieland have collaborated to qualify dual enhanced tubes with the aim
of becoming a hydrocarbon processing industry standard especially for large shell-and-tube heat exchangers
for grassroots LNG and ethylene plants. This long experience allows the process scheme taking great
advantage of the high efficiency tubes performances to minimize shell size and optimize fluid temperature
approaches.

As LNG plant design is often based on utilizing the maximum power available from selected gas turbines
driving the refrigerant compressors, one of the well-known possibilities for increasing the LNG plant
throughput is by decreasing the temperature approaches on the refrigerant evaporators and condensers.

Shell and Tube heat exchangers are the conventional technology used for these services but limits are
reached when temperature approach reduction is targeted:

=  Onset of nucleate boiling



= Condensing coefficient

= By passes

Dual-enhanced tubes enable:

e High heat transfer coefficients at low temperature
approaches

e Compact designs compared to plain tubes

The value of enhanced surface heat exchangers is
illustrated in this paper through a comparative study of a
complete LNG frain with and without the improvement
proposed.

Wieland GEWA-PB and GEWA-KS are used in the
propane exchangers of LNG trains in Qatar, and soon
in Papua New Guinea and Australia.

ASSUMPTIONS
As a basic case for the process study a 3.9 MTPA LNG train based on the Air Products (AP) Propane pre-
cooled Mixed Refrigerant (C3/MR) liquefaction process has been considered.
= Cooling medium: cooling water, supply temperature: 28°C.
= Availability: 93%
= Feed gas from NGL Recovery unit
Table 1: Studied Cases

Temperature Temperature
approaches on | approaches on
propane propane
evaporators condenser
Base Case 3°C 14°C
Case1 2°C 14°C
Case 2 2°C 10°C
Case 3 2°C 7°C

This study shows the benefits of a reduction on the propane chillers and the propane condenser temperature
approach on the LNG yearly production with a C3/MR unit based on the AP propane pre-cooled Mixed
Refrigerant process.
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Figure 1: Air Product C3/MR process scheme (Split MR ™)
A reduced temperature approach can be used to raise cold side temperatures or lower hot side
temperatures.

In this first illustration, we consider fixed external temperatures (cooling water, Feed Gas and Mixed
Refrigerant) and variation of the propane conditions.

The following diagram enables us to appreciate the gain in terms of compressor work when the condensing
temperature and pressure decreases and the chillers operating temperature and pressure increases.
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Figure 2: Enthalpy diagram



The 1-2 line goes down when the temperature approach is reduced on the condenser (lower condensing
pressure) and the 3L-3V line goes up when the temperature approach is reduced on the chillers meaning
that the chiller pressure is increased.
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Figure 3: Temperature profiles

In practice it is of more interest to take advantage of smaller temperature approaches to increase LNG
production.

This is furthermore the effect of retubing existing exchangers with Dual enhanced tubes.

It results directly on a reduced Propane Compressor consumed power which is in relation with the 5-1 line.
The available power can be used to increase the Propane flowrate in order to increase both the Mixed
Refrigerant flowrate and the Feed Gas flowrate.

SMALLER TEMPERATURE APPROACHES BRING INCREASED LNG PRODUCTION AT CONSTANT
COMPRESSOR POWER

Table 2 summarizes the increased in LNG production considering constant total power for the Propane and
the Mixed Refrigerant compressors for the studied cases in Table 1. The specific power reflects increased
production thanks to better efficiency brought by the enhanced heat exchanger surfaces. The associated
production gain is for a nominal plant design capacity of 7.8Mtpa (2 trains of 3.9Mtpa each) :

Table 2: Process impacts

Base Case Case 1 Case 2 Case 3
3K on Chillers 2K on Chillers 2K on Chillers 2K on Chillers
14K on 14K on 10K on 7K on
Condenser Condenser Condenser Condenser
Total compressor power (MW) 268 268 268 268
Specific power" (kWhit) 0.34 0.34 0.33 0.33
Production increase (%) ~1 ~2 ~3.5

(1) Including Feed gas booster, BOG compressor, 5 MW other consumers....

In the base case the levels of propane pressure are respectively fixed at 1.25 bara, 2.5 bara and 4.75 bara
for each propane compressor stage.

The MCHE is optimized for each case in terms of MR composition and flow rate, MR pressure at MR
Compressor inlet, interstage temperature between hot and cold bundle. The pressure drop in the exchanger
remains the same for all studied cases. As the optimization of the MCHE is subject to Licensor design and
as Licensor has not been consulted for this study a temperature approach of approximately 3°C has been
set for both bundles.
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From a general point of view as the feed gas inlet temperature to MCHE decreases in all cases compare to
base case it is easier to liquefy. More feed gas flow rate can be handled by MCHE and MR flow rate
increases.

THERMAL DESIGN PHILOSOPHY

Figure 4 shows a typical scheme for a propane refrigerant loop with the following exchangers:
= The Propane Condenser,

= The Propane / Mixed Refrigerant chilling train (3 or 4 kettles),

= The Propane / Feed Gas chilling train (3 or 4 kettles).

And

= The Propane Desuperheater, for which the outlet temperature is controlled 5°C above dew point,

= The Propane subcooler.
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Figure 4: Simplified Refrigeration loop scheme

The key heat exchangers are the Propane/Mixed Refrigerant chillers, the Propane/Feed Gas chillers and the
Propane Condenser. The reduction on the temperature approach on these particular exchangers enables an
increase in LNG production. For all studied cases, the chilling trains and the propane condenser have been
designed each with the suitable Dual-enhanced tubes.

For boiling services, the minimum temperature difference, for the onset of nucleate boiling, required between
the tube wall and the bulk, for the GEWA PB structure is lower than for standard tubes. This allows a
temperature approach reduction without any significant impact on overall heat exchanger dimensions.

For condensing applications, in contrast of boiling, there is no change in the heat transfer mechanism as
temperature differences decrease. There nevertheless remains a large increase in the required surface area
with plain tubes. The advantage of the GEWA KS is to balance the temperature approach reduction by the
heat transfer coefficient increase, leading to a minimal increase in surface area.

The desuperheater and the subcooler have been included for completeness; the impact on the global results
is negligible. Those two exchangers are not proposed with dual enhanced tubes. Their design is almost
identical for all studied cases.



IMPACT OF SMALLER APPROACHES ON SURFACE AREA, FOOTPRINT AND COST
Figure 5 shows the relative surface area (expressed as “equivalent plain”) for the 4 studied cases:
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Figure 5: Effect on the Heat Transfer surface area

The chilling trains are both impacted (approximately +30%) by the temperature approach reduction from 3°C
to 2°C.

Reducing the propane condenser approach is a key way to increase LNG production significantly with a
substantial impact on the surface area of this equipment.

Figure 6 shows the relative foot print:
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Figure 6: Effect on the foot print

The impact on the footprint is much less than for surface area.
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The chilling trains are the most space consuming but plot space is driven by the kettle shells that change
very little.

Figure 7 shows the variation in equipment cost:
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Figure 7: Effect on the equipment cost

The equipment cost study is based on the complete heat exchanger at the factory gate.

The total cost of heat exchangers in the refrigeration loop, is mainly driven by the chilling trains. Even if the
major part of the cost impact for Case 3 (the most effective in view of the LNG production) comes from the
increase in the condenser price, its share within the total stays below 30%.

LNG PRODUCTION INCREASE VS. DESIGN AND COST

The impact on the design and the benefits gained thanks to the temperature approach reductions on both
the chilling trains and the condenser are detailed below for each case. The Base Case is the reference (3K
approach on the chillers, 14K on the condenser).

Case 1 — 2K approach on the chillers, 14K on the condenser:

+15% on the total installed surface area and +6% overall footprint
20% total equipment cost increase

~1 % LNG production increase

Case 2 — 2K approach on the chillers, 10K on the condenser:
+30% on the total installed surface area and +13% overall footprint
31% total equipment cost increase

~2% LNG production increase

Case 3 - 2K approach on the chillers, 7K on the condenser:

+57% on the total installed surface area and +24% overall footprint
48% total equipment cost increase
~3.5% LNG production increase



The overall cost of the heat exchangers in question is of the order of $16MM for a 7.8Mtpa plant capacity (2
trains of 3.9Mtpa each), but this small amount, given the scale of the project, is offset by the large LNG
production increase that can generate additional revenue every year.

In the case of debottlenecking an existing LNG train where LNG output is constrained by the propane
refrigeration cycle only, additional LNG can be obtained for an investment of around 60%/tpa.

NG price Additional incomes
/MM Btu /t MM/year
3.5% of LNG . o - Y
production 5 250 68
increase
10 500 137
15 750 205

Figure 8: Expected additional income for Case 3

Based on a current LNG price of 10 $/MM Btu, the maximum extra cost of such a production increase is paid
back in less than 1 month.

CONCLUSIONS

The use of dual enhanced tubes in the shell and tube exchangers of the propane cycle of LNG trains is a
cost effective way of producing additional LNG.

Dual-enhanced tubes are a technological breakthrough with primary applications in clean processes such as
in LNG plants for C2 and C3 refrigeration systems. The advantages are robust TEMA shell&tube exchangers
with compactness, lightness and more heat exchange.

Dual-enhanced tubes promote very high thermal efficiency, and are suitable for boiling and condensing at
small temperature differences where standard tubes are no longer applicable. Beyond this, system
improvements can be achieved with savings regarding refrigerant and process fluid inventory as well as
reduced pipe racks, support structures and foundations.

Propane condensation has been studied here only with cooling water within a Shell & Tube exchanger
whereas the industry is leaning towards air cooling. Technip is willing to extend the approach to consider
propane condensation in an air cooler.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



