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Abstract

Natural gas is a versatile energy resource. Theaddrfor natural gas is constantly rising and
new sources for natural gas are needed. Somes# Hueirces can be very remote and
conventional production methods cannot be app&adall remote natural gas reservoirs
might hold valuable resources but the construatifoa pipeline from these reservoirs is not
feasible. In these cases small scale liquefacti@amt® can help to transform the gas into a
liquid and thus open up new ways of storing, transpg and using the resource. These small
scale liquefaction plants have to consider thestment cost, efficiency and running costs of

a project.

Heat pipes are closed systems that can achievehbafttransfer rates from one end of the
heat pipe to the other. These properties can ltinsseheat exchanger to create a compact
heat exchanger design. Such heat exchangers haaeyabeen used for example in waste
heat recovery from factory exhaust. In this work #ipplication of a heat pipe heat exchanger

for the use in a natural gas liquefaction heat arglr is investigated.

An overview over the natural gas market in Chingiven to highlight the roll that liquefied
natural gas will play in China’s future. Conven@bmnatural gas liquefaction methods are
explained and the equipment commonly used in thetbods is listed. An explanation of
the heat pipe is given and the limitations durimg déperation of such a system are explained.

Finally the experimental setup that was construgexkplained and the experimental
procedures are highlighted. The results of the ex@mts with the heat pipes are presented
with a conclusion. In addition some thoughts oherr work in this field of research are
presented.
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1 Introduction

1.1 Natural Gas

Natural gas is a fossil fuel which is primarily coosed of methane. Depending on its origin

it can contain a number of other components sudfttzan, Propane and higher hydrocarbons,
water, carbon dioxide, hydrogen sulphide, helium mitrogen. Conventional natural gas
resources can be found in underground depositssasiated gas when found in the same
deposit as crude oil or as non-associated gas e in a well producing only gas. After

the gas is produced from the well it is treatecetdove unwanted components such as
heavier hydrocarbons, water and hydrogen sulpltiger sources for natural gas include
tight gas, shale gas, coal bed methane and mekiyainates. These resources are called
unconventional gas resources. Unconventional nagasaresources are in different stages of
development. Much of the future growth of the naliglas sector is expected to come from

unconventional natural gas resources.

The typical mode of transportation for natural gagipelines. These pipelines are expansive
to construct. Especially to transport natural gasss long distances is an expansive
endeavour. This has led to the natural gas maoket fimited by geographical restrictions.
Other than oil which can be transported acrossrecand has an established global market,
natural gas has established local markets in therfsas, Europe and Asia (with a link to the

Middle East) with limited interaction between thankets.

High price differences between these regions atutalagas resources located far from
potential markets have led to the developmentopidfied natural gas as an alternative mode
of transportation. When natural gas is cooled &9°C to -162°C, depending on exact
composition of the gas, it condenses to a liquidsTiquid takes up only 1/600 of the volume
of the same amount of natural gas in gaseous fonis.makes it economically feasible to
transport the liquefied natural gas in special shifhis natural gas from a remote source or
bought in a market with a low price can later bgamsfied and distributed through an existing

pipeline network.



1.2 Natural gas in China

Natural gas has been advocated by the Chinesergoeat for a number of years as part of
the solution to the countries environmental proldem the past the growth of the natural gas
industry in China was hindered by a lack of infrasture and investments. Some milestones
in the past to overcome these problems were theletion of the first West-East pipeline in
2004, the country’s first natural gas import (ie form of LNG) in 2006. In the following

year China became a net importer of natural gas.

First time net importer

Pipeline imports start
LNG imports start |
. ~
4 I I I

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Billion cubic feet a day
[+

N

M Production ® Consumption

Sources: U.S. Energy Information Administration, BP Statistical Review of World Energy

Figure 1-1 Recent development in Chinas natural ggsroduction and consumption(U.S. Energy Information
Administration, 2014)

In 2007 China joined the top 10 most gas consumaimns in the world. Starting in 2009,
China imported natural gas by pipeline from Turkmtm in addition to the increasing LNG
imports. Thanks to these early efforts to expaedutage of natural gas, the consumption has
seen a rapid increase in more recent years. In 20ifta consumed as much gas as Germany

one of Europe’s biggest natural gas users.

In total numbers China has reached a natural gasucgption of 147 bcm in 2012 which is
fivefold the 2010 level (Chen, 2013). Other enesggtors however where not stagnant either

and their total numbers still exceed that of gasyranes. Therefore the percentage of



natural gas in Chinas total energy consumptiohrstihains low. It is only because of the
efforts of the Chinese government to promote nagas that this comparably expensive
resource has not been replaced with cheaper cedé¢dricity from coal in more cases. In
this way the natural gas share in the total eneogyggumption saw a slow but steady growth

in the past.
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Figure 1-2 Primary energy consumption (in SCE) and atural gas share (in %) (Platinum Broking, 2013)

Despite equally impressive growth in the natural geoduction in that time span, China is no
longer able to sustain its own consumption. Thegabamporting natural gas in 2006 in the
country’s first LNG receiving terminal in Guangdofithey became a net importer of natural
gas in 2007 (International Energy Agency, 2039mestic production in 2012 was 108 bcm
amounting for 73% of Chinas natural gas needs.dtirese government wants to prevent
an increasing dependency on foreign natural gasiress and strongly advocates domestic
production. Through their ftand 11" five year plans production in 2012 has already
reached four times the level of 2000. Chinas nagasa industry is still fairly new in
comparison with other country’s which has oftenited the possibilities for growth in the
past. This means that in the future growth ratesdcimcrease even further. To support this
ambition, in 2011 the Chinese government reledsed # Five Year Plan which includes

many new policies to help the growth of natural. gas

Chinas natural gas production is centered in thra@r basins: the Tarim basin, the Ordos

basin and the Sichuan basin. These basins contaie tman half of Chinas proven natural
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gas resources (Higashi, 2009). All three of theenlacated inland away from the countries
east coast where the urban centers are locatedadhsitime most of the country’s energy. In
many cases missing infrastructure was a limitiradiafor production and natural gas was
only extracted for local use. This however was @dligom possible where local residents
had the initiative and financial means to makettaesition and to buy an expensive energy

source such as natural gas.

- y Songliao
N f} ’

Qaidam basin

- Gas basins producing over 10 bem per year

L
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China
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L

Major gas prospecting area

Other associated gas fields

Other gas fields with large potential

Figure 1-3 Established and suspected natural gas degts in China (Higashi, 2009)

In the upstream market 3 national oil companies@¥pcontrol the market: CNOOC,
Sinopec and CNPC. These three companies were fduhdgeng China’s economic reforms
in the 1980s. Each of the three companies waslettatd with a specific goal in mind.
CNOOC was supposed to enable cooperation withgoneartners in offshore development
in 1982, Sinopec was found as a downstream comipat883 and CNPC was responsible
for the countries onshore oil and gas businessrgjat988. Today all 3 of the companies
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have investments along the value chain in bottothend gas business and have outgrown

their original purposes.

Table 1-1 Key facts on China's national oil compang(Higashi, 2009)

CNPC/Petra China Sinope CNOOC

Government share 90% 77.42% 70.6%
Total assets (USD million)| 139 848 96 658 23 657
Income (USD million) 110 154 158 938 11892
Net profit (USD million) 20 477 7 458 4079
Net profit/income ratio 18.6% 4.7% 34.3%
Oil production (1 000 b/d) | 2 298 96 658 23 657
Gas production (mcf/d) 4 458 774 560

With most of Chinas natural gas resources locatkahd it is not surprising that CNPC, the
first company to hold responsibility for these Ithaas, is still the most dominant player in
Chinas natural gas industry. The company hold§Hé of the domestic gas resources and
80% of the infrastructure. The other 2 NOCs howererlooking for opportunities to gain a
stronger foothold in this field. CNOOC is tryingdo so with numerous LNG projects. This
focus has made them the market leader in ChinasggmgedLNG market. China United
Coalbed Methane Corporation CUCBM was found in 189@ fourth player with focus on
Coalbed methane resources. Process was slow hoamdéne company does not possess the
importance of its 3 predecessors. In 2007 the CBavket was opened to foreign investors to

speed up the process.

12



oxct/d =010 w201

] 17% | 0%
CNPC/PetroChing Sinopec CNOOC/Others

Figure 1-4 Growth in production of the different NOCs (PetroMin, 2013)

Smaller companies exist between these major pldygrheir activities are mostly limited to

small regions and to single steps in the valuerchai

Natural gas production in China consists largelprmghore gas production. Offshore gas
production does exist and more resources for bbdnd gas would be in within
technological and financial reach in front of tloasts. Despite the close proximity to the
urban coastal area where these energy productsiweudesperately needed the exploration
in these areas is unlikely in the near future. Mahthe resources lay in areas over which
China and other countries both claim ownershipividdal cases include disputes over
islands or territories between China and JaparR#mublic of Taiwan, Vietnam, Malaysia,

Brunei and the Philippines respectively (W., 2013).

In 2010 total domestic gas production in China @48 bcm of which 9 bcm came from
coal-bed methane. [2] Other unconventional naigaalresources form an even smaller part
of domestic production at the moment. At the same the Chinese government had the

goal to increase conventional production to 138 lannually until 2015.

Regionally the Sichuan Basin is the most imporgaatiuction area followed by the Ordos
and Tarim Basin. Their 2007 production levels rahéiel7 bcm in the Sichuan Basin, 15.5
cm in the Ordos Basin and 12 bcm in the Tarim Bédigashi, 2009).

China has two standing import agreements. Theifirdte natural gas supply to the west east
pipeline project which is imported from Turkmenistal' he second and more recently

commenced project is the import of natural gas fMyanmar through the Myanmar
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pipeline. Current negotiations between Russia amdaCare dealing with 2 possible import

routes for a Sino Russian import project.

The first interregional pipeline project in Chinasvthe first west-east pipeline. The need for
a west east pipeline existed independently of Ghptans to import natural gas and this
pipeline did not cross Chinese borders. The gbtdis project was to transport the gas
reserves of the Tarim-Basin in Xinjiang provinceSteanghai. In 2004 it was completed with
an annual capacity of 12 bcm. This project wag kx@anded to include a second phase with
the goal of delivering natural gas from Turkmemdtathe city of Guangzhou on Chinas
lower east coast. A 30 year agreement for 30 bumaaly was made in 2009. After 3 years
of construction this second phase of the projegabh@peration in 2012. A third phase of the
project aims to increase the capacity for impogas from Central Asian countries to China.
When completed, it will increase the capacity bgtaar 30 bcm annually in bring the
combined capacity of the west-east pipeline prajgcto 72 bcm annually of both imported

and domestically produced gas (Chen, 2013).

-~ / A}
\/~\ West-to-east pipelines ~

Horgos POIt_ /" p chanzi = Fi
o — Second
nNE — Third
Lunnan : /
- . Beijing &
Xinjiang ,
CHINA
) \
Xian )
\ Sichuan Shanghai
AR [ Nanchang
INDIA
Shaoguan
500km
| Se—
Guangzhou
Source: China National Petroleum Corp SCMP

Figure 1-5 China's west to east pipeline projectsQhen, 2013)
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Another import pipeline began operation only reefithe China-Myanmar pipeline project
includes a crude oil and a natural gas pipelinen&has been strongly pushing for the
completion of this project despite civil unrestslamanges in government in Myanmar
during the years of construction. Aside from finahtterests and resources, China’s
motivation for this project was also geopolitidalith this pipeline China has created a way
for crude oil and gas to enter their country withpassing through Strait of Malacca. This
path is open not only for resources of Myanmar. l&/hch in natural resources the country is
small and its contribution to Chinas total energgads in absolute numbers is modest. In the

future however this pipeline could also be suppltth oil from Africa or the Middle East.

- Gas pipeline
= Qil Pipeline

j-?INDI/\
——

Shwe Gas_ 1

243
Kyauk F’hyug

Bay of Bengal

Figure 1-6 Sino Myanmar pipeline project (Chen, 203)

On the 23 October 2013 the gas pipeline has comedenygeration. It is now planned to
deliver 12 bcm annually to China (Charlstons Strs, 2013). This gas will be used in the
Chinese city Kunming. Plans to expand the capaditiie natural gas pipeline already exist.
China plans to increase it to 24 bcm by 2019 whiolild make it Myanmar’s largest natural

gas customer (Hong, 2013).

Lastly China and Russia have been in discussioesrmatural gas import pipelines for many
years. China and Russia share borders east anafdsngolia which is enveloped between

the two countries. There are two possible optiongfgas import pipeline: One directly from

15



Russia to China over the eastern border and ttendegest of Mongolia not through the
countries narrow shared border at that place atithh already existing pipeline

infrastructure through Kazakhstan (Chen, 2013).

Both projects were hold back many times by disagesgs about the pricing of the natural
gas. This was the initial reason for China to sesgkiral gas imports elsewhere and finally
signing a deal with Turkmenistan in the past (Higa2009).However pricing reforms
towards a more liberal natural gas market in Clhmeexpected in the future. In 2011
Guangdong and Guangxi began to set their gas grased on imported fuel oil and LPG
prices. It is unknown how fast these reforms wdldllowed to develop and if they will be
extended to other regions (International Energynsge2012). It is however a first step
towards the liberation of the gas market in Chind avery step in this direction will also

mean a step towards higher gas prices and easiditions for Russian gas import projects.

In 2013 the Chinese President Xi visited Russiachtese the country as his first foreign
destinations to visit in is presidency. During Wisit a Memorandum of Understanding was
signed between China’s CNPC and Russia’s Gazpramecning a 30 year and 38 bcm
annual pipeline project through the eastern boofiéine two countries (Chen, 2013)his
shows that China’s interest in the realizationad gnports from Russia remains high and a
deal in one or maybe both of the possible locatwiismost likely be realized in the near
future (with the eastern project being the morarpsing candidate at this time).

China started importing natural gas as LNG in 280&n the countries first LNG receiving
terminal in Guangdong Dapeng began operation. gptisn of importing natural gas is
especially appealing to China because most ofitisral gas consumption centers are located
along the coast. Despite this late emergence omtbational LNG market China has
become the third largest LNG importer worldwidedbgolute volume in 2012. The country
imported a total of 19.5 bcm of LNG in that yearitMthis import volume, China has
surpassed UK and Spain and only the two countrittsslang LNG import history Japan and
Korea still import a higher volume than China (Ch2o13).

16



staen @ Qnteergteo (23 meesa)
© Opermional P <
- o (3 meeal o
©  UnderComtrection & Targhae (1.5 metpa) ,ﬁ.: S
Oabar (3mnega)
* Planned L Fanger (3 mevtpad wean -
o o' Tanin (3 mentpe) | ’-{9 (9"‘
& ovooc - J f o -
@  Petrochinn WL anetso Gmetse) P
L snopec N g @ o} —
YY Ao Growp G vanchery (26 mrrge) >
(g ——————
* Mighly Speculatve & S () >y 3
** Appr oved. coOMructon ¢r—-_'-:-_._i_,_‘ £ o
not wtarted G Dwpang (3mmepa) Deze
G turan (26 meepa) } "o ~L0~W
@ Guangdorg (6.7 mtpa) | U et
@ v (3.5 merepa) Searwdong 3 rerepa)
Lv.u‘-. |3 merega) — e /|

e
W Qnou (3 memips)

@ ranee (3 remtpe)

Figure 1-7 LNG terminals on China's coast (Hydrocarlon Asia, 2012)

After the first project started operation in 20663uangdong, a second project was built in
Fujian and a third one was built in Shanghai. Eretnal in Fujian received its first
shipment in 2009 while the start of operation i@ 8hanghai terminal was planned for the
same year but delayed to 2010. All three of thesgpts were initiated by CNOOC. This
National Oil Company has secured the market leguesgion in the Chinese LNG trade but
its 2 competitors have launched LNG projects a$. wtNPC build two receiving terminals in
Dalin and Jiangsu respectively which started opmrah 2011 (Chen, 2013).

In the race to secure market shares in the emetdi@trade all three NOC’s have many
projects planned for the future. Even if importwole will rise as expected, the available
receiving capacity is still likely to exceed actyaimported volume in the future. This will
however give china a unique position in the spatketa Should the price for LNG drop
unexpectedly the country could easily increase &G import volume faster than any
other buyer (Hydrocarbon Asia, 2012).
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Figure 1-8 Future development of LNG import capacity(Hydrocarbon Asia, 2012)

The supply structure to the Chinese LNG marketry diverse. Many terminals receive
shipments from more than one contractor and oftam fmore than one country. Qatar and
Australia are the biggest suppliers. In 2012 Qlbter surpassed Australia which was the
biggest supplier of LNG to China until then.

Nigeria; Trinidad: Russia: Yemen; Algeria;
02506 00714 0, l0.749 0,0854
Egypt; —————
00812 '

Oman;
0,0882

Figure 1-9 Natural Gas imports (in bcm) January toOctober 2012 (volume per
exporting country) (Chen, 2013)
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1.3 Liquefied Natural Gas

When natural gas is cooled to between -159°C a2°a it condenses and becomes a liquid.
In this form it takes up only 1/6810f the volume of gaseous natural gas. Dependirth®n
composition of the feed gas and the exact prerreat and liquefaction process the

composition if liquefied natural gas can vary bedwelifferent liquefied natural gas plants.

Table 1-2 Typical Composition of LNG from Various Liguefaction Plants (ILEX Energy Consulting, 2003)

Nigeria Arun Brunei Oman Atlantic Kenai
Component, mole % LNG LNG LNG LNG LNG LNG
Methane 87.9| 88.48 89.4 90 95 99.8
Ethane 5.5 8.36 6.3 6.35 4.6 0.1
Propane 4 1.56 2.8 0.15 0.38 0
Butane 2.5 1.56 1.3 2.5 0 0
Nitrogen 0.1 0.04 0.2 1 0.02 0.1

Liquefied natural gas can be transported by shimgr@y is required for the liquefaction of the
natural gas but the transportation of natural gdgjuid form becomes economical if the
distance between source and consumption becomésndor a pipeline to be feasible.
When transported more than 1500 km by sea or 5000ver land the transportation of
natural gas is as liquefied natural gas is econgBatadori, 2014). Natural gas resources
that were believed too remote and too far away fagpotential market can become

monetized if liquefied natural gas is considered asode of transportation.

When natural gas is processed from the well in adlynundergoes pre-treatment before it is
distributed by pipeline. During these pre-treatnstaps a number of unwanted components
is removed from the natural gas. Water is removesh the gas to prevent the formation of
hydrates that can cause severe blockages in pggelifigher carbon hydrates are removed to
regulate the heating value of the natural gas arselt the higher hydrocarbons as separate
products. Acidic gases are removed to prevent sandn the treatment equipment and

transportation pipelines.

In much the same way natural gas has to be preettéefore it can be liquefied. Water and

higher hydrocarbons form solids at the low tempeest encountered during the liquefaction
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process and would cause blockages in the equipeldlic gases could lead to corrosion in
the equipment. In contrast to normal natural gastfgatment nitrogen does not have to be
removed separately. It condenses at -196°C, a Iawgperature than methane, and thus is
still present as a gas after the methane has pezfied. It can then be removed relatively

simple in an end flash.

After the liquefaction natural gas also becomealtarnative to other fuels because of the
reduced volume. Its storage density is higher thahof other diesel fuel alternatives such as
compressed natural gas. In addition thexN@issions of LNG are significantly lower than
those of diesel fuel (Bahadori, 2014).
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2 Liquefaction processes

After the natural gas has been pre-treated to rem@ter and acidic gasses it can be
liquefied. For this phase change it has to be cbtWeapproximately -160°C depending on
the exact composition of Methane, Ethane and abeponents. This low temperature is

usually reached in 3 steps: precooling, liquefactdad sub cooling.

2.1 Cascade liquefaction process

In the cascade process several different refriger@e used in separate cycles. Each
refrigerant evaporates at an individual constampterature. More equipment is needed to
manage multiple refrigerant cycles. However with tise of individual refrigerants for each
of the liquefaction processes steps the heat egeharea can be kept small and the process

remains economical for large scale operations.

2.2 Mixed refrigerant process

In contrast the mixed refrigerant process utiliaely one refrigerant. This refrigerant is
usually a mixture of different hydrocarbons andagen as they are readily available at
liquefaction plant sides. The purpose of the misefdgerant is to match the cooling curve of
the natural gas as closely as possible. Sinceardycooling cycle with the mixed refrigerant
is used, this process uses a lower number of caspre and heat exchangers than the
cascade process and thus has lower investmenfléesthermal efficiency achieved with

this process however is lower than that of a caspadcess because a single mixed
refrigerant cannot match the cooling curve of thtural gas as closely as 3 separate cooling
cycles. Also the start-up and line-up of this pssctakes longer since time is needed to

precisely adjust the refrigerant bland every titd@Khatab, 2014).

2.3 Expander based process

Expansion based liquefaction cycles use an expansiead of a valve to provide a
refrigerant to cool the natural gas. The refrigerarnhis process is in its gaseous state during
the entire cycle. This leads to a simpler procefis avwider temperature gap between the
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natural gas and the refrigerant especially in #giriming of the cooling process with the
warm natural gas. The overall efficiency that isiaeed with this method is low. This
disadvantage however is offset in some scenaridbédgimplicity of the process when

stability is a major concern or different liquefact conditions are expected.
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2.4 APCI C3-MR process

In reality many liquefaction plants use a combiotf the 3 processes to combine their
advantages or offset their disadvantages. The usest process in base load liquefied natural
gas production and contributing for 75% of the ltotgtural gas market is the C3-MR process.
This combination of a precooling with propane agdéfaction with a mixed refrigerant can
be seen as a combination of a 2 step cascaderanckd refrigerant process. The process
was developed by Air Products and Chemicals Ind.res dominated the LNG technology
since the 1970 with single train productions agdaas 5 MTPA (Mokhatab, 2014).

LNG

Main cryogenic
heat exchanger

Feed gas > Propane Mixed refrigerant

=——F 1  Precooling N loop

Figure 2-1 C3-MR process schematic (Mokhatab, 2014)

During the precooling with propane a temperaturapgroximately -35°C is reached. The
precooling stage is simultaneously used to padhdense the mixed refrigerant used in the
later step. The gas is then liquefied in a spi@lmd heat exchanger by the mixed refrigerant
composed of nitrogen, methane, ethane and butanerovide the final cooling for the

natural gas liquefaction the mixed refrigerantesl flashed across Joule-Thompson valves
in the upper part of the spiral wound heat excharngee design has been modified in the

past in order to achieve larger plant sizes. Famgle the addition of a third cooling cycle to
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achieve the final liquefaction and sub cooling wittrogen as a refrigerant has been used to
make productions of 10 MTPA possible without tleeelopment of larger spiral wound heat

exchangers.
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2.5 Phillips optimized cascade

The Phillips optimized cascade process uses Jjezfmnts: propane, ethylene and methane.
Philips Petroleum Company developed the proce®ii960 and it was first used in 1969
in ConocoPhillips’ Kenai LNG plant in Alaska (Mokiiad, 2014).

The process uses a separate cooling cycle forrefraeerant and multiple steps of methane
refrigeration are possible. Air or cooling watee aised to condense propane and remove
compression heat and the propane is used to caméémdene and remove heat from the
natural gas. After several steps of cooling thesieedydrocarbons are removed from the
feed gas stream and the remaining methane ricansti®further cooled with methane as a

refrigerant.

Plate and fin heat exchangers or core in kettlé évezhangers can be used in this process.
These are less complicated in design than thel spamand heat exchangers used in some

other processes and can be supplied by severalfatiumes.

NGL

Feed gas i
= > M=) NG

X

Propane circuit Z

Ethylene circuit

Methane circuit ! E]

Figure 2-2 Phillips optimized cascade process schatits (Mokhatab, 2014)

&

25



2.6 Black and Veatch Pritchard Prico process

The Prico process was developed by Black and Vdtitthard and is a simple mixed
refrigerant process. The mixed refrigerant is maglef nitrogen, methane, ethane, propane
and iso-pentane to match the cooling curve of #taral gas. This process has a low
equipment course but the efficiencies achievedateas high as in multi cycle processes.

The mixed refrigerant goes through a compressigamsion cycle. After the compression
however the refrigerant stream is cooled in twpstd is first partly condensed with a
suitable air or water stream and then led throhghcbld box where it completely condenses.
Afterwards it is flashed across an expansion vedverther drop the temperature so that it
can be used in the cold box to cool down the nhgas. The feed gas stream in this process
is also cooled down in to steps. After being fasbled down to about 35°C most of the
heavy hydrocarbons in the feed gas stream are neadend can be removed. The
remaining gas stream is then lead back into the look to cool it down further and condense
it to liquefied natural gas. This also avoids treefe out problem in the later stages of the
liuefaction problem that can occur if heavier logharbons are still present at the very low
temperatures that are reached near the end ofdbegss. If heavier hydrocarbons were still
present in the heat exchanger at this point theyddorm solids and lead to a blockage in the

system.

L
e e |

Feed gas Q
[}

Mixed refrigerant
loop

Cold box

LNG

NGL I}
=

Figure 2-3 Prico process schematic (Mokhatab, 2014)
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2.7 Statoil/Linde mixed fluid cascade process

This process design was develop especially fousieein base load liquefied natural gas

plants in harsher environments such as the Snplavit in Norway where it is in use today.

It combines mixed refrigerants with a cascade aesign effort to improve the
thermodynamic efficiency and create a flexible pl&ate and fin heat exchangers are used
in the precooling step while the liquefaction anb sooling are achieved in spiral wound
heat exchangers. The refrigerants are made up thlame, ethane, propane and nitrogen. The
only plant build with this design so far has a aafyaof 4.3 MTPA.

Feed gas
ik
] Precooling I
cycle
[Vl
L} Q
v Liquefaction
cycle
M
ft &
Subcooling ]
cycle
N
LA\l
M =) LNG

Figure 2-4 Statoil/Linde mixed fluid cascade processchematic (Mokhatab, 2014)
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2.8 IFP/Axens Liquefin process

The IFP and Axens Liquefin process uses two mieddgerants in a process that was design
to achieve high capacities with simple equipmemstihe feed gas is precooled to -50°C to -
80°C in plate and fin heat exchangers with the fitxed refrigerant. In this step the
refrigerant is used at 3 different pressure levgfter this step the heavier hydrocarbons can
be removed from the precooled gas. The second mefederant is completely condensed in
the precooling and cryogenic section of the pracgfierwards it is expanded and then sent

back through the cryogenic section to liquefy aml sool the natural gas.

In this process a large part of the condensatioy idwshifted to the precooling stage allowing
a single refrigerant composition and simpler heahanger design. Even though the process
is claimed to have lower cost due to simple heaharger design and high possible
capacities no base load plants using this desige baen built yet (Mokhatab, 2014).

Feed gas
o>

Pre-cooling
refrigeration system

NGL

Cryogenic
exchanger

Cryogenic
refrigeration system

Figure 2-5 IFP/Axens Liquefin process schematics (Mdnatab, 2014)

LNG

28



2.9 Shell dual mixed refrigerant process

The dual mixed refrigerant process was develope8hgfl to utilize 2 separate mixed
refrigerant cycles to liquefy natural gas. In tleqooling cycle the gas is cooled to -50°C
before it is liquefied by the second mixed refreggrcycle. The technology was first used in
a base load plant in Russia with a capacity ofMT®A in 2009.

The process differs from other processes desciibttht it uses spiral wound heat exchanger
in the precooling step where many other processeplate and fin heat exchangers or core
in kettle heat exchangers. Also instead of usipgra component for the precooling like
propane in the C3MR process, this process usesedmefrigerant mainly composed of
propane end ethylene for the precooling. The seoauirdd refrigerant used for the cooling of
the gas in this process is composed of nitrogethane, ethane and propane. After the
mixed refrigerant has cooled the natural gas irctlgegenic heat exchanger it leaves the heat
exchanger as vapour. It is compressed in an agmpeessor and further compressed in a
two-stage centrifugal compressor. Afterwards ¢asled by air and further cooled and partly
condensed by the precooling mixed refrigerant cycle

Fuel gas

=== NG circuit
—— MR circuit

~—— PMR circuit @

Endflash (" LNG rundown
system &=
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HMR MR cycle @) ®|@®
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Figure 2-6 Shell dual mixed refrigerant process s@matics (Mokhatab, 2014)
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3 Heat exchangers

Different kind of heat exchangers can be usederlittuefaction process of natural gas.
Natural gas is an energy resources and the coolitige gas requires a large amount of
energy. The liquefaction process can thereforeeka as a perceptual loss of the product.
With a higher energy efficiency of the process l&sthe product is lost in the liquefaction

process.

Plate and fin heat exchangers offer a high heastea area. The production process of these
heat exchangers is simple and well establishebagtoduction costs are low. However the
internal geometry of these heat exchangers isptanhal for liquefaction processes. The
temperature distribution inside of a plate andhiat exchanger is not perfect. This can lead
to hot and cold spots inside of certain areas @hiat exchanger. The cold spots can be
problematic in the application of natural gas lig@gion. If an area of the heat exchanger is
cooled more than other areas of the heat exchainggar lead to the natural gas in this area
not just being liquefied but also freezing intoodic If this happens an area of the heat
exchanger is blocked and the liquefaction procassat function in an optimal way.
Typically plate and fin heat exchangers are usel imocascade and mixed refrigerant

liquefaction plants.

Spiral wound heat exchangers are often used invaglme natural gas liquefaction plants.
In this type of heat exchangers higher surfacesatan be achieved. In this way the spiral
wound heat exchanger can operate with a largerdeatyre gradient. They are however less
flexible than plate and fin heat exchangers. Alsoesthis type of heat exchanger is more
difficult to construct and there are fewer suplieks a result, the costs for them are higher.

Typically spiral wound heat exchangers are useadiked refrigerant liquefaction plants.

Heat pipe heat exchangers use heat pipes withtemmadiate working fluid to transfer the

heat of the natural gas to the coolant. Their radwvantage over other heat exchangers is
their mean temperature distribution. Inside otheatlexchangers hot or cold spots can lead to
problems during the operation. In the applicatibhquefying natural gas a cold spot can
cause components of the natural gas to freezenoltr@ate a blockage in the heat exchanger.
Heavier hydro carbons as well as water and €4 cause these problems even in small

amounts. In that case the flow inside of some pHrtke heat exchanger can be completely
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blocked and this would lead to the loss of thahanside of the heat exchanger for heat
transfer and a significant loss in the heat exchaengfficiency. In a heat pipe heat exchanger

the temperature distribution does not produce aoysscold enough for a freeze out.

3.1 Efficiency

To methods can be used when evaluating a heahpgteexchangers overall efficiency, the
lo-mean temperature difference method and the tefeaess-number of transfer units
method (Fahghri, 1995).

A heat transfer balance of the heat exchanger gives
Q=UA(T, - T)

Where Q is the heat transferred, U is the oveesl transfer coefficient, A is the heat

transfer area and, Bnd T; are the temperatures of the high and low tempesatueams.

The overall heat transfer coefficient can be cal@d by modelling the heat exchanger and
its inner components as a number of thermal regista For a heat pipe heat exchanger with

fined heat pipes with finned surfaces the equdboks as follows.

1 111
UA UCAC UhAh (TIOhA)C

No is the fin efficiency, h is the heat transfer dmént, R . and Ry thermal resistances in the
cold and hot side of the heat exchanger due tanfgand R, is the thermal resistance of the
heat pipe.

3.1.1 LMTD method
For the log mean temperature difference methodsaaraption of no heat losses has to be
made. This means that all the heat removed frorhdhéemperature stream is transported to

the cold temperature stream. This assumption soretle only for steady state applications.
In this case the heat balance of the heat exchavagelne written as
Q = UAAT Ly

where | is the total heat transfer coefficient andlde total heat transfer are®l |y is the
logarithmic mean temperature difference and cacab=ilated with the following formula
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_ (Th,in - Tc,out) - (Th,out - Tc,in)
Thm—T

In ( in c,out)
Th,out - Tc,in

where T,i» and T oy are the inlet and outlet temperatures of the tieam and Ji, and T out

are the inlet and outlet temperatures of the cioihs.

Because we assume that there are no heat losdesathemoved from the hot stream and

the heat gained by the cold stream are assumezleéquml.
Q=0r=0
with
Qy = MpCpn(Thin — Thout)
and
Q. = meCp(Tein = Teout)

wherer, andm, are the mass flow rates of the hot and the coéést and ¢, and ¢ c are

the specific heat capacities of the hot and cala/fl

Assuming that the inlet temperatures and mass ifid@s are know this gives us a set of 3

equations with the 3 unknown Q; Jitand T out

The most difficult part of this method is to detémnthe heat transfer coefficient of the heat

pipe which is a combination of many componentsviaial heat resistances.

3.1.2 &€-NTU method
The effectiveness of a heat exchanger can be tesdcais the rate of the actual heat
transferred in the heat exchanger to the maximussipte heat transferred between the two

streams in an infinite long heat exchanger.
This effectiveness can be calculated by

e = Q — Ch(Th,in - Th,out) — Cc(Tc,out - Tc,in)
Qmax Cmin (Th,in - Tc,in) Cmin (Th,in - Tc,in)
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where C is the product of the mass flow rate aedsfiecific heat capacity of a stream and

Cmin Is the smaller of those values from the hot amedctiid stream.

For a counter flow heat exchanger the effectivenaashe calculated with the exponential
equation

1— exp [_ UtAt (1 _ Cmin)]

— Cmin Cmax
Cri U;A Crni
1 — Zmin _Ytae 1 — Zmin
Cmax exp [ Cmin ( max)]

The number of transfer units is defined as

U, A
NTU = -

min
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3.1.3 Heat transfer coefficient
In a heat exchanger the overall heat transfer iberft of a single heat transfer element is

defined as

where Ris the overall thermal resistanceg, iRdefined as the sum of all individual

resistances.
In the case of a heat pipe heat exchanger

Rp = Reva + Rf,eva + Rw,eva + Rwi,eva + Ri,eva + Rv + Ri,cond + Rwi,cond + Rw,cond + Rf,cond
+ Rcond

where

Revaand Rongare the convective resistances on the outer ssgfaicthe evaporator and

condenser end of the heat pipe,

Rt eva@nd Rcongare fouling resistances on the outside surfacéseoévaporator and
condenser end of the heat pipe,

Rw.evaand Ry congare the resistances of the heat pipe walls ofvap@ator and condenser

end of the heat pipe,

Ruieva@nd Riicongare the resistances of the heat pipe wick insidesvaporator and condenser

end of the heat pipe,

Rieva@nd Rcongare the resistances that occur due to the phasgebaf the intermediate

working fluid inside of the heat pipes evaporatod aondenser section,

and R is the resistance that occurs due to the temperdtop in the vapour flow from hot to
cold side inside of the heat pipe (Fahghri, 1995).

In a heat pipe heat exchanger for natural gasfigtien we can assume that pre-treatment
has taken place and fouling will not likely be alpem. Therefore Rvaand RcongCan be
neglected. In a thermosyphon heat exchanger there additional heat transfer resistance
introduced by a wick so that,Rvaand Riicond Can be neglected. Also we can assume if the

heat pipe operates with an optimal working fluidl @harge amount the internal resistances
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Rieva Ricong@ndRy, will only be a minimal contribution to the overakkat transfer coefficient.
Finally the wall of the heat pipes are thin enoggtthat the thermal resistance they introduce
can be neglected in comparison to the convectsistences. Therefore the only terms that

have a significant contribution to the overall higahsfer resistance are

Rp = Reva + Rcond
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4 Heat pipes

A heat pipe is a closed system using an internakwg fluid to transport heat from one end

of the heat pipe to the other end. The part ohttet pipe that absorbs heat is called the
evaporator section while the part of the heat fia¢ gives of heat is called the condenser
section. Between these two sections is a thirdcalled the adiabatic or transport section.
The working fluid inside of the heat pipe is evagied in the evaporator section. The vapour
then travels through the adiabatic section andprarts the absorbed heat to the other end. In
the condenser section the vapour condenses ansl @fitiee latent heat to the environment
outside of the heat pipe. Finally the working flisdransported back to the evaporator
section. The method of transport for the liquichirthe condenser to the evaporator section

can differ in different kinds of heat pipes.

Figure 4-1 Heat pipe schematic with (1) heat pipease, (2) wick, (3) vapour flow channel, (4) vapouwand (5) liquid
(Vasiliev, 2005)

I WO pnase closed thermo SIpnons simply CONSISIOSEA Cylinder containing the working
fluid. In this type of heat pipe the evaporatortsecis always located below the condenser
section. In this way the transport of the condengerking fluid in the top part of the heat
pipe is initiated by gravity. This allows for a fasansportation of liquid working fluid from
the condenser to the evaporator section whichesaobithe advantages of this heat pipe. The
simple and cheap construction process is anothemaalge. The major disadvantage are
constrains in the geometrical orientation. The evajor section always needs to be located
below the condenser section. (Fahghri, 1995)

Capillary driven heat pipes use a wick structuomglthe inner wall of the heat pipe to pump
the liquid working fluid from evaporator to condensection. An advantage of this method
is that the transport of the liquid working fluslindependent of gravity and the heat pipes

evaporator section can be at the same height behigan the condenser section. A
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disadvantage is the limited speed at which thadigeorking fluid is transported back.
(Fahghri, 1995)

Other types of heat pipes exist. Axial groove lgags use grooves in the inner wall as a
transportation mechanism instead of a wick stréctklat plate heat pipes are a kind of
capillary driven heat pipes used in the coolinglettronics. Rotating heat pipes use

centrifugal force to return the working fluid toetlevaporator. (Fahghri, 1995)

The working fluid inside the heat pipe must be @moaccording to the operating
temperatures of the heat pipe application. By dutjgshe internal pressure of the heat pipe
fluids can be used from the point where there aitur pressure is higher than 0.1 atm and
lower than 20 atm. Higher internal pressures pabffecult do to the high necessary wall
thickness which inhibits heat transport into antadithe heat pipe. Lower pressures can
cause the vapour pressure limit to be encounteessll{elow). The working fluid must also
be compatible with the container material. The pafta heat pipe should not be capable of
any chemical reaction with each other or form agaic cell together. Heat pipes are closed
systems and do not have any moving parts. If alkeh components are capable with each
other a heat pipe can be operated for a long tiitteout any maintenance. Below is a list of

working fluids with their useful temperature rang@shghri, 1995)
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Table 4-1 - List of possible working fluids with temgrature ranges Faghri 1995

Working Fluid Melting Point in K at Boiling Point in K at| Useful Range in K
1 atm 1 atm

Helium 1.0 4.21 2-4
Hydrogen 13.8 20.38 14-31
Neon 24.4 27.09 27-37
Nitrogen 63.1 77.35 70-103
Argon 83.9 87.29 84-116
Oxygen 54.7 90.18 73-119
Methane 90.6 1114 91-150
Krypton 115.8 119.7 116-160
Ethane 89.9 184.6 150-240
Freon 22 113.1 232.2 193-297
Ammonia 195.5 239.9 213-373
Freon 21 138.1 282.0 233-360
Freon 11 162.1 296.8 233-393
Pentane 143.1 309.2 253-393
Freon 113 236.5 320.8 263-373
Acetone 180.0 329.4 273-393
Methanol 175.1 337.8 283-403
Flutec PP2 2231 349.1 283-433
Ethanol 158.7 351.5 273-403
Heptane 182.5 3715 273-423
Water 273.1 373.1 303-473
Toluene 178.1 383.7 323-473
Flutec PP9 203.1 433.1 273-498
Naphtalene 353.4 490 408-478
Dowtherm 285.1 527.0 423-668
Mercury 234.2 630.1 523-923
Sulphur 385.9 717.8 530-947
Cesium 301.6 943.0 723-1173
Rubidium 312.7 959.2 800-1275
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Potassium 336.4 1032 773-1273
Sodium 371.0 1151 873-1473

Lithium 453.7 1615 1273-2073
Calcium 1112 1762 1400-2100
Lead 600.6 2013 1670-2220
Inidium 429.7 2353 2000-3000
Silver 1234 2485 2073-2573
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During the design and operation of a heat pipe domttions are important to keep in mind.

The following is a list of operational limitatioréd their characteristics (Fahghri, 1995):

The capillary limit is encountered when the wickusture is not able to transport enough
working fluid to the evaporator section. This stigtealled dry out and can be recognized by
a sudden increase in the evaporator wall temperatinis is the most often encountered
limitation in low temperature heat pipes that rehya wick structure for working fluid

transportation.

The sonic limit describes the limitation of the sp®f the vaporized working fluid inside of
the heat pipe. This limitation is most commonly@&mnttered in heat pipes using liquid metal
as a working fluid. The sonic limitation can besed by increasing the evaporator
temperature. When this limitation is encounteredlakial temperature of the heat pipe will

drop significantly.

The boiling limit is associated with the radial hlaw into the evaporator section of a heat
pipe. This differs from other heat pipe limitatiomkich usually limit the axial heat flux.
However the maximum radial heat flux also limite thaximum axial heat transport. When
too much heat enters the evaporator section itesatiie working fluid to boil and the wall
temperature to increase. This can lead to vaporze#ing fluid inside of the wick structure
up to the point where the wick completely dries. dutvickless heat pipes the boiling limit

can occur due to film boiling instead.

The entertainment limit describes forces betweeritiuid working fluid moving from
condenser to evaporator section and the vaporipeking fluid moving from evaporator to
condenser section. Since these two flows move fosige directions shear forces occur
between them. This can cause droplets of liquickimgrfluid to become entrained into the
vapour flow and be torn back to the condenser@edtom which it came. If this happens to
a significant part of the liquid stream travelimgrh the condenser section it can cause the
evaporator section to dry out. This limitation dsndetected by sounds made by the

entrained droplets hitting the condenser end.

The condenser limit is encountered when the heatatebe removed from the condenser and
of the heat pipe at a fast enough rate. The comdemsl might also limit the heat transfer of

which the heat pipe is capable if non condensaddeg are present in the heat pipe and
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accumulate in the condenser end. This reducedfdetiee end of the condenser section and

reduces the heat transfer area available.

The vapour flow inside the heat pipe might be ladiby the vapour pressure limit at lower
then operating temperatures if viscous forces becdominant in the vapour flow. This can
reduce the heat transport through the heat pipeglstart up or after operation from a frozen

State.
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5 Experimental apparatus

5.1 Vacuum hull

The vacuum hull is a stainless steel (SUS304) dglinvith a diameter of 500mm. It has a
flat bottom and is closed on the top with a 580mamter steel lid. A 560 mm diameter
rubber O-ring is used between the hull and tharid 24 screws with a 12 mm diameter are

used to fasten the lid. The vacuum hull can be @ated by a molecular vacuum pump.

5.2 Hot and cold channel chamber

Two chambers have been constructed from stainless(§US304). Each chamber measures
300 mm in height and 230 mm in width and depth. Adtechamber is located below the cold
chamber. Both are separated by a 8 mm thick stargteel (SUS304) plate.

5.3 Refrigerant and heating elements

Nitrogen is used as a refrigerant in all experiraehtis supplied from a mixed storage gas
and liquid nitrogen tank. A gas stream is extraétech the top of the tank and a liquid
stream from the bottom. Both are mixed to gainteogen gas stream at the desired
temperature for the experiment. Nitrogen is norspoous and not explosive. After it has
passed through the heat exchanger it can be vemtbd atmosphere. These were important

considerations when choosing a refrigerant foretkgeriments.

Using natural gas in the hot chamber would be sidenable safety risk. Natural gas is
primarily composed of methane and can be exploshen mixed with air. While running an
experiment with the heat pipe heat exchanger thgodal or circulation of the natural gas
stream would present a problem. Therefore heatsmgents were used on the evaporator end
of the heat pipes instead to simulate the hedtaenfiwm a natural gas stream. 10 polyimide

heating elements were used for this purpose witbveer 24 watt each.

They are attached directly to the outer wall oftileat pipes evaporator ends. The power to

the heating elements is supplied by a GWINSTEK @B&3C DC power supply.

5.4 Heat pipes

The heat pipes are constructed from closed coppi@ders with an outer diameter of 16mm
and a wall thickness of 1.2 mm. There are a tdt8Ddheat pipes inside of the heat pipe heat
exchanger. They are arranged in 6 rows of 5. Thigcaédisplacement is 38.1 mm from the

centre of one heat pipe to the next while the distdbetween 2 rows is 33 mm. 2 heat pipes
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of one row and one heat pipe of the next row alviags a triangle with 3 equal sides of
38.1 mm with each centre of a heat pipe in onearorn

| | |
] n%r////// /////;/ i //I%l%]

Figure 5-1 heat pipe arrangement as seen from thep down view (flow direction is bottom to top)

All heat pipes are connected to each other onvwhparator and on the condenser end. The
working medium can be charged into all heat pip@sibaneously. During operation the

working medium can flow from on heat pipe to anothe

Copper plates are installed vertically in the had aold chamber to act as fins on the heat
pipes outer surfaces. The plates are 0.3 mm tmdkpéaced with a distance of 2,2 mm
between and cover the entire chamber.
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Figure 5-2 heat pipes arrangement as seen in flowrdction with an arbitrary amount of working fluid (1) connection
on condenser end, (2) charging pipe, (3) fins, (#gat pipe, (5) sealing structure, (6) separation gate, (7) working
medium, (8) connection on evaporator end

5.5 Data acquisition
Pt100 heat resistances are installed in variougiuos to measure temperature levels inside

of the heat exchanger during operation.

The heat pipes wall temperature is measured ic&ilins: At the condenser end wall, at the

adiabatic section wall and at the evaporator entd wa

The nitrogen refrigerant temperatures are measatréte inlet and outlet by 4 heating

resistances at each location.
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Figure 5-4 heat pipe heat exchanger (from left toight: heat pipes and vertical distribution plates,distribution caps,
heat exchanger in vacuum hull)
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6 Experiments

Table 6-1 Experiment parameters

Experiment| Charging| Design Design | Filling | Refrigerant] Heating| Heat| Date
number volume | operating | working | amount| (N) flow | power | loss
[ViIV{] temperature pressure | [kg] [SLPM] [W] rate
[K] [MPa]

1 20% 300 0.03325P0.42 100 70 <5% 23.7.
128
92
75

2 20% 290 0.0213730.42 200 70 <5%24.7.
128
92

3 20% 290 0.0213780.42 250 70 <5% 25.7.
128
92

4 20% 280 0.0132300.42 200 70 <5% 30.7.
128
92

6.1 Preparation

Before an experiment the desired temperature agbpre inside of the heat pipe during
operation are chosen. With these values as wéflleaeat pipes internal volume, the density
of the working medium at these parameters anddia gas law the necessary mass of

working fluid is calculated.

6.2 Charging process

For the experiments acetone was charged into thepiyges as a working medium. The
appropriated amount which was calculated beforemeasured by weighting the heat
exchanger during the charging procedure and obsgthie added weight.
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After the heat pipes were charged with the workireglium the heat exchanger was placed in

the vacuum hull and the top lid of the vacuum kb closed.

6.3 Performance testing
To start the experiment the vacuum hull is evaalualbe nitrogen flow is introduced to cool
down the entire heat exchanger to the design teatyperof the heat pipe.

The heating value is set at the power supply ohtreging elements. The initial value of the
experiment is chosen first. Now the temperaturesmesments are monitored until a stable
working point is reached. If a stable working pastecognized or a stable operation is not

possible under these conditions the heating valgdanged to the next step.
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7 Experimental results

During the experiments temperature measurements eagried out at a number of spots. The
following graphs show the temperature curves ofetkgeriments. The first graph for each
experiment shows the refrigerant inlet and oudetgeratures of the nitrogen gas that is used
as a coolant. The second graph of each experirhentssthe temperatures of the three
sections of the heat pipe the condenser sectidabhaiit section and the evaporator section.

In the first experiment a low heating value of 7&ttndid not lead to steady state working
conditions. After 4000 second the heating value waased to 92 watt. At these operating
conditions the evaporator end temperature candreteencrease suddenly in sharp spikes.
This is an indication of a heat pipe dry out. Akktintermediate working fluid is in vapours
state at the same time and there is no liquidnmerate working fluid present at the
evaporator end to absorb the heat. Under theseatmorsda steady operation is also not
possible. After about 6000 seconds of total elapiseel the heating value was reduced to 75
watt. Under these conditions the heat pipe operaitbsa refrigerant inlet temperature of
23°C and a refrigerant outlet temperature of 3I& temperatures of the different sections
of the heat pipe at these conditions are 38°Ceattimdenser and adiabatic section
measurement points and 53°C at the evaporator megasat point.

During the second experiment a steady operatiold@gain not be established with the
lowest heating value of 70 watt in a reasonablewarnof time. The heating value was
increased after 2100 seconds. The highest heating wf 128 watt lead to the appearance of
heat spikes in the evaporator temperature curvie.agiae dry out limitation occurs again.
After 4500 seconds the heating value was decrdas@®?i watt. A steady operation of the

heat pipe with the following temperatures takes@laitrogen inlet temperature of 19°C,
nitrogen outlet temperature of 35°C, condenseraaiabatic section temperature of 33°C and
evaporator section temperature of 47°C.

The third experiment has the same characteristinsrosteady behaviour for the lowest
heating value (70 watt until 4700 seconds past)earauntering the dry out limitation at the
highest heating value ( 128 watt until 6600 secqrads. A stable working point is found

with a heating value of 92 watt, a nitrogen inlnhperature of 20°C, a nitrogen outlet
temperature of 34°C, condenser and adiabatic setgioperature of 32°C and an evaporator
section temperature of 45°C.

These observations are repeated in the fourth emeet with a non-steady operation at the
lowest heating value (70 watt until 3400 seconds) @ncountering the dry out limit with the
highest heating value (128 watt until 4500 secqraft). Finally a stable working point is
found with a heating value of 92 watt and with tasulting temperatures of 16°C at nitrogen
inlet, 32°C at nitrogen outlet, 32°C at condensel @vaporator section and 43°C at the
evaporator section.
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Figure 7-1 Experiment 1 data
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Figure 7-2 Experiment 2 data
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8 Analysis

8.1 Charging ratio

When the heat pipe is charged with a curtained atnafuworking fluid, a drop in
temperature will cause a drop in the volume fillnagjo. However in the range of 30K and
with an initial volume charging ratio of 20% theatfe ratio was between 19% and 21% at
all times. Experiments show that the influenceha$ fluctuation on the performance of the

heat pipe is small.

8.2 Heating power and refrigerant flow rate

If the heat input into the evaporator section sdmall the liquid working medium in the
evaporator end cannot be evaporated at a fast bratgyfor efficient heat transfer inside of

the heat pipe. This is the case at the 75 W heat step.

With a heat input of 128 W the heat pipe can ngdéuriransport the heat efficiently because
the internal working fluid is completely evaporatétie refrigerant flow is no longer

sufficient condense the vapour at a fast enough Tdite evaporator section of the heat pipe
dries out. Because the heat is continuously adulétktevaporator section high increases in
the evaporator section wall temperature can be $ed¢his case the heat transfer behaviour

becomes very unstable.

At the 92 W heat input step the heat pipe opei@tasstable working condition. The heat
input is sufficient for evaporation to take planghe evaporator section of the heat pipe.
Also the refrigerant flow is high enough to condetise internal working fluid at a fast

enough rate so that enough working fluid can flaglkoto the evaporator to absorb more heat.
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8.3 Condenser section efficiency

The condenser section efficiency is calculatedhasdtio of cooling capacity and electric
heating supplied. The cooling capacity is calculdtem the mass flow supplied and the inlet
and outlet temperatures measured during the expetiand the mass flow of refrigerant
provided. The electric heating is set at the bagmof an experiment and raised in intervals
to simulate different operating conditions. Theigefrant heat capacity is estimated as a
constant between the inlet and outlet temperature.

_ThNZXAtXCp

Qele

At = toyr — tin

Table 8-1 Results overview

Experiment] Temperature Pressure Flow Enthalpy | Heating | Heat transfer
number K] [kPa] rate difference | power efficiency
[SLPM] | [kJ/kg] W] (condensing
section)
1 300 250 100 14.8 75 40.6%
2 290 450 200 17.2 92 7%
3 290 550 250 15.1 92 84.5%
4 280 450 200 20.3 92 91%
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9 Conclusion

In the heat pipe heat exchanger two constrainsiast limiting to operation. First the heat
pipe must operate under stable conditions. Secdhdlgonvective heat transfer that occurs
outside of the evaporator and condenser sectitimedfieat pipe introduces the most
significant thermal resistance that occurs in tbatfexchanger. An increase in the refrigerant
flow rate can significantly improve the heat trarshto the evaporator section and out of the
condenser section. This means that at a constasgyme a higher flow rate will lead to a
higher overall efficiency. However the heat pip# Bas to operate at a stable working point

for this advantage to be exploited.
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10 Future work

In an effort to increase the understanding of &t Ipipe heat exchanger at low temperature
levels the experiments should be extended to thieedamperature range that will have to be
covered by a heat exchanger for natural gas ligtiefa To preform experiments at lower

temperatures new working fluids for the heat piplevave to be selected and tested.

In order to overcome some of the limitations of leat pipe some auxiliary systems could be
introduced to the heat pipe heat exchanger. Inracdevercome the boiling limit which was
sometimes encountered a loop for the working foadld be added to the heat pipes. Such a
system could extract vaporous working fluid frore tondenser of the heat pipes and use
additional cooling capacity to condense it bef@iatroducing it into the evaporator end of
the heat pipe. In this way at times of very highthteansfer through the heat pipe the system
would not become unstable or experience a comfdétee because of the lack of liquid

working fluid in the evaporator section but wouldyorequire additional cooling.

A further improvement could be made with a vortelset. Such a tube is known to separate a
gas stream into a hotter and a colder stream. @pereus working fluid extracted from the
condenser end of the heat pipe could be separatetivo streams and afterwards only the
hot stream would be cooled down with a low grades® of cooling. Afterwards both
streams would be mixed again and reintroducedti@e@vaporator end of the heat pipe.
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