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CRYOGENIC ENGINEERING, PRODUCTION
AND USE OF INDUSTRIAL GASES

PRODUCTION OF LIQUEFIED NATURAL GAS
FOR ROAD, RAIL, AND WATER TRANSPORT
APPLYING STIRLING TECHNOLOGIES

N. G. Kirillov

Liquefied natural gas (LNG) is a versatile motor fuel of the 21st century. As a motor fuel for various types of
transport (road, rail, air, water, etc.), it is superior in terms of energy and ecology to conventional and alternative types of
motor fuel [1, 2].

LNG as a Motor Fuel in Russia: Trend of Use.Production of gaseous motor fuel (GMF) is a fast-developing trend,
which will turn in the near future into a highly profitable independent branch of the gas industry. There is every ground to
believe that in 7-10 years the annual volume of GMF production would reach 5_@rRhin the longer term, 20-25 Bm
According to Government of Russia Resolution No. 31 of January 15, 1993, even in a free market situation the p?ice of 1 m
of natural gas (NG) for various means of transportation must not be more than 50% of that of 1 liter of A-76 gasoline, which
is equivalent to 1 fhof NG in energy content. So, at this time, natural gas is the cheapest type of motor fuel [3].

For air transport (airplanes), GMF is usable only in the LNG form, and even for other types of transport, LNG is
more preferable than compressed natural gas (CNG).

The advantages of LNG as a motor fuel stem from its higher density (three times) compared to CNG, which makes
it possible to significantly improve technical indices of transports, reduce size and mass of transport-borne fuel storage sys
tems, increase payload capacity and fuel distance endurance (mileage per liter), and reduce unproductive expenditures as
ciated with idle running through less frequent refueling (filling-in) [4].

Liquefaction reduces the gas volume almost 600 times compared to the gas volume under normal conditions, whict
allows the mass and volume of an NG storage system in a vehicle to be reduced 3—4 and 1.5-3 times, respectively, of wh
is achievable by compression of the gas. For example, for a ZIL-138A truck converted to natural gas and provided with &
300-liter cryogenic LNG storage tank, the run (mileage) with a single filling (fueling) increases 1.8-fold and the combined
equipment and fuel mass decreases by 570 kg as against a vehicle running on CNG.

Use of LNG in motor vehicles is justified not only in technical and economic terms but also in ecological terms. As
against conventional oil fuel, LNG reduces the content of deleterious constituents of exhaust gases, viz., carbon monoxide
nitrogen oxides, and hydrocarbons, as much as 80, 70, 45%, respectively.

It can be anticipated that in the near future LNG would become a major type of motor fuel in Russia for road trans-
port. For instance, as estimated by VNIIGAZ (All-Russia Scientific Research Institute of Natural Gas) experts, in the Moscow
region alone, the probable volume of LNG consumption in transport would rise more than 20 times and would be 25000 ton:
a year by 2005. By the year 2010, the LNG consumption in Russia as a whole is expected to be 2-5 million tons a year [5].

In the not-too-distant future, LNG should find use as a cheap ecologically clean fuel in domestic aviation and rock-
et technology. ANTK im. A. N. Tupoleva (A. N. Tupolev Scientific and Technical Aviation Group), in collaboration with the
establishments of Gazprom OAO, have meanwhile conducted flight tests of a prototype TU-155 aircraft with an LNG-run
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TABLE 1

. LNG output, Power of the electc Mass of the Manufactuing
CGM Type of dive . .
liter/n motor, KW madine, kg compaly (USA)
PPG-2500 KShM 700 120 5500 Philips
Werkspoor Rhombic 900 170 6000 Werkspoor
Model D KShM 1100 280 7000 North American Philips
Note. The output in tens of NG is cowverted from the 77 K to the 111 Kvel.

NK-88 endne, which has demonsited tha there is a eal pospect 6r use of LNG 6ér cil and cago aiplanes. Based on
it, aTU-156 passergy aicraft with an NK-89 LNG enige has been deloped

Corversion of @il transpot (locomotives) to LNG is of high impséance In the mid-1990s2TE116G 2TE10G
andTEM2U long-distance (main-line) and shunting (shuttle) locorastun on LNG vere deeloped and subjected toepr
liminary tests. As estimged ty VNIIZhT (All-Russia Scientiic Reseath Institute of Raiload Transpotation) expetts, con
version of 1000 long-distance 2200 kW locomes to LNG mg endle replacement # gas of moe than 500,000 tons of
diesel fuel and se& &out 5000 tons of diesel oil 2gr The saed fuel would allonv additional 700 diesel- and 250@gpow-
ered locomoties to un for a year [6].

However, for wide use of LNG as aewaile motor fuel,it is essential to sobsa host of spedif problems elating
to production,storage, and tanspotation of low-boiling (cryogenic) liquids under nonal conditions. The most impdant
task is to deelop eficient ndural gas liquefying methods thavould allav building of LNG pioduction infastucture in Rus
sia with due egard for the peculiaties of pipeline tanspoting of ndural gas.

Stirling Tedchnologies: AdvancedTednologies in Production of LNG for Transport. In spite of the pyspects
for use of LNG as a motor fuarfvarious types of inspotin Russiathete is still no wide netark of LNG filling stations.

The LNG poduction infastucture in Russia should ihede lage liquefying complees (mini-plants) as @il as
LNG filling stations small in sie and output. Sican infastucture can be wbilt by applying Stiling technologies.

Stirling technolagies for LNG production ae based ongplication of cryogenic mabines opeating on Stiting cycle.

The key fedure of Stiting cryogenic gas mabines (CGM) is combining in a singlevdee the pocesses of com
pression andx@ansion of the wking mediumhea exchang between the drward and everse steams of the wrking medi
um, and etemal he& exchang with the object being cooled and thersunding mediumwhich allovs these mdines to
be compact and ke high themodynamic eficiengy.

In Stiling CGM, practically no intenal loss occlg, and te@inical loss due to iittion and fhite tempeature dif-
ference in thex@emal and intemal he& exchange processes can be elimiieal or makedly reduced i sound design and
selection of thenodynamic paametes. In the 100-160 Kangg, Stirling CGMs hae an ecemic efficiency of more
than 50%. Gas liquattion plants based on these imaes ae 2—4 times as Btient as simple thattle and &pansion
liquefaction gcles.

When a Stiing CGM is usedNG liquefaction (in gneal, the pocess of corersion of the gs fiom the equilib
rium stde with paametes dose in tempeature and pessue to the suounding medium to the gtaof the liquid in equi
librium with the inheent \apor) is efected &a constant @ssue thiough opegtion of the efrigerator and emoval of hea
from the @s being liqueéd. Thus,the pocess is based ergly on extemal cooling In this ppcessmoistuse, carbon dia-
ide, and other contaminantseiz on the \alls of the condenser of the CGMhich males gplication of costy gas-pe-
cleaning systems unnecessafn important fedure of the Stiling CGM is tha it allows 100% liquediction of the éd lowv-
pressue @as.

At this time several versions of single- and ofti-cylinder Stiting CGM ake being made in Russia angt@ad Their
efficiengy (cgpacity) allavs them to be useaif constuction of LNG plants with output@ngng from 50 kg/h to 10 ton/ga
This range males possile constuction of small and medium $ians as well as lage LNG poduction complees (mini-plants).
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Fig. 1. Flav diagram of LNG plant.

Lately, expeits from A. F. Mozhaiskii Militaty and Outer Spac&cadeny and Stiling-Tekhnolaii Innovation and
Researh Center hee worked out seeral flow diagrams th& allow, degpending on the conditions and puases of the LNG
plants,most complete use of theahtayes of gplicaion of Stiling technolagies.

Mini-LNG Plants Based on Stiling CGM. At presentseveral versions of nulti-cylinder Stiting CGM ae being
made in the wrld. Their eficiengy (cgacity) allavs them to be useaif constuction of mini-plants dr naural gas lique
faction. The tetinical specitations of sub a Stiting CGM ae cited inTable 1.

Flow diagram of an LNG plant based on a turkpander and a Sling CGM, which is gplicable for modenizing
and huilding gas-distibuting staions (GDS),is shavn in Fg. 1.

In this g/cle, LNG production past the turbrpander and in the Siimg CGM occus concurently. Initially, the
whole tunk-pipeline NG stam passes thugh the tnboepandey a pat of it liquefies, and the unliquééd pat of the
low-pressue NG separates into tvo steams: the irst one is sentof liquefaction in the Sting CGM condenser and the sec
ond, to the poduction netwrk. The efectiveness of pplicaion of Stiling CGM in this sbeme dpends on theakct tha the
low-pressue NG with a tempeture dose to the phaseainsition tempeture flows into the CGM condensearhich helps sig
nificantly reduce thenodynamic ireversibility of the liquefction pocesses and inease the output of the plant as lzole

No less pomising is the possibilitydr constaction of LNG plants based on ditig technologies @ automobile
gasfilling compressor stions (AGFCS) as wll. This will allow significant cutting of cpital expenditues though use of
the infrastucture and especiall of the AGFCS equipment. It is possbto kuild LNG plant on tunk and poduction
pipelines with sequential @ngement of the tiboexpandeyintemediae expansion tankand Stiling CGM.

In this casethe NG liqueéction pocess is implemented/la combined method vete intenal and &temal coot
ing of the n&ural gas is combinedThe higher the mssue in the @s pipelinethe lover the enagy consumptiondr exter-
nal cooling in the Stiing CGM. The tuboepander povides br pre-expansion and cooling of theuttk-pipeline NG s&am
(0.5°C & 1 am), which helps aise the output andfefiency of the Stiling CGM thiough eduction of thenodynamic loss
es in the CGM.The cost of lage LNG plants can be dailed by inclusion of thottle valves in place of turbog@andes.

Small and Medium LNG Filling Stations Based on Stiling Technologies. The concpt of small and medium
LNG filling stations rnrust tale account of the speiffeaures of NG tanspotation in Russiawhich precisey is tha thee
is a wide netwrk of low-pressue (0.1-0.6 MRB) production pipelinestaalmost gery populdion point. Since the gacities
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Fig. 2. Forward and everse Stiting cycles in aVieulemierTacosinmadine for
NG liquefaction: 1) comhustion diamber of Stilng engne; 2) intemedide
hed exchanger; 3) hed exchanger of the Stiing CGM darge.

of sud filling stations range from 100 to 1000 liter/Hor building them,only Stiding CGMs,which ensue 100% liquedc
tion of low-pressue gas,can be used [®8].

Since 2001garage LNG filling stations based on ZIF-1000 Stivg CGM with cgacities up to 20 liter/h had been
built in a small lot aa domestic entprise making use of designsered ty this authar The stéions hae an industal sak-
ty contract cetified by the Stée Committee of Standds and pproved ty the Stée Mining and Industal Inspectoate of the
Russian Edegtion for goplicaion (Constuction andApplicaion License No. RRS-56-000104).

Tedhnical and economigopraisal ty indegpendent gpetts has evealed thaLNG production based on Siing CGM
is highly profitable. For instancethe pice of 1 liter of LNG poduced in modular NG liqua€tion plants based on Sitig
technolagies is not higher than twvrubles. In this conte, the pabad time for garage stadions themseles tha are based on
Stirling CGM is not moe than 2.5 yr [9].

LNG Filling Stations Based onVieulemier-Tacosin Madines (Stiding—Stirling cycle). In situgions where
electic power is in shar suppy and thee is a lov-pressue gas suppt line, for constucting LNG flling stations it is
promising to emplg VieulemierTacosinhed-utilizing cryogenic gas mabines (HCGM) thaoperte on combined Stir
ling—Stiling cycle. The distinctve feaure of this type of mdines consists in combining ayogenic mabine and a he¢a
engne in a single ppatus,which is designeddr opegtion of the mahine without inteim cornversion of the hetaenepgy
into other brms of enagy. The g/cle is executed i suppying hea from an &temal souce, for which hea of comhustion
of the NG is usedPiactical expelience has siwn tha theVieulemierTacosin makine is cpable of functioning eficiently
at tempestures up to 15 K.

In Fg. 2 is shavn conjugition of forward and everse Stiting cycles in aVieulemierTacosinmadine for NG lig-
uefaction,where T; is the fuel combstion tempeature, Q; is the hetiof comlustion of the fueldd into the enge, Q. is
the quantity of hetaeleased m the enine to the suounding mediumQe- gy is the quantity of he¢aeleased fsm the CGM
to the surounding mediumTj, is the efrigeration tempeature, andQ, is the quantity of haaeleased sm theVieulemier
TacosinHCGM to the suiounding medium.

Expets of Stiting Tekhnoldaii [ITs have developed seeral NG liquehction sbemes imolving use oiVieulemier
Tacosinmadines. A line diagram of a self-contained LNG plant based oncaibled HCGM (Russiandeegtion Patent
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Fig. 3. Line digram of self-contained LNG plant.

No. 2159400) is shen in Fg. 3. This plant consists of YieulemierTacosinmadine 10, which indudes a comiistion
chamber8, an intecooler9, and a baige heaexchanger (cooler)15. The fow and oder of distibution of the vorking med
um inside the mdidne ae maintained ¥ recipocaing motion of the pistonrgup of the enige and the efrigerating
madine, which together brm theVieulemierTacosinHCGM.

The self-contained LNG plant omies asdllows. Air from the suroundings iséd by a compessorl3through the
main linel14 into the combstion dilamber8 of theVieulemierTacosinHCGM. The air initially passes tlmugh the inter
mediae hea exchanger 9 and vams up in the hdaexchanger 12. Naural gas fom the @s pipelings is also &d into the
comlustion damber8 via the main lin& through the contil valve 6. The headgeneeted on account of cornlstion is tans
ferred to the wrking medium of the enge of theVieulemierTacosinmadineg as a esult of vhich, upon use of theecip-
rocaing motion of the pistonrgup, cryogenic-level cold is @negted in the balge hea exchanger 15.

The exhaust gses fom the combstion ciamberB pass into the heéaxchanger 12, where they wam up the air éd
into the combstion damber and then aret of into the amosphee. The air £d by the compessor passes thugh the
intemediae hea exchanger 9, cools the HCGMwamms up in the hdaexchanger 12, and entes the combstion diamber
in the equired amount tlough the distbution valve 11. The naural gas flom the @s pipelines passes via the liquad
tion line 3 through the contil valve 4 into the thottle valve 2, and thenhaving expanded undegoes pecooling collects
in the xpansion tank., and entes the tiaige hea exchanger 15, wher it liquefes on account of heaxchang with the
working medium of theVieulemierTacosinHCGM. Therafter the LNG is disbamged into a heainsulaed tank16
designed to sterthe liqueied gas.

Thus,the infrastucture for production of LNG 6r ary type of tanspot can be hilt in the shotest time ly emplgy-
ing Stiling technolagies for naural gas liqueéction. In this contd, as opeation of pilot plants based on Siirg CGM has
shawvn, the cost of the LNG jpduced is 2.5 times\er than thtof corventionally used oil poducts.
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