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Thermoacoustic Natural Gas 
Liquefier 

CONTRACT INFORMATION 

Contract Number: MC32073 
Contract or: 

Los Alamos National Laboratory 
Mail Stop K764 
Los Alamos NM 87545 
505-665-0640 
fax 665-7652 

Contractor Project Manager: 
Robert J. Hanold 

Principal Investigator: 
Gregory W. Swift 

METC Project Manager: 
Rodney Malone 

Period of Performance: 
Beginning March or April 1995 

Schedule and Milestones: 
December 1994: Shakedown test of half- 

scale model thermoacoustic driver system a t  
Los Alamos 

June 1995: First operation of 500 gal/day 
prototype at  Cryenco 

June 1995: Shakedown test of heat ex- 
changer test bed at Los Alamos 

OBJECTIVES 

In collaboration with Cryenco Inc. and 
NIST-Boulder, we intend to develop a natural- 
gas-powered natural-gas liquefier which has 
absolutely no moving parts and requires no 
electrical power. It will have high efficiency, 
remarkable reliability, and low cost. 

BACKGROUND INFORMATION 

Although most natural gas is,still car- 
ried from well to user as gas in pipelines, 

the use of liquefied natural gas (LNG) has 
been increasing l0-15% per year. Large liq- 
uefaction plants and cryogenic storage tanks 
exist throughout the US close to major con- 
sumption centers for seasonal peakshaving. 
In this practice, relatively constant flow of 
gas through pipelines from the gas fields to 
load centers can be maintained throughout 
the year by liquefying and storing the ex- 
cess when demand is low in summer and 
regasifying it as needed when demand in- 
creases in winter. LNG ocean transport ves- 
sels of io5 m3 capacity are also common- 
place, as are attendant coastal LNG facili- 
ties. Fleet-vehicle use of LNG as fuel is in- 
creasing rapidly. 

With a liquefaction temperature of only 
110 Kelvin, natural gas has (until now) re- 
quired rather sophisticated refrigeration ma- 
chinery. A typical modern, large liquefac- 
tion plant costs up to a billion dollars, liq- 
uefies lo9 scfd, uses 15% of its throughput 
to power itself, and has substantial operat- 
ing and maintenance costs. The need for 
reliable, inexpensive liquefaction equipment 
is clear. 

Our recent invention of the thermoacous- 
tically driven pulse-tube refrigerator follows 
a long development of related devices, each 
directed toward elimination of moving parts 
from heat engines and refrigerators. 

Stirling-cycle refrigeration, over a cen- 
tury old, has always required two moving 
pistons, one of which is in contact with the 
cold temperature. In 1963, Gifford and Longs- 
worth discovered a refrigeration technique 
which eliminated the cold piston. They called 
this new technique pulse-tube refrigeration. 
In 1984, Mikulin made a significant funda- 
mental advance, adding a flow impedance; 
such “orifice” pulse-tube refrigerators, de- 
veloped largely at NET-Boulder, now rou- 
tinely reach 50 K in a single stage. The ad- 
dition of a bypass valve to the pulse-tube re- 
frigerator, discovered by Zhu, Wu, and Chen 

1 



in 1990, can bring the efficiency of pulse- 
tube refrigerators up to that of Stirling re- 
frigerators. The pulse-tube refrigerator’s im- 
portance is primarily due to the elimination 
of the cold piston, a significant simplification 
leading to high reliability. 

required one moving piston, at ambient tem- 
perature. We have eliminated this last mov- 
ing part, substituting for it a thermoacous- 
tic engine. Thermoacoustic engines produce 
pressure oscillation from heat in an acoustic 
standing wave resonating at the frequency 
of the desired pressure oscillation. Although 
thermoacoustic devices were discovered and 
explained qualitatively a century ago, re- 
search at Los Alamos (sponsored by DOE/ 
BES) has led to quantitative understanding 
and the first attempts at practical applica- 
tions. 

In short, the invention uses acoustic phe- 
nomena to produce refrigeration from heat, 
with no moving parts. The required appa- 
ratus comprises nothing more than heat ex- 
changers and pipes, made of common mate- 
rials, without exacting tolerances. 

Los Alamos and NIST built the first ther- 
moacoustically driven pulse-tube refrigera- 
tor several years ago, sponsored by SDIO 
and hence ultimately directed toward cool- 
ing infrared sensors on satellites. It reached 
90 Kelvin, and produced 5 Watts of refrig- 
eration at 120 Kelvin. A Los Alamos-NIST- 
Tektronix collaboration began in late 1992, 
to develop a much smaller version suitable 
for routine cooling of cryogenic electronics. 

Applied to the liquefaction of natural gas, 
our Thermoacoustic Natural Gas Liquefier 
(TANGL) will offer unsurpassed reliability, 
enabling routine unattended liquefaction of 
gas at remote sites and at sites with un- 
skilled personnel. Because TANGL has no 
exotic materials or close tolerances anywhere, 
its cost will be very low. It will be econom- 
ical at a size far smaller than that of exist- 

Until recently, pulse-tube refrigerators still 

ing LNG equipment. The efficiency of small 
TANGLs will be reasonable, although not as 
high as that of conventional large-scale liq- 
uefiers: We expect the first 500 gallon/day 
TANGL to use 30% of its throughput to 
power itself, and the first 10,000 gallon/day 
TANGL to use about 20% of its throughput 
to power itself. (Later research will lead to 
improved efficiency.) It will operate silently. 
It will eliminate the easement and environ- 
mental conflicts attending pipeline construc- 
tion. 

These features will permit economical re- 
covery of natural gas from the lo3 small wells 
presently capped, representing an increase 
of a few % in domestic gas supply. A lo6 
scfd TANGL will fit on a flatbed truck and 
would require no electrical or other auxiliary 
power. It will fill a LNG transport truck 
trailer in a day, so the gas can be taken 
to market every day by simply hauling an 
empty trailer out to the well, exchanging it 
for a full trailer, and returning to a central 
facility. It will also enable economical lique- 
faction of natural gas at fueling stations for 
fleet vehicles. 

If, as we expect, TANGL is far less ex- 
pensive to build and to operate than exist- 
ing gas liquefaction equipment, it may also 
enable economic recovery of the gas from 
many other sources, ranging from coalbed 
gas (gob gas) and oil-production waste gas 
to livestock manure. It could also simplify 
long-term storage of LNG for emergencies at 
sites such as hospitals in earthquake-prone 
locations, and provide inexpensive liquefac- 
tion of other cryogens such as nitrogen and 
oxygen. 

PROJECT DESCRIPTION 

To develop the TANGL, we have formed 
a three-way partnership comprised of Cryenco 
Inc. in Denver Colorado, the National Insti- 
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tute of Standards and Technology (NIST) 
in Boulder Colorado, and Los Alamos Na- 
tional Laboratory in New Mexico. Cryenco 
is a manufacturer of large cryogenic equip- 
ment, including cryogenic tank trucks and 
LNG vehicle fueling equipment. Their goal 
in this partnership is to turn TANGL in to 
a major new product line, and their engi- 
neering skills are crucial for the success of 
the project. Los Alamos and NIST will help 
Cryenco get started with this new technol- 
ogy, and will work to steadily improve the 
efficiency of TANGL. Los Alamos has been 
the national center for fundamental research 
in thermoacoustics, and holds most of the 
patents in the field. NIST is similarly the 
center for research in pulse-tube refrigera- 
tion. 

During 1994, Cryenco licensed the rele- 
vant patents from Los Alamos, and CRADAs 
were signed between Cryenco and Los Alamos, 
and between Cryenco and NIST. 

The first task in our joint work is the 
design, construction, and testing of a 500 
gal/day (50,000 scfd) TANGL at Cryenco. 
This size will be suitable for Cryenco to gain 
direct experience with TANGL, and is suit- 
able for fleet-vehicle fueling applications. Suc- 
cess in this task will be measured by timely 
demonstration of the technology and by meet- 
ing the targeted efficiency (70% liquefied, 
30% burned). (Ultimately, success here will 
be measured by Cryenco’s timely reduction 
of TANGL to routine use and production.) 
In this task, Los Alamos is providing over- 
all design of the thermoacoustic parts of the 
system, design, filling, and testing of the 
sodium beat pipes required to bring heat 
from the burner to the engine, selection of 
instrumentation, assistance in testing, and 
other assistance as seems appropriate. N E T  
is playing similar roles with respect to the 
pulse tube refrigerator. Cryenco is providing 
all detailed engineering, system-integration 
planning and execution, and construction. 

A second task will be the construction 
and testing of a 10,000 gal/day prototype at 
Cryenco. This should follow easily on the 
experience gained with the smaller TANGL 
described above. Here, we expect the roles 
of Los Alamos and NIST will be less im- 
portant, since we will have trained Cryenco 
personnel during the 500 gal/day task. 

In parallel with the first task, and with 
increasing emphasis as the first task is com- 
pleted, Los Alamos and NIST will proceed 
with fundamental studies directed toward 
improving the efficiencies of thermoacoustic 
and pulse-tube processes, respectively. At 
Los Alamos, fundamental theoretical work 
on thermoacoustics will continue, and two 
experimental systems are being built for stud- 
ies leading to improved thermoacoustic effi- 
ciency. Success in these studies will be mea- 
sured by transfer of improvements to Cryenco 
(with attendant improvement in efficiency of 
their prototypes and production TANGLs) , 
by publication of the results in peer-reviewed 
scientific journals, and by subsequent effi- 
ciency improvements in other applications 
of t hermoacoustics. 

To get us started, Los Alamos National 
Laboratory internal funds (LDRD-PD) have 
supported this project at a modest level. 
We expect to receive our first funds from 
DOE/Fossil for the project in March or April 
1995. 

RESULTS 

Progress on the liquefier to be constructed 
at Cryenco continues satisfactorily. The ther- 
moacoustic driver is still ahead of the pulse 
tube refrigerator, because of NIST’s sched- 
ule. We completed the thermoacoustics de- 
sign in the fall of 1994, with Los Alamos 
providing physics input and checks of all as- 
pects, and Cryenco providing engineering to 
ASME code, drafting, etc. Completion of 
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this design represents a significant amount 
of work, especially in view of the many un- 
expected problems encountered. 

the realization that a serious bottleneck ex- 
isted in the fin effectiveness in the hot heat 
exchanger in the thermoacoustic driver. This 
heat exchanger will deliver heat to the he- 
lium gas, thereby driving the thermoacous- 
tic engine. The heat will be delivered to this 
heat exchanger from the burner via an array 
of 55 sodium heat pipes. 

are now present at Cryenco, and construc- 
tion of the most risky components-the stack 
and the heat pipes-has begun. The heat 
pipes are being fabricated and assembled a t  
Cryenco, and are being filled with sodium, 
“broken in”, and tested at Los Alamos (with 
Cryenco personnel assisting in order to learn 
the process). 

Meanwhile, Cryenco and NIST have al- 
most completed the design of the pulse tube 
refrigerator. 

At Los Alamos, we have assembled a half- 
size scale model of the thermoacoustic por- 
tion of the 500 gal/day TANGL. This is an 
exactly meaningful scale model, in the same 
sense that model airplanes tested in wind 
tunnels are exactly meaningful: Measure- 
ments on the model will be exactly, directly 
applicable to the full-size system. The model 
will be much easier to modify than the full 
size system, because of its size, because it 
will be heated electrically instead of by com- 
bustion, and because it will be able to oper- 
ate driving a dummy load instead of a pulse- 
tube refrigerator. This scale model will en- 
able easy experimentation in harmonic sup- 
pression techniques, new stack geometries, 
new heat-exchanger geometries, resonator coil- 
ing, and other areas. As of March 1995, the 
scale model is complete and we are perform- 
ing routine debugging tests and modifica- 
tions. 

The most serious unexpected problem was 

All materials for the thermoacoustic driver 

The greatest shortcoming of current un- 
derstanding of thermoacoustics is in our abil- 
ity to predict details of heat transfer in the 
heat exchangers. Therefore, the second test 
apparatus at  Los Alamos is a large, well in- 
strumented model of a thermoacoustic heat 
exchanger. This model apparatus will per- 
mit simultaneous measurements of instanta- 
neous pressure, velocity, temperature, and 
heat flow, as functions of time and posi- 
tion, throughout the inside of the heat ex- 
changer and nearby regions. It will serve 
as a test bed against which new theories of 
these phenomena can be compared. As of 
March 1995, this system is partly completed 
and is undergoing very preliminary compo- 
nent testing. 

We have succeeded in developing a new 
computation algorithm for the thermodynamic 
behavior of oscillatory flow through stacks 
of screens such are used for regenerators in 
pulse tube refrigerators. Conventional meth- 
ods for computing such behavior involve time- 
stepping through the differential equations 
until a periodic steady state is found. Our 
new approach essentially assumes a steady 
state and forces a sinusoidal (in time) ap- 
proximation on all variables, so that the time 
dependence of each variable is reduced to 
just two numbers: a magnitude and a phase. 
The code runs about 10,000 times faster than 
time-stepping codes, with comparable accu- 
racy. The enhanced speed is going to lead to 
great improvement in design of multi-stage 
pulse tube refrigerators (TANGL’s pulse tube 
will be 2 stage). We are in the process of 
writing an article about the method. 

FUTURE WORK 

At Cryenco, assembly of the 500 gallon/day 
prototype will proceed as quickly as possi- 
ble, 

At Los Alamos, the half scale model of 
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the thermoacoustic driver was run for the 
first time in December. Immediate minor 
problems turned up which are now under 
repair. This system is designed for rela- 
tively quick and inexpensive tests in support 
of Cryenco’s efforts, and ultimately for ex- 
periments directed at higher efficiency. It is 
much easier to modify than Cryenco’s full- 
size unit, because it is smaller, is indoors, 
operates at lower pressure, has O-ring sealed 
flanges instead of welded joints, and is heated 
electrically (without heat pipes!) instead of 
by combustion of gas. 

We have picked 5 initial sets of measure- 
ments for the half-scale model. First will 
simply be a set of baseline measurements, 
with no load on the driver; these should be 
routine. Second will be baseline measure- 
ments with a dummy load to simulate the 
load that the pulse tube refrigerator will put 
on the real system. During these measure- 
ments we will also test a method of measur- 
ing the acoustic power delivered from the 
driver to the load; if it works, it will be 
easy to install such a system at Cryenco as 
well. Third will be measurements to de- 
termine acoustic power losses in reducing 
cones. Fourth will be measurements to learn 
the efficiency penalty associated with coiling 
the resonator, both with smooth curves and 
with mitered joints. 

Fifth will be testing a new design for 
carrying heat from the burner to the ther- 
moacoustic engine. Apparently the sodium 
heat pipe array will be the most expensive 
and potentially troublesome component of 
the thermoacoustic driver. Hence we have 
begun exploring a radically different design 
that needs no heat pipes. We expect design 
and debugging of this design will be a major 
project. 

Heat exchangers remain the least under- 
stood components of t hermoacoust ic systems. 
Our large heat exchanger test stand is over 
half completed. It will contain movable hot- 

wire anemometers and tiny, fast thermome- 
ters for measurement of instantaneous Val- 
ues of velocity and temperature in and around 
thermoacoustic heat exchangers. 

We are in the middle of several other 
fundamental thermoacoustics developments: 
measurements of dissipation in oscillatory 
flow in curved tubes under a broad range of 
conditions; a perturbation expansion of the 
equations of thermohydrodynamics to sec- 
ond order in amplitude and fourth order in 
power; computer calculations of flow pat- 
terns and thermodynamic behavior at the 
interface between open ducts and heat ex- 
changers. 
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