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ABSTRACT

Expeaiments wee peformed to studythe effects d introducing vapor into a devar whee a
coaxial pulse tube refrigerator was usedas aliquefier in the nedk of the dewar. We were
concened dout how the introducion of vapor might impad the rdrigeration load asthe vapor
barier in the ned of the dewa is dsturbel. Thres experimentswere performed where the input
powe to the coderwas hetl constantard thenitrogen liquefaction rate wasmeasured. Thefirst
testintroduced the vapor & the top of the devar neck. Anothe introducel the vapor directly to
the cold headthrough a smdl tube, leaving the ne& vapor barier undisturbe. The third test
placal a hat exchanger patway down the regeneratar where the vapor was pre-moled before
being liqueied a the cold head. This experimert also left the ne& vapor barrier undisurbed.
Conpared to the test where the vapor was intoducel directly to the cold head, the heat
exchanger test increased tle liquefction rae by 12.0% The experimert where vapor was
introducd atthe t@ of the dewa increased theliquefaction rate by 17.2%. A computational
fluid dynamics model was construed of the devar nek and Iquefer to show how the
regenerator outea wall aced & a pre-cooler to the inamming vapor steam, eliminating the neal
for the heat exchanger

INTRODUC TION

Liquefaction plantshave alwaysused someform of recupeative cryogenicrefrigerator (i.e.
JouleThomson, Claude or Brayton ¢ycles) to provide the cwling. Thereason dr this is the
higher efficiencies hat can beobftained with recupeative systens ower regenerative systens (i.e.
Stirling, pulsetube or GM cycles)in larger scde cryogenic refrigeraors. Thee isnow increased
interestin small to medium liquefaction plants (20W to 1 kW refrigeraion capecity) for local
cryogen liquefaction in the aerospae, military, and mmmeradal sec¢or. As rerigeration capadty
is reduced, regenerative systems becme conparable with andthen supass recuperative systans
in efficieng/, m&king them attradive choices for smdl and malium scde liquefaction plans.

One alvantage of recupeative systemsis theahility to continuously cool the vapor through
the recpertive heat exdanger. An ided regenertor cannd accept hea so the regenertive
systems must be muii-stage or remove all the het at the lowest tenpeature, reducing
efficiengy. It has ben shown byRadebaigh et.al.! that non-tlealregenerators areable to acept
someheat at any paint. We peaformed three expaiments © deermine whether this effect could
beused to inprowve liguefaction efficiency of regenerative systens.



EXPERIMENTAL SETUP

Figure 1 shows lte expermentd setip with the pulsetubein the neck of a dewa. Thepulse
tube was fully chaacerlized in a vacuum chamber so hat refrigeration loads could be
determined from the inpu power. It had a normal refrigeration capaity of 188 W at90K (20%
of Carno) and praluced145 W at 77 K (19%of Carnot) with 223W PV input power.Nitrogen
was used as the test fluid to be liquefed. In all experimerts, the input PV power wa held
congant at 223 W. The nitrogen mass flow rae was measured b hold the pressure in the dewa
condant.

In the first experiment, the nitrogen was introduced trough a 1.5 mm tubediredly to the
cold end. This did not allow the nhsulating gas in the ne& of the dewar to be disturbed.The
seond expeiment introduecd he nirogen at the top of the dewa. The find experiment
introduced thenitrogenthrough atube leaing to a heaexchanger and the through anohertube
leading diredly to the cold end. The heat exdhanger wasclamped to the 50mm long regenerator
30 mmdown from the warnmend It was a $lit designallowing it to be clampedanywhere along
the regenerator’s length. The contact thickness was 165 nm and the hea exchanger contained a
channe 25 cm longto insure adguak hea transer beweenthe fluid and hebexchanggr.

RESULTS

Figure 2 shows ayipical cool down ofthe dewar with thénlet at thetop ofthe dewar. The
tempeaature locaions are shown in Figure 1 Unde steady stae operdion, the terperaure
profile in the nek of the dewar tlanges dranatically as the warm fluid flows passethe neck.
Figure 3 shows thevall tempeatue profles n the dewarned for both the cryocookr and the
dewar walls. The devar wal tempeatures weremeaured d the three postions shownin
Figurel. Expaiments 1 and 2 show linea temperaure profles, as expeed, along the wall

Figure 1. Experimental setyp.



Figure 2. Typica cool down wih fluid inlet a the top. Temperature locations are given in Fg 2.

within the experimental erors associed with the placanent of the themomuples. The dewa
wall temperaure in experiment3, as shownn Figure 3, is interpolated from the measurenents at
the three locations gven in Figure 1. The cryocooler wall temperatues alongthe regenerator for
experiment 3 are deved from our thereticd modd and are disphyed to show the bounday
conditions te gasis exposedto as it travels © the cold head.

The dewa hada measurd hed leak of 1.1 W. The enthalpy requied toliquéy nitrogen at
0.1 MPa from 300 K is 428 Jg. This resuts in 7.13 W-min/g enegy requred for nitrogen
liguefacion from room temperature. The measured nass fow rates br the 3expeaiments were
1.92,2.25,and2.15 g/mn. Table 1 shows theefrigeraion power regired for the liquefction
given thesemass flow raes. Q1, Q2,and Q3represet the refrigeration load requred for the
three different experiments respedively.

Given the 1.1 W dewarheat leak and the 145 W of cooling power available, the energy
required for the case where nitrogen isdiredly apgied to the cold heal, Q1, ageeswell with the
calculated value. The casaising the mid-stage hea exchanger, Q3, shows thd by accepting
someenergy a amid-pant, we can increase théiquefacion rae by 12%. Our theatical modef
predicts a 15%increasein the liquefaction rate. The ase wherenitrogen wasintroducel at the
top of the dewar shows tht the regenerabr continuously pre-cods thefluid sine we only hawe
145 W of cooling power awailable and wth the dewa hed leak, we would requre 17.15W if
heat was ony absorbed athe cold head. We have increased the liquefaction rate by 17.26
withoutusng any spedal heat exchangers or flow channels.The model predcts a 23% inaease
if the fluid is coninuouslypre-cooled bythe regneraor.

Theliqueier figure of merit, FOM, can be detemined by

FOM  Wou /W W 1)

Table 1.Rédrigeration power required for liquefaction.
Temperaure (K) Enthalpy (J/9 Q1 (W) Q2(W) Q3 (W)
300 306.0 - - -
165 1704 - - 4.86
Sat Liquid (77) -122.0 13.70 16.05 10.48




Figure 3. Temperature piofile in thedewar neck.

where Weea is the ded work requred for liqudaction, W is theactual work input, m is the
liquefacion rate, To is theambienttempeature, s is theentropy difference fom anbient to
the satirated liquidstate,and  h is the enthalpy differencefrom ambient to the satrated liquid sete.

Assuning the efficiency of the conpressor Wk /Weiee, is 85%, the totl electica input
powe is 262 W.Table 2 sumnaries the expemmentd results.

CFD MODELING

We hawe numeically modelad the bestcasewhere fluid enters at the top of the devar and
the ayocooler cotl head is placed within the nedk of the dewar. Using a commercial CFD
package, we hawe deermined the tempeature pofile and greanmiineswithin the dewar ne&
shown n Figure 4. These resuls siow how theregenerdor pre-cods thefluid before it reaches
the cold head. The predicted fluid tempemture dong the regenertor closely mattes the
regeneratar wall temperaure shown n Figure 3.

To study the flow and emperaure profiles insie the devar nek, we use afinite eement
numerical model. We used a 2-dimersional modd, discretisizing the doman into 13,35 4-node
elemenss. Constainad tempeatures wee input as boundgy conditons &ong the cryocooler
walls andat the fluid entrance. Adiabatic conditions wereassmedfor the outsidewalls of the
dewar. Conpressibleflow was nodekd by assuming a Boussnesqequaton of state for the
dengty. A function for the wolume &pansiao was input for a range ofdensiies for vapor ad
liquid states.Fluid propertes were talen from theNIST12 dagbase® for nitrogen.

Table 2.Expearimental results summary.
Expeiiment | Liquefction Rate (/min) | Weiec(watts) | Widea (watts) FOM
1 1.92 262 24.61 0.094
2 2.25 262 28.84 0.110
3 2.15 262 27.56 0.105




Figure 4. CFD results showirg tempeaature conbur and greaniineswith in dewar nek.

CONCLUSIONS

We have shown hat heat transkr o the regenerator an be usedd improve liquefaction
rates in rgenerative cryocooles with no gecial attention given to the fiuid flow paths.
Improvements of 172% wee shown oer thencase were all the liquefaction energy is removed
at the cold heal. Regnerdive systems do not requie anyconplex reaperdive heat exchangers
where aleak could causemixing of the working fluid andliquefction fluid.
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