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ABSTRACT

An in-house program was conducted during FY-T0 to investigate the
design and testing of regenerators for cryogenic coolers, and to perfor-
nance test a new pulse tube design configuration. A Resenerator Test
Station for studyins and testing re-enerators was constructed and made
overrtional. The test station will be used to generate engineering
de . for the deslgn of regenerators for Gifford-McMehon and Pulse Tube
coolers. The design of the test station includes the potential to
study regenerators at liquid helium temmerature. Testing as reported
herein, however, was conducted at T7°K,

A new single stage pulse tube, with a concentric configuration, was
desisned and fabricated. The new design has improved detector interface
characteristics and a simplified regenerator removal capability., Per-
Tormance tests verified that the concentric pulse tube design is
overationally feasible.
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BECTION 1

IRTRODUCTION

Regenerators

A regenepator 18 s very efflclert compact heat exchanger which is
used in cryogeric systems sual: &3 the Btiriing cycle, Gifford-Heishon
cycle, Solvey cycle, Voillewmaier cycle, and Puise Tube refrigerator
types. It is conetructed of a aatrix material that has the eapabiiity
of gquickly trznsferving amn. storing heat from a gaeg vhich peasses through
it. It is alzo highly resistant to reat flowing salong its longitudinal
directiomn.

As compared to the counterflov heat exchanger, the regenerator does
not require simultaneous continuous flow of vwo puysically aeparated
fluids. The regenerator transfers heat to and fram the same gus by tae
action of the intermediate heet transfer with the regenerator material
each time the gas direction is cyclically reversed. For an equivalent
thermal 20ficiency, the regenerator can be mede much smaller and lighter
than its counterflow hest exchangey counterpert.

The regenerator has several distinet advantages: it can be made
relatively small; i1ts efficiency is very high; matrix materials are
readily availsable; Its constructiocn is simple, and, a8 a result, its
cost is camparatively low. In normal operstion, the _egenerater is
relatively insensitive to plugging by impurities in the gas stream. It
does not require the physical separation of the gas streanm.

All cryogenic refrigerators reguire & heat exchanger which separates
the high temperature gas froe the low tempersture gas. Figure 1 shows
the relative pogition of the heat exchanger in & cooling system. The
use of & regenerator in this position aliows a large temperature differ-
entisl t¢ be produced, with the advantages of simplicity, small physical
size, and high efficiency.

The sction of & regeneretor can be seen as represented by Figure 2.
During the steedy state opeiation of a regenerator, for one cycle, the
varn gas from a compressor at temperature Ty, passes through the regenera~
tor, from point 1 to point 2, and progressively transfers heat t¢ the
matrix material until the gas tamperature spproaches the refrigeration
tempe: sture, Tg. The gas is further cooled by the refrigeration prouess,
fram voint 2 to point 3, after which it returns to the regenerator.
Progressively rising in temperature, from point 3 to point &, the gas
leaves the regenerator slightly colder than vhen it first started the
cycle. The regemerator is never quite able to cool the incoming gaas
atrean down to the refrigeration tempernture, nor is it able to ware up
the outgoing gas stream quite to the incoming gas tempersture, becanse
of heat logses and irreversibilities. The lower the refrigeration tempe—a-
tures, the greater the effect of the losses. This makes heat exchanger
efficiencies of 97%, and higher, a necessity for most cryogenic spplica-
tions.
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Losses in regenerators have been catcgorized and described (Ref-
ercnces 1 and 2), These effects, such as property veriations with temperae-
+ure, lonsltudinal heat conduction, wall effect, feed sas flow effect,
anl end effects, ali combine to provide the total heat loss which reduces
the rermenerator's overall efficiency.

Various types of matrix materials can be used in & regenerator,
according to the cnaracteristics desired, but certain properties are
required. Resistance to gas flow should be low to minimize the energy
required to nove the pas through the regenerator. The construction
should rrovide a large heat transfer area to enable the gas to experiencze
intimate contact with the matrix material. The heat capacity and thermsal
conductivity should be large to enable rapid transfer of large amounts of
heat.

It has uveen common practice in the study of rercenerator losses to

determiine regenerator inefficiency, rather than efficiency (Reference 3).
The inefficlency is defined as:

- 6Ty

ig = . Where ATy = Average Temperature
Ty - Ty Difference at the
Cold End
Ty = Warm End Temperature

Tgr = Cold End Temperature

e inefficicneyr revresents the retio of heat thet is not transferred,
to the maxirum rheat that can be traasferred. The regenerator total ther-
mal loss, -, ie given by the product of I, and the maximum heat that cen
be transferred, That is:

& = Ie m ch (z, ~ TR) Where 1 = (Gas Flow Rate

pE]

cp = Specifiz Heat of Gas

In a regenerator, the outlet zes tenpersture variesz through a iarge
renge end in a nonlinear manney, Tigure 3 ghows a typlical outlet gas
tempersturve veriation with time, at the ¢0ld end, during a ecooling pulse
period, f.. Consideriag that @, may be a period of ouly 6.1 te 0.5
second, the determination of & good experimental temperature average
would require many readings during a pulse perlod and,therefore,be very
diffEcults to obtein,

The Inefficiency, however, can be evaluated throug':. testing metheds

by cosuring Qy,, Trom a liquid nitrogen boil-off rate (Reference 3). The

rgos Tlow rate can Le measured by using a calibrated orifice, a manwmmeter,
and a pressure gage. Tp, end o, are essentially constant. Hence,
the inefficiency can be calculated by:

n>
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Regenerator inefficiencles are exmected to vary in the range of 0.5%
to 3.0% {Reference L),

Tulce Tube Refrigeration

Pulse tube refrigeration has been shown (References 5 and 6) to be
8 unique method of cbtaining cryogenic temperatures. A pulse tube makes
refrigerstion available through a heat punping mechanise which pumps heat
up along the walls of the tube from the low tempersture end to the warm
end thermal reservoir. Physically, as shown in Figure L, a pulse tube
simnly consists of & repenerator, a high and lov temrerature heat exchanger
separaved by & hollow tube, e compresser, a flov reversing velve, and &
morous rlug to nroduce smooth, slug lite, flow,

The »nhysical interpretation of the heat pumming mechenism is
described vhen an element of gas, as s' m in Figure L, is traced
through its cyclie processes. The gac coming from the compressor passes
through the fle-- reversing valve and regenerator and into the pulse tube.
The gas is compressed from a lower rressure, Py at point 1, to 2 higher
pressure, P, and higher temperature at voint 2. Fach small particle of
gas during & small finite vnerlod of time gives ur heat, from noint 2 to
voint 3, at coustant vressure, to the wall of the pulse tube. The pres=
sure is released, by the action of the flow reversing valve, and the gas
then noves from Py at point 3 to Py, at point 4. The gas at point 4 is

_then at a slightly lower temperature than at voint 1. At point 4 the gas
\receives heat fron the pulse tube wall, at constant pressure, inereasing

its temperature up to voint 1, commleting the cycle. This action produces
a heat nmumoing action along the length of the pulse tube vall. The tube
then is canoble of providing a hot end and a cold end with e wall tempera-
ture distribution, Ty along its length.

Althous: the efficiency of the vulse tube is not as high (Reference
5) as several other tyve cryogenic methods, the low vibration, ease of
service, low noise, low sneed, o cost, high relianility, and long life
noteatial justify its investigation for military enrlications. Addi-
tionally, there arc no low temperature moving »arts in this type of
refrigerator,




SECTION IX

REGIITFFATOR TEST STATION

A Regenerator Test Station was designed and fabricated during FY=-69
(Reference 5). During FY-(0, the test station wes modified and tested
to make it omerational. The Regenerator Test Station.was built to
generate engineering data to be used in the design of regenerators for
Pulse Tubc and Gifford-McMahon cycle cryogenic coolers, The test station
is designed so that it can also be ugsed in the study of regenerators for
other types of eryogeni: coolers, at liguid nitrogen and liquid helium
temperatures,

Descrintion of Dquipment

Single stage cryogenic refrigerators usually contain only one
regenerator, In order to maintain e¢yelic flow and be asble to meke
neasurcnents of the flow condltions, two regenerators sre required in
the Regeaerator Test Station, in conjunction with a fixed terperasture
heat exchanger and flow reversing valve, as a means of simalating the
same type of conditions that a regenerator experiences in a eryogenic
refrigerator.

Tigure 5 shows the overall test statlon as it was first assembled
at the end of FY-69. Figure € shows the construction within the vacuum
enclosure. As shown in Figure 7, helium gas is cireulated by a compressor,
through a heat exchanger to remove the heat of compression, an oil
separator for ¢il removal, and a small molecular sleve filter. The small
molecular sieve filter, assembled in a transparent container, removes
noisture and also visually aids in determining whether the oil 's, in
fact, being rcmoved by the oil seperator. The gas continues on to the
rotating valve where {low reversal of the gas takes place through the
regenerators, Gas flows in one direction, as shown in Figure T,
below the valve during one half of the cycle, then reverses direction
during the second half of the cycle., The gas then continues past the
valve through the orifice, where its pressure is . casured by & pressure
gege and nanometer, and returns to the campressor. Below the rotating
valve, the gas passes through one of the first stage regenerators, the
first stage liquid nitrogen hee exchanger, the first of the second stage
regenerators, and the second stage liquid helium heat exchanger. The gas
continues back ¢ the flow reversing valy - through the second of the second
stage regenerators, the first stage liquid nitrogen heat exchanger, and
the second of the first stage regenerators,

The heat transferred through the second stage Mdquid helium heat
exchanger boils off liquid heliwm wvhich then passes es a pas through
a heat cxchanger, bringing the sas to roon temperature, and through a
sas fiow meter where the boil-off rete is measured. A vacuum is produced
in the vacuul enclosure Ly & mechanlcal pump and diffusion pump. The
vacurt is maintained es an inswlation asainst heat transfer from exterior
surraandings to the refricerated hicat exchangers. Superinsulation was
also used to assist in reducing radiation heat transfer.

4




By removing the first stage regenerators, not using liquid nitrogen
in the first stage dewar, and replacing the liquid helium with liquid
nitrogen, regenerators cen be iested in the second stage at liquid nitro-
gen temperatures. Using the Regenerator Test Btation in this manner,
sete of 3/4" diameter by 3" long regenerators were tested at 77°K.

A vacuum puxp was used 1o evacuate the compressor system during tbe
normal helium gas purging amd charging procedures. It wag discovered that
the manometer fluid (water, colored by Merium Instrument Company Indicating
Fluid Concentrate No. D 2930) was being evaporated by the vacuum pump.
Evaporation of the fluid could mot be tolerated because of moisture con-
tamination of the regenerators. The fluid was then changed to Merium
Instrument Compeny # D 2969 Red Unity Oil, which has the same specific
gravity as water. The vacuum pump did not cause evaporation of the red
unity oil.

When the lead ball test regenerators were removed for modifications,
it was discovered that the screens used as retaining devices for the lead
balls were severely corroded. Apparently, the evaporation of the originsl
manometer fluid had contaminated the system with moisture and causad the
corrosion discovered on the phosphor bronze screens. The corrosion that
occurred is shown in the comparison photograph, Figure 8. The operation
of the system prior %o discoverirg this problem indicated a gradual
plugging of the regenerators during the series o tests.

Another difficulty encountered was the choice of material for the
flow reversing valve. Several plastic materials were used and found to
be unsatisfactory. Graphite impregnated polyimide was finally found to
provide satisfactory results as a valve meterial.

Unbalanced Flow

A problem vhich continuously created concern wvas a condition known
as unbalsnced flow. As shown in Figure 9, the portion of the system below
the flov reversing valve consists of a heat exchanger (Qex), two regenera-
tors (A and B), and two volumes (V; and V,). Volumes V, and V, are shown
to represent any differences in the volumes of the piping, etc. betweea
the regenerators and the flow reveraing valve. GSeveral sssumptions are
made vith reaspect to the normal operational test coaditions:

i. Fovw pariod 1 equals flov period 2, as a vesult of the constant
speed flow reversing valve.

2. The pressure drop through V; and through Vo is considered small
as compared with the combination of the regenerator and heat exchanger
pressure drops.

3. The regenerators are caonsidered as having equal pressure dropa.




. The flow in oie direction, through regenerator A, equals the
flow through regenerator B.

As a result of the constant speed of the flow reversing velve, gas flows
into the svstem in one direction, then is reversed and flows in the oppo-~
site direction. During the flrst half cycle, gas flows into V3, where

it reaches some pressure Py and flows through the regenerators and ueat
exchanger, and returns through Vo to the flow reversing valve. Similarly,
the sccond ralf cyclie results in gas flowing .into V, where it reaches
nressure Pp, as 1t continues to flow through the regenerators and heat
exchanger, througn Vi, back to the flow reversing valve.

Although the regenerators and heat exchanger have the same pressure
drop in both steady state gas flow directions, the cyclic gas flow will
not be the same in both directions, as a result of the difference in
Vi and Vg. Assuming that the pressure Py is the same pressure as Pop
during eacl half of the flow cycle, the time required to reach that
pressure will be longer for volume Vy than for volume Vp. In this event,
a gas particle moving in the first flow direction will not travel as far
as it would in the second flow direction. This results in an uneven
cyclic gas flow through the regenerators, and a general unidirectional gas
migration is superimposed on the cyclic gas flow.

Figure 10 is representative of the gas pressure variations versus
time in a balenced gas flow condition. During one valve rotation, period
A represents the flow pulsation in the first flow direction, and period
B revresents the flow pulsation in tiie second direction. Figure 11 is
representative of the gas pressure variation in an unbalanced flow condi-
tion., A condition of this type was serlous enough to be visually observed
on the Regenerator Test Station manometer.

Regenerators maintain temperature differentials uniquely on cyclice
gas flow, but do not on steady state flow., With even cyclic gas flow
(the same flow in each direction), regenerators maintain large tempera.are
differentials at very high efficiencies. During steady state flow, they
naintain no temverature differentiel. The small migration of gas, as a
result of vnbalanced flow, is equivalent to a small amount of steedy state
flow. T:e result of this migratory flow affects the regenerator efficiency
by reducing the temverature differential that is established by the cyclie
portion of the gas flow.

Tic Regenerator Test Station experienced the unbalanced flow condition
continuously. Attemwmts vere made 1o eliminate the condition, hut it was
Imvossible to do so vithout major chmnzes., lHowever, it was possible to
aininize tie effect to the extent tiat it is bvelieved the error intro-
duced by unvalanced flow wvas very small.
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Negenerator Tests

The regenerator inefficlency, I, is defined as the ratio of the
quanuity of lieat tlat ic not transferred to the regenerator, to the
maximun quantity of heat that can be transferred. That is, I = QL/QP,
vhere (g represents the quantity of heat not transferred, and Qp represents
the maximum quantity of heat that can be transferred.

The quantity of heat not transferred, ¢, results in a boil-off of
liquid nitrogen in the Regenerator Test Station. The hoil~off rate is
neasursd and used i1 the caleuwlation of Q,L as Tollows:

o, = (5,) () (™ (& - BL) yhere:

H,

b}

“n

T

B

3y,

mitroten eat of Vaporization (BTU/I)

mitrozen Density at Standard Conditions (1b/ft3)
Conversion Factor (ft3/Liter)

Operating Boil-0ff Rate (Liters/min)

on=Operating Boil-0ff Rate (Iiters/min)

The maximun quantity of heat, Up, that can be transferred is a
function of the gas flow through the regenerators and 1s measured by a
nancr~ter, an orifice, and a pressure gage. It is calculated as follows:

op = (2) \(Ghb) (mo/D) ' (D) (3pp - 139

D

Q
!

i}

Py (UH)/1 1) ()

80 (cp) (&) (ep)

oririce area (1t7)
Orifice Constent

Gas Constant (licliwn)
Roon Temperature (°0)
Orificc Pressurc (Tsia)
‘lenoneter 'ressure (Poic)

1,07 (ETU/lb-m o)
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139 = Toiling Point of Liquid Nitrogen (°R)
O = min/hr
Wy = 1n®/rt?

A computer program, as shown in Appendix I, was written to assist
in computiiy; the Regenerator Inefficiency and Standard Flow Rate “rom
the data obtained Jduring testing.

Ti:e re~enerators vere tested under the following conditions to
deternine tlat the Recenerator Test Station was opereting properly, and
oroducing consistent and accurate results:

1. The regenerators were operated with end temperatures of 300°
Zelvin and T7° Kelvin.

2. 4L constant regenerator size of three quarters of an inch diameter,
end tlree inctes long was used,

3. The regenerator matrix materiel used vas 150, 200, and 325 mesh
2 ogm o bronne sereen; and o000 Lo 010 inch dizneter l2ad balls,

Yo The heliwi Tlov rate vas varied bebtucen T to O SCFM.

5. Regenerator cycle rate vas varied from 20 to 120 cycles per minute.

7

0. The regenerator wall materiael was phenolic.

L.cad ball regenerators were fabricated and tested but did not produce
consistent results. They were found to commact to & smaller volume, as
a result of the flow reversal of gas thirough tham, and the resulting
compacted sluy cyelicly shifted to produce audible noise, This problem
could uot be readily corrected, therefore, no further tests were performed
on lcel vall regenerators.

Gets of 157 mes!, 200 mesh, ani 325 mesh phosolior bronze sereen
regenerators vere testeld, The tests conducted on these regenerators are
listel as follows:

Set 1: !anometer settings at 5, 10, 15, 20, 25,and 30 inches LD,

Test 1. Constant valve speed of 20 Rit!.

Test 2. Constant valve specd of LO R,

Tect 3. Constant valve soee’ of €0 RPiM.




SOrvs v . 4o i pnns s s

Test 4. Constant valve speed of 80 RPM.
Test 5. Constant valve speed of 100 RPM.
Test 6. Constant valve speed of 120 RPM.
Set 2: Valve speed settings of 20, L0, 60, 80, 100, and 120 RPM.
Test 1. Constant manometer setting of 10" HxO - Two Runs.
Test 2. Constant manometer setting of 20" HoO ~ Two Runs.
Test 3. Constant manometer setting of 30" HoO - Two Runs.
Figures 12 through 17 show the inefficiencles of several test
regenerators plotted versus valve speed (RPM) and standard cubic feet
per minute (SCFM) flow rates of helium. Note that all the regenerator
inefficiencies are lower than %.

Regerierator Pressure Drops

The data taken during the regenerator testing included the measure-
men% of upstream and downstream pressures. The difference of these pres-
sures represents the pressure drop across that part of the system which
includes the regenerators, heat exchangers, flow reversing valve, and
associated tubulation. Duplicate test runs were made at room temperature
conditions, with the regenerators removed, so that the upstream and down-
stream pressures could again be measured. This difference in pressure
represents the pressure drop of the system containing everything mentioned
above except the heat exchangers. The pressure drop from the original
data, less the pressure drop of the duplicated runs containing no regenera-
tors, was considered a good approximation of the average operating pressure
drop .f the test regenerators. The upstream pressure ranged from 50 to 100
pounds per square inch gage (psig) during these tests. Table I 18 a
sumary of the operating pressure drops vhich wvere averaged fram all the
data taken during testing.




TABLE I F
RECENERATOR PRESSURE DROPS
FLu] RATES (SCRM) TOTAL REGENERATOR PRESSURE DROPS*(psi)
150 MESH PHOSEI{OR BRCLZE SCREEI! - 0.0026" DIAMETER WIRE
(490 SCREENS PER REGENERATOR)
355 0.80 1
4,79 1,03
5408 1.13
£.30 1.20
7.65 1.33
2,39 1.37
200 MESH PUOSPHOR BRONZE SCREFN - 0.0021" DIAMETER WIRE
(670 SCREEIS PER RECENERATOR)
3,01 2,00
4,30 2.13
ele 2.63
8.33 2,70
T5T 2.80
SYe; 3.17
325 MESH PROSPHOR BRONZE SCREEN - 0,001 DIAMETER WIRE
(1010 SCRER'S PER REGENERATOR)
Te0 4,70
i L, T.13
Z.0n 8.63
Cox °,00
: T, 10,12
3.5 10.07

®* 07 ¢ -cressure drors are siowm for the caminetion of two 3/25" diameter
by 3" long regenerators. The pressure drop per regenerator would be
half of the values tadbulated.




SECTION III

PULSE TUBEB

buring tiis {lscal year e ncw pulee tube conlijurntion, designed in
Auqust of 1075 (Reference T), vee fabricated and tested. The new concentric
confimuration has the advantapes ©f better interface characteristics and
the case of changing regenerators. This latter characteristic allowed
tests to be run using difrerent types and lengths of regenerators.

Toree nodels of tie concentric pulse tube were cons'ructed, A 1"
dianeter by S" long tube, e 1" dianeter by 10" lory; tube, and a 1/2"
diameter by 10" long tube were fabricated. The 1" dfameter by 8" long
tube was L. Jirst model coanstiucted. It wms tlhe only tube of the three
constructed that coatained a sintered netel flow straightener. Its
perforzace tests reslted in consistent bottom tameratures of 135°%.
Tigure 18 shows an evploded view of the first 1" diameter by 38" long
concentric pulse tute, TFigure 19 shous the assebled 5™ long pulse tube
attached +0 the rotary valve.

The 1" dianeter by 10" lonz puise tube was constructeld similar to
the 3" long tube, with some minor cienges., The inrer tip was faebricated
of stainless steel Instead of comner, and tie Liner tubc assebly was
desisned to be removeble for the mumose of testing tie effect of the
volume betveen ti.e imner and outer tubes., 3y metiodical testing, tich
included changing tihe regenerator natrix material and length, and by
varyirng the valve speed and operating vressures, the 10" pulse tube wes
able to achieve a ro load termerature of 180°K. This was done vy operat-
ing at 190 vsig higl. vressure, 23 rsis low pressure, and 92 RPM velve

sveed. The cool down was accamrplishel in apvroximately 3o minutes.

Th.e 1,”3" ddameter by 10" lons tule vms constrmictad siadlar to .o
1" diameter by 10" long tude. Difficuliles ittt fatrication of the
regenerator rondrired the fevr resulitin: fests nsatisiactory.




SECTION IV

CONCLUSIONB

1. A Regenerator Test Station, capsble of testing regenerators &t liquid
niirogen and liqQquid helium temporatures, was completed and made operational.
Limited testing of several regenerstors at 779K, conducted to check the
accuracy of the test statiom, resulted in regener=ztor inefficiencies of
leee than 3%, which is in the expected range and compered clozely to
published data.

2. The unbalanc.d iiow condition was minimized to a relatively sesll erraor,
however, it could not be completely eliminated without msjor changes in the
test station.

3. The Pegenerstor Test Stetion provides a meana for testing regeperators
and for gererating design data on regenerators of various lengths, dia-
meters, and ratrix materials, and at two temperature levels, namely, 779X
apd 4.29%. fnis date will be gemerated and used ip the future in the
design of regenerators for cryogenic refrigerators.

k. Several concentric pulse tubes were designed, fabricated,and tested.

A single stage 1" diameter by 10" long tube achieved a mo-load tempersture
of 160°%K. The concentric pulse tube has two distinct advantages. First,
its simple cylindricel shape reduces interface problems with electromic

i devices, such as inicared detectors. BSecomd, the regenerstor sectiom,
located in the center of the tube, can be made removable for ease of
maintenance, repair, or replscement.

5. Testing of the conceniriec pulse tube indicsted that its operation was
not dependent upon a flov straightener. With or without the flov straight-
ener, the performance of the tube wes the same,

6. With the capability of easily charging regumerators in the ccmcentric
pulse tube, it was found, as expected, thet the refrigeration temperature
was drastically affected by the type and size of the regenerstor. This
emphasizes the need and importance of regensrator testing.

T. The investigation of the pulse tube will be continued since it has the
potential to be a very low cost and highly relisdble cooler. The Far

{ Infrared Technical Area of the Night Vision Laboratory of USAECOM has &

_ strong interest in the further development of the pulse tube for applicatioms
such as cooling detector arrays in airborne far infrared imaging systems.
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ATPLIDIX I

REGENERATOR TEST COMPUTER PROGRAM

FEAD/,TR,PO,PM,BL, BO
TR=TR+460
PO=PO+1L.T
D} =PM¥5,2
7=0,0353
CD=0.£0T264
4=0,0001199
R=386.0
1V=55.57
N=C0%CD¥A
D=F 0% 14 /{ TR*R) o
FL=C*( 5k e /D) 60 .5
TATE=CTT XD
MT=RATEH], 25%(TK-130)
=0=2115.8/(TR#55.1)
L=l VDT BO~BL)

| VEFF=( 2L/QT) %100
SCIM=D0*520%CFLL/ (1l o T*TR)
PRIUT 24C,D,crM,QT,DN,QL,XEFF, SCIH
mmm;f’(umo.s, / ,4F10.6)
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T T




