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ABSTRACT

‘The method of producing refrigeration at low temperazures by what has become
knowr: as the TifZord-McMahen cycle is described in considerable detail. Guestions
of whether or no- it is a cyele and how it would appear on a conventionazl tempera-
ture—entropy diagram are discussed. The analysis shows “hat the cycle efilciency
differs little from that of the Brayton oycle at low pressure ratios. A mew dawics
designed tc take full advantage of the practical simplicities afforded by the

Giffard-McHahon cycle is also deseribed.



THE GIFFORD-MCMLHEON CY¥CLE
In 1955 a new refrigeration method was int—nduces which has seen *ansiderable

) (1
applicazion in the mating of small cryogeric relrigerators; see reflers-zes ° )

through i?). “he thermodynamie cycls empleyed 1n this refrigeration methed has be-
come knawn as the Gifford-McMahon Cysle. Since only rather incomplete thermodymanmic
aralyses have tesn given in the past and many individuzls have incorrect ideams abeut
ts possible sfficiency, ar atiempt will be nade here to give a mere ez=ensive de-
scription and analysis.
The gqueszion might arise as to whether it 4s a cycle or net, A crele is defimed

(8,

as follews, "Wnen a system in a given state goes through a number of different
processes and finally returns to its initial stzte, the systiem nac urdergone a
cycle." In the Gifford-McMahom Cycle all the ges does not proceed through the same
Series ¢ rrocesses., Here eacr littls batch of gas goes through 3 different ssries
of processes but does return te¢ the Z-itial state, The net result is the sum of
the actions of all the differert batches of gas which act differently tut rezurn to -he
same initial state. Since the definizien »f a cycle does not preclude this possib-
i4ty, tre Gifford-MeMahon Cycle may legitimately be ezlled a cyels.

The faet that many little segments of the operating gas act differentily causes
a zroblem when an attempt is made to describe it thermodynamically, suck as by
platiing it on a Temperature-Zriropy 2iagram. The croecesses followed By systiems
opzrating on sther eyeclas, suck as turbines operating c¢r the Brayton cvela, can he
described by 2 single lins on a T-8 ciagram. A single area is enclosed and the areas
‘under lires have special significance. The Giffard-McMahon Cyele, Aowever, involves
a zontimmum of lires, thus giving arezs whick overlap. To get a clear didea cf the
cysle through reference ta a T-S disgram it is necessary o plot saveral different
T-5 diagrams for a selection of different batches of gas which show the different
processes wnich are occurring.

The reasens for the Giffsrd-McMaran Crecle baing useful are of a rractical
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natire, such as simplicity, reliability and esase of construction. “here is, however,
a small sacrifize in efficiency —ompared witk the Tarnot cyele. It is interesting
that in ma<ing the constructional details simple, as corpared to the Sterling cycle
devices, ome makes the thermodymamic analysis aspe-is mere ccmrlex.

In order to make an analysis of the Gifford-McMahon Cycle it is necsssary to
have a mod=l <2 refer to as we s1ow the processes followed by different oatches of
gas. This is shown by the schematic diagram. Figure 1, for a new method, Crycmatic
Gas Ealan:ing:5},' which applies the Gifford-MeMahon Cycle with a minimum of device
complexitry. The method achieves refrigeration in a system composed of a volure
divided i-to several chambers by a free-floating fisglacer. Motion of toe displacer
is caused by the unbalance of pressures in these chambers resulting Zrom the delivery
and exhaustion of gas through the simple rotary cored valve.

hs is shown, the closad volime created by the two coaxizl eylinders of differemt
size is divided into three variasle chzmoers by ths Tree-flozting displaser. The
gize of each chamber depends on the pcsitiom of the displacer. Champer {2) at the
intersection of the two cylinders and Chamber (3) at the end of the large cylinder
are inter—onneciad by a small, ghly efficient thermsl rezenerator of small pressure
drop so taat 1:1:_=t,h of these charbers are always maintaired at approxirmately equal
pressure. A suitable seal separates Chamber (1) from Chamber (2) so that the pressure
in Chamber (1) can be diffsrent Trom that in Chambers (2} and (3). A rotary cored
valve 1s ased to raise the pressure oy delivering high rressure gas from a com-
pressor, =or to lower the pressure by exhausting te the low pressure line from either
Chamber (1) or Chambers (2) ard (3). The timing betweer pressurizing ard depressur-sing
the chambers nmay be set by the locaticon of the parts ccrnmeciing the chamicers with
the wvalve.

At the beginning of tne serdies of operazions, the displacer is in its topmost
position s5 thit *he velumes of Thamters (1) and (2) are zerc and Chamber (3) is at

a maximum volure, with the reoiatine valve reference X =zt 1.:00 o'clo=k. Fressure



J
is Jow in all three chambers sinece tne low pressure slot is opposite both connscting
tubes.

When the valve rotates couniercloc«wisze so that reference X passes 9300 o"clock,
it sllows nhigh pressure gas tc te delivsred 4o Chanber 1-) only, forcing the displacer
Lo move te the bottiom position. Gas is transported from Charmer (3) to Chambe= (2).
If Chamber (3) Zs colder, some ges will be exhausted through the valve as a result
of expansion back to the irle: temperaturs.

When the rotating valve (reference X) passes £:00 o'clock, high pressure gas
is let into Charbers (2) ard (3). This builds the pressure there to the high pres-
sure while the nigh pressure is =till naintained ir Chamber {1). The displacer does
not move.

When the rotating valve (reference X) passes 3:00 o'clock the pressure drops
in Caamber (1) because of the movemert of the low rressurs cored slot to 2 pesition
in ragister witk the Charber (i) connecting zube. This causes an unbslarce of pres-
sure on the displacer so that it moves to its topmost pesition transferring the gas
in Caamber (2) 2t constant high pressure to Chamber (3). If Chamber {3) is colder,
as 1% will be ir operation, additicnal kigh pressure gas will be supolied throvgh
the yalve during this transfar.

When the rctating valve (reference X) passes 12:00 c'clock, it allows the pres-
sure in Chambers (2) and (3) to drop tc a low value because “he low Jressure ccred
slot ir th= valve is now opnesite the Chamber (2) and {2) cormzecting ubes.

Chamber (1) retains its low pressure as the low pressure slot is still opoosite its
eonnectinrg tube, so this process takes place without the displacer moving. This
comp_etes The series of ope-stions whick is repeatsd wizh each reveluzion of the
valve.

The C-vomatic Gas Balancirg refrigerator is quite an easy thing to hirild, as
it imvolves only two slow-moving sarts, Cperating speed is crly about 50 4o 150

cycles per =inute. It can rzkes 2- exceller: refriparztor.

smperalures s Low as



EBﬂK nave beer reached in Chamser (3] with a 2" diameter displacer operating at
1Z3 RPN,

It is relatively simole to make & multi-stage unit (Figurs 2) where refriger-
ation 1s developad at two different low teoperatires. COnly one additional mcving
part, th= displacer, and an additional thermal regenerator are reqguiired. Several
guzh mactines have been built wnich achieve tempsratures as low as 12°K, An actual
two-stag= experimental refrigerator of this tyve is shown in Figure 3. 1t Has
5 watts refrigeration capacity at 15°K and 18 at 50°K and has servad as the tase

for a 4.2°K refrigerator.

-5

The zeneral nature o the -ycle may be shown on a T-5 diagram by following what

nappens -7 a small part of the zas irvelvec. In Figure L is shown a T-3 diagram fer
the firsz gas to enter the refrigerater which contributes te the refrigaration achieved.
It enters the walve at room temperaturs, TE’ poiat I, and expands througn the valve
isenthalpically to wvery nearly zhe low pressure, %g, peint 2. It tken is tramsferrad
inic Chamber (2) with only a slight pressure incraase. There it is comressed back
to the high prassure, Ph’ point 3, by the acdition of more gas.

In ~he act of being transferred sut of Chamber (2) when the displacer moves
up it will be mixed with additiosnal gas frem the supply and comes te a Lower Temperw
atiLre, Tcl point 4. It is then cooled in the regenerator te the eryogenic tewmpera-
ture, TH" point 5.

After Charzer () has reached its maxirum volume “=e vzlve rext allows tnis celd

high pressure gas to be exnaustsd., Tae expansion befors it leaves Chamber (3) allows
it to drep slightly in temperature to 6, giving the refsizeration effec=, befars being
hested again in the regenevator %c 7 and passing through *he valve exparnding isen-
thalpically to the low pressure. zoirz 3, at a terperazure close tc thai of tae

mixing tererazure. Compressicm and cooling to pass from 3 to 1 is not shown on the
disgram &5 it would obseure the clarizy of the other lines. The csmplete cycele, of

gourse, Invelves this alsc.
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It is to ke remembered that this crly represerts the action for the first small
fraczion of gas t¢ enter the refrigeratoer. Every other small fraction of gas will
have different diagrams. For example, gas that enters the refrigeratar sfter the
pressures is ancul half up will fcllow the diagram of Figure 5 where numoers have the
same significance as in Figure &, All of the gas that is added at thes high pressure
during the pericd when the displacer is moving up does nct proceed through the pro-
cesses 1 tc Y but mixes dirsctly writh the inizizl pressurizing gas, proceeding from
poin= 1 directly to point 4. A complete set of lines frr all segments of the gas
involved would give many overlappming areas, It thus is a very difficult cycle to
put on a T-S diasgram,

The meascn one prepares any diagrzn showing any functional relationship, series
of operations, cr a cycle, is for the purpose of mzking it more understarcable by a
simple direct picture. A T-S5 diggram is selected for meny cycles because it mskes
it possible to see clearly the overall operazion guickly and simply dnclucing pie-
torially the heat and work gquantiities inmvelved. 4 T-35 diagram does mot sccomplish
this for the Giffcrd-McMahom cycle. It makes the cycle mere obscure Ly preseniing
a rather @ifficult intsllsctual provlen. Thsrefore, there is really mo goed reason
for atterpting to put it on a T-% diagram. Ik is rather like solving a reat transfer
proziem, irvolving a rectangular block, in sphericzl coordinazes,

The test method for computirg the performance of the Gifford-MeMahor Cycle has
been showr in creviocus papers (1(2) (3¢ by consideraticn of what is going on im the
charmers ir. an everall way, rather tharn integratirg the effecis of all the difZerent

batenes of gas with varying acticns.

It has been shown tha% the total refrigeraticr, Q, is

<= 'S‘? d P =,§FP av



fcr the expansion space or

™

W=V (P -F) 5
wrere V is the volume of Chamber (3), Ph the high pressure, and E{' the low pressure.

In the aralysis of a refrizeration cycle, the desired result is an ability teo
ecmpute the iceal performence of a propossd system anc then also show heow each faczor
wrich detracts from this ideal perfornance affects the tota. perfarmance. For a re-
frigeratcr the thing you want to know is how much work, W, at room temperature, TR'
ie required to remove an smount of heat, Q, at =z low temperature, TI'

The work reguired to compress a given mass of gas, m, in an adisbstic proecess ie
SEHAE (2)

W o= : b [
W=m C? s (Ph,fzg

where C_ is the specific heat ef the gas al constant pressure, ', therztio o specific
heats, &nd TR' the temperature of the gas entering the compressor.

The mass of gas used in the Gifford-McMahorn Cycle would be the difference betawaan
the mase of gas in Chamber (3). My, 2t the low temperazure T_ and kigh pressure P, ,
arrl the nass of gas in Ckarmber {2) at temperature, Tc_... ard at ‘t.h.,e low pressurs Pﬁ u
Ir an actual system the volume of Chamber (1) is small relative to Chamber (2) and
little accuracy is lost if it -s assamed tc be so small that Chamber (2) is =qual im
vclume <o Chamber (3},

n=m - m, (3)

Assuming the perfect gas relation is valic,

2 25 2 L)

i
[y c

Ph‘-"
RT

whers R is the gas constant.

The work per cycle is thus

I
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Dividing Bquation (5) by (1)

(r’_l};r' 2L
T ' . 1 r .'I =
W | I:El ‘R E?hgjsﬁ TL"‘ i F_LFLHE'IE TCj][Eth r.f,:l -l‘J {5}
Q9 v.(P_ - F,)
G SR

The assummtion that Chamber (2) is equzl to Chamber (3) and that TR_-"TE % 1 allows

the relation te simplify to

o O
w G (BB (rp/r ) - 1] (R, /7)) -1 ] {
Q- R (P, /B, -1) ) T4

=g
LF

The work per unit heat removed at a low temperature, W/G, incrsases as the tem-
perature ratio increases, just as it doees for Brayton cycle refrigerators. Fer TR
of 300°K and Tr of BDQE, Figure © shows a plot of W/Q as a funetion of pressure ratio
from Equation (7) assuming helium is the refrigerant, Also shown on the same plot

is the relatiorsnip for ths Carmot cycle and the Brayter cycle, with and withcut

wor£ recovery. The relatiosn for the Cernot cycle is well known as
W/Q = (T -T /T (8)

and the pelaticn for the Bray:ion cycle is

WA= (/) /e ) T (9)

The Brayton ¢ycle is really the idsal cycle for the refrigerators that are said
to oe Sterling cyele refrigerators, The Sterling cycle calls for isothermal compres-
glon and expansion, and tha Brayton cycle isentropic ccmpression and expanslor.

The .01 second allowed for corpressiorn and expansion ir the Sterling cycle devices
does not give time for the transfer of an appreciable amount of heat during these
processes, It is not sufficient to ccol after compression. To achieve Sterling cyele
efficiency the cooling must occcur during the compressicn.

The Brayten cycle is also tne idezl cycle of small expansion engine or turbine
refirigerators, if the work of the expansion device is rot recovered., If T10%, the

ratio of W/Q is given by Eguation (3} with the one deleted.
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The Gifford-McMahon Cyels as seen fronm the curves requires more work for a given
amount ©f refrigeration zhan tnme Brayton eyele. However, the differenss is net Erest
for small compression ra-ios waich is the way amy refrigercetor designed to use these
cyeles should be operated. It is interesting to note that a Giffosd-MMahor eycle &t
& pressare ratic of 2 is about eguivelent to a Brayten cycle at a pressure ratio of
5. CGifford-McMahen Cycle devices work very well with pressure ratios of 1.5 to 2.5.
Tnere 1s no need to go to higher pressure ratios and thus poorer efficiencies. The
Gifford-McMahon Cycle doss sacrifice some potential efficiency for its many practicel
advantages; this sacrifice, however, is not very great.

The practical advaniages, as have been described in previous papers, (1)(2)(3)
are numsrous. They all should lead to high reltability because the basic ecuipment
components are simple, slow moving, end not highly stressed components. This is

(5)

especially true for the =ew method, Cryomatie Gas Balancing which applies the
Gifford-McMahon Cycle with only two slow moving parts. The gas s2al on the displacer
mves at the rate of 2 top 5 inches per second rather than 30 to 50 inches per seconc
a5 in some small cryogenic refrigerators. This should make continuous opersting fimes
of 5,000 to 10,000 hours a prdbability,

An added advantage of the new method 1s the reletive simplicity with wkich a
differest model of new capacity may be developed, There are only a few basic parss

wileh are all relatively sasy to eorstruct so that pretotyps model dewelopment cos<s

my be zreatly reduced.
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to enter refirigerator



Ol

soAdTy) asurMIOJIaqd 134D uotTyeladrizey 9 JNENOld
/%
(08" Oov
3R s
u__n.__uom.. = "L

LONYYVD

371D

(AMIN0D3H MHO|
AD NOLA

Ol

(0 )

1 0¢

(08

04

09

0L

08

06

“o/m



