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While atadying steady state, very low ter:peratcre 
refrigeration which wotild be req-ired to permit opera- 
Lion of sGpercorducticg -?F uaveguides, it became evi- 
dent that operation at abo& l.O°K vould be more eco- 
noalcal than 3t 1 8'K s . * This is because the RF losses 
fall off axponentiaily in this temperature region. 
Thus small He refrigerators, tcgether with He4 cold 
gas heat shie 1 d refrigerators, could be csed at l.O°K 
ratker than large He4 refrigerators as have been used 
to attain 1.3’K. Thermodynamic data of Ee3 were re- 
quired to check out these possibilities. 

AZYL-TR-67-1'75 Thermodynamic Data of Helium-i, by -- 
R. M. Gibbons and D. I. Nathan, covers a temperaTure 
range of l.O°K to lOOoK and 1.0 atm to 100.0 atm. 
This is fine "or refrigeration cycles exhausting a% or 
above 1.0 atm, but not for operation at temperatures 
below 3.2'K. The Ke3 data were graphically extrapol- 
ated up to 400°K and to very low pressures. Use of 
;he charts iYas simple but accuracy -Gas questionable. 
The fit between gas data and liquid data appeared to 
defy rhermodynamic theory. 

Ir. further checking of the He3 data it occurred that 
one could dc better if one could make more use of data 
for He4 r;hich is availeble over a wide range of points 
as in :4BS Report c/:62 Provisional Thermodynamic Func- 

3.3. I:cCarty. Ihis is to say that much can .oe Ic- 
:'e:red from tile similarities betveen He7 3 and He4 data 
ra;her tilan concentrating only on the differences. 

First, the soL^rces ijere reconciled. The He3 data were 
cocverted to the same Iunits {used for the He4 data. 
%e Ze data appear to be based on 0.0 J/K01 at O.OOK. 

3 "he IJBb data zre not so based and 58.61 J/M01 are 
-8dded to all values dtie to the starting polct used. 
T 2 ; c , ii&.:28 ,/Moi - +.22'K x 20.785759?3 J/Mel -"I<= 
F:?, Is: J/ho1 . The Cp valle Iused is for 0.0 ,atm and is 
Lee 247x fcr I-lej ani He4. It f'Ollo>Lj that c?t 330.0'K 
snd 0.0 ah, -be en:;haLpy for bo;h &3 and ;ieb can be 
1 i z-F.,j 3: f&2:' 77 .T/&o~ + :;?,.I:! ,J,/;<\>; -,T <~Xlkt,~L .;,/W , -d-s. ,i -, 

‘,.3ria7ion 01’ ter,l;halpy from 1.0 at:i, to very 103 pre-s- 
,:,,J’.<,j ;*/, ~cJO.C”ic : .i -.;n ‘41‘. Vi18 ~ial~z3 95: :-eadilj- 
2rt,zblic:-.rz. fcr SIT.,' L,~r,t,ar5 cf :2tere f t ‘ce heen 
0.3 2 1,:: :-:r.#? 1. C' at:,?. 

ii = i;Z'i: . :k ,J,':,!oL + l.j:t; J/:&>L (Ljr-,i;:/-.O atrn) i:) 
.I: ci :,u.L r,t, ~,~:':,~~~r'3 t .rt T c.tJ-.p;. -ralm:&?z <y.,.31.,<ap 'is 
prc c 1 rf-' i. : LoVsl :‘Fi 1 W Lli L-z tr::::perr;t.ure i: ccr.i;snt. lit 
, ..'I .,x.i 'I*< .,p': r‘n .I,&:': ,.' CZtkX I.Fj ',.'A LILC., lCCi?.i,.i? 23 it pl'd.:,.-~ 
~< :'r ;' 1 ,F,” ?‘e 3 .‘L,><pT> ‘*t ,::.:ti’.:r!i-L;,~ l?d p:u),m’;irp ,>?I ‘2 :, 

,,yc :‘:‘, 1 LV! , >Ch :li&:~r thnr. !..G a’-,rn. 11: fOll’%S -,:-x3 % 
'_,,I i',' '!,, :*, ::m: '! t.a per:! r':P.. 0 1; N::icI t:n*.i1t Ip;i i .; clo,..~: 
-,o ~::r.:'.~:1,t, ?-;-'r a -..i& ran,;;? ,;f prrsx~rr:. 

1'. -,'rl:.pi;~. ii ? Yl .:t.t * > II,_ I! '_ _ij'Ij(, 1,J">Z, 
7 i:;.;:4 s:;,!.a vi L.2 I?,, 4i:3ta .,a. 
'.O"r: ,..+.qif 1‘O'2K L'Cr' L.t:._' r2nj-T'-' cm+' ., 

2 '2 I: .d ,I + -;. ,I!. .t; -K :, .I2 1:; l‘I‘~~:~r.c~~3 Ir. s,:i31p~, 
'j'n, ts .l/::n1 :It j.0 elf,. nnil 7 
2°K i/E! :e.:p6:c 'i‘iit ,ilffi:-enc,::; 

: :' : ;:3 ,. -, <i,,',r-. __x c,T/y:- '::,,j L Cj -/','tl ., II,LIJL. A'; WK 
, : _ .., 1' : '; ; 'I:,: r. !I'.:+ J ,/:Cs:,L -I.', i.:‘ &5], :_ .?/:4sl k 0. 
~,_ ,, 1 'i * ;.rjg 3. , ./ L, :, ,' -ii :'r: ',,'& '.?:I; ‘2 dF/liO L i-1:; 1, ,I' " ;: 1.' . .; 
:,,".. ..i- . 1.1,il:TLp;' .eF'!i.&..- Oi' ,ff;-- ;.;-I,? :{,:I, ':I.,? ti:t.z 2 

same for temperatures above lCO°K ,:ut vary uide:;- at 
%-cry 10% temperatures. 

A: 0.0 atm the enthalpy values of He3 and Eei are iden- 
tical a: each temperature by definition. At low temp- 
eratures and higher pressures, the Cp values increase 
over 20.78575983 J/M01 - OK. Thz star;ing point of the 
increase of Cp values for He4 for the pressure range of 
0.0 to 1.0 atm is at successively louer temperatures as 
pressure is redi;ced. 

If the temperature of the start of increase of Cp 
values for each low pressure isobar is the same for 
both He3 and 5e4, then quick approximations of enthalpy 
might be made. A check at 2.0 atm shcwed that the in- 
crease in Cp values starts at the same temperature but 
that there is no decided increase for ?ie3 as there is 
for Heq. A similar check at 1.0 atm showed fairly 
close correspondence. It was assumed that the tempera- 
ture of the start of increase of Cp values therefore 
would be the same for He 
isobars. 

3 and He4 at Low pressure 

This temperature of the start of increase of Cp values 
is easy to calculate because the graphic plot is para- 
bolic. Zet 40°K = LO uni",s and let 0.2 atm = j Anits 
and be the focus. The temperature of the start of 
increase is O°K at 0.0 atm, b°K at 0.2 atm, 56% at 
0.L atm, 6g°K at 0.6 atm and 80CK at 0.8 atm, etc., 
where or,e-half of the latus rectua is 10 units. 

(I, "K/4);" = 2 x 10 (P,atm/O.O&) 
T, OK = I+ (500 P, atrn)'!:! 

(2) 

(3) 
This quick approximation is adequate for zhe range of 
0.0 through 1.5 atm. The enthalpy at T start is easy 
to determine. 

H start 
J/+401, 

J/b101 = (H, 
'K) (3OC'IC 

300°K, J/Mel) - (20.~8575983 
- T start, OK) CL) 

A plot cf Cp values at low presst;rcs for i5e4 \ier:;'is 
temperature show Cp values rise above ",he vali;e of 
0.0 atn expcnentially to 3 maxir.zm -<al;.: at the point 
of evaporatioc. Cp valce$ plotted at a n;rnbar of prcz- 
:3:7-f=- am a i%nily of h;:perbolas Fit‘n tte real ?oc:z: 
located at io-der tcmpcraturzr and Cp values as pressure 
is decreased. Focal axes ar? at i5O r,o constant Cp - anrs and tke i-:;rper‘co13s are close ~,o rp~.,llatrriji. o,-,r 
asgr.ptctz is cl=.;e tc 20.5 J/:/lo1 - OK wiiii: the ct.~r 
T/aries between (, ‘"K and ioK. F'cr i.0 a';m th? 1st:;~ 
P2 c i em i s L ni.t.7 '4 !;e re 1 ,nj t eq~~al; LoK or 2. ,T;‘IJIo-~ - 

OK. The r3:io of OK,f,:c;c, + "K,npex ;z clc5z -- f0 1.; 
L~:;;,et:n 1.2 3';n cd 0.1 2x, ri.-5;: t,t; 2.0~ 3: 0.5 :tm 
i nd 3 . 0 3 t 0 . 01 9 i.ii . 
'Ibe Zcregcicg ~+:a: ,zf ;c:;eps.;'. i:l:~:l.a.,: ,ci' *..:i: po:zi-l;- 
it; 0:‘ detrrz~~i:~~~ ,a:: 'e-:iprn:r.:.I:31 ,-,-:.a+: x:‘;i.p ‘d 1i,3:1 
c<:l;ld alloy.+ calcl1.a l,i an t-f 1-p at .zr,:,- ',,2:r.p+ :.-i 1 .;r,: :,:st, 
i.-. L,~rs ".'nnn Z rt.:,rt alo!:,& a yiw::l :..:c,car. 8fl 7, .' ry ; 
i'actors (en&d this intr:r.:jt.. The f': 1 r‘p? ; ,J 1 -;i ,'I -,i:' i':<>,rl 
i,;,e rl1i:ilc; 2s a?>.r,p',"tt-:: rre spp~osc,;~ d 3t .,;2r;: low 
CT‘. s-:1 re s . The t*<'v.pt'ra tt> v :: ,>I' I: ‘I'S a<., ~3 I, i c>:i t:Z :it ‘3 :I I’(> 
*,.;,yi d,;;3 ‘,;::,p,~:.~*ly 3 ,....T j^fO -,f ;,.- ‘h,. 3.2’12 ;‘--,-..A ,, “.V _- -- 
i -3lj’i:. E’ic:311;, , sn:; .:o.. ::icn lu,:,ct. :.:ITc.It: : ;.I -.*>1 

ml:* !.:A :lij ;ld r;O Lt>ni_;r:r t6: ~3 r;.ic::< :ppyc.yi ,:.r.jt. iac. 

‘1-i-e 1-r--m,+z lzp te.t,-s~.,,r. ‘; : ‘,‘.iyi, %I.T,~ ‘;‘ ,..,‘1p,>r,q+: r,:; I.; 
. f ‘<q L ..j’ &:- :.eryLr.-,i :'7r :!n;. 1; .-I,& .::h i:,-:#iir. 

:, -p ,"l," !?li$?, J-/y-:~ : (.i ',%I-., .,,'::,;*. - .- +:I?. , 
ti/b'ol.) f ('i .,*2r:., "K - i ",':p., "2:) (5) 
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Tie temperature at which the average Cp occtirs can be 
determined fcr ang low pressure isobar by the use of 
an F factor. 

Tcp avg., 
evap., "K 

OK = T evap., 0K + F (T start, OK - 'I: 
(6) 

If the divergence of Cp valzs above 20,7857:3E3 J/PI01 
-0x :i2 I-2 li ix a 2' -,:-Is I factor ~oluld be L/3 for all 
i;cbars. Ihe F'factor for curving divergences, a4 are 
found, is sl:days less than l/3 except at 3.0 atm -<here 
there is ,io divergence. Y'ne F 'actor for He A -s de- 
termined from listed data is O.i'-9 at 1.0 ct~,~0.161 
at 0.7 atm, Cl.;75 at 0.4 atm, and 0.205 at 0.i atm. 
These points lie <or a emooti curve. Let the P ordin- 
ate be frcm 0.0 atm to 1.0 atm. Let the F ordinate 
'ce F factors from C.333 to 0.149. 

F = 0.333 - 0.18;: (P,atm/l.O a:m)'*l7 (7) 
These quick approximations 
9.0 atm dorjn t0 3.1 atm and 

ztch listed He4 data from 
eye reasonably close at 

0.125 attn and 0.01 atm. 

The enthaipy at Tcp avg. is then determined. 

Xcp avg., J/I401 = [(T start, OK - T at avg. Cp, OK) 
(20.7E575363, J/Mel, "K + Cp avg.)]+ 2 (6) 

The same procedure and F factor can be used to deter- 
nice T and Ti ~slues for 2 additional points along the 
isobar, then 4 additional points, then 8, etc. A point 
of interest is quickly 'aracketed and scslved iterati.rely. 

This approach has been ased with reasonable success 
but has shortconing;. Further checks reveal points of 
temperatui-? with zore than 1 value of enthalpy which 
aat be incorrect. Were is ioubt that points close 
:o evaporation temperatures can be accurate at an;- 
:,;dcar. p:nellT' -.J , ::le process fails to be a quick ap- 
proximation and :ias dropped. 

-4 rev&;; of 1'~-- luved ,data reveals that vhile iie- and :<eb 
'Cp -nlue; vary greatly at low temperatires aid prec- 
c UT* c , ,?E Cv v3lue:r 3re fzr core stable. Tll'iS :.:ti>s 
quic6 e ;tir-.ates 0a:ed on ccnstant pres,sure analogies 
are cuciserzomr and inaccurate, those fcr c0n::tant vol- 
x:e 9x-e riot. Fortunately the isobars of interest are 
few . They are i0 atm supply gas, 6 atm intermediate 
pressure gas to :!w initial 
attr. for initls' 

liquefaction vali;c, C.7 
I liquefaction a,ld expansion engine ex- 

13 i e f , ncd nn ovap0rator pressilre. 5% htter iq 0.91 
a :n :kr ,cpe rotisn at clo=e -0 l.COX. I I, 

II -3 abo~i? pre . . . ..x s allow a r~za:;or.31:le e;,:par:;lon ratio 
cf i2 x __ t.:rfltgn t.12 ~ez.rpansion en&ice :;hic,? is ,clcze 
to ex13tiil~ ;'ell. r'e ci proca-tin; tlzc'line .5 of standard d,e- 
.Li :*-- :nd :;::e N:El? cl eL?j R Li.lgL? ;rc.:c. Lr,:> r33Licir.g ~,::iL-:t3 
cet-.,eiir. LG atm and t.:- initial ll.r~,:fac:i;r, pre,;l,re 1 - y ;;f 11.7 5t.n. I:' :,.-x3 latter is raLr+d trio :.ilicil, inii.iL.1 

+;,j 1. Li" r.,:: .,? lfI!yy ;f ',f 1, 3 -. -.-,.- i _ I,,!., _IA cr.l:.~ -0 (2.;; 
-?:,?I, ,a .~~2CClld ~z-FJ.ZE ;:',3 / _f -'=-1 .jc kg .iK.:e =c.& li; ,;e Ice _ 
,;.ip; ?. -‘.e +;.-,-:LLi ;i.r:;-l;t ,:f 3 -12 . ,;J. 2 p1y : .: J 2-e #7 1' i) . '7 

_ . 2 ';i:. : zr' ,..ch-,LnL LLQ:~-fac:.icn ,dcec rl, +oii I,(: f:::plif;, t,:e 
,!<,< - - .~l"‘:i!13a;esZ>:i 831' prCJe?r k<r,(,: .2lp;:, -::; ._ ,I,*> i5: ">'I - 
._ ..1*1' 0 ,il‘ Ii .<' :. 

E’r:r ‘3 ,:I::.. “,::- ,/cl: , ;)rcw. .; i-- ',, :.,.Iz:.': ';r:, -,,: A:7 
L.:- mr,.: I;z ',k. :'I.‘ '.,I; L..,T;!><~r .:l,:::,?r ';-.Li:: .,:.,I cl,;. -I ;.c i i...' 

1 -,.,i r: ire', L',cTz'-, ,:r-,,i .,!..-,,i T,J;,: 113 + : .,~1 :,:. r*,Jlq , ,-,,. 
-:I,.:-: 2:.,-s: :,,<I, ,]i,-a:- . ?.:c i‘,. rcc,-y:Iz.:f-? i;r-.,.1:, ,I g?i, . 

r '3;. 3 -0 ._ = : ) :: ( pr ;,3-+~Pi,:lLi?!) C?) 
..a, ,J/:.:;: ,'2 = (cp , 'J/'.:o-, ";X) 1.A ( I'. , -':: / "-.-: # .1, 'I, ( -,; ) 

ii,, z/t:;;. = (cr, .:/:~ol, rj:) ('gi( - *;;,':i;:j ( .I) 
1,,, ',-, ' /.. - = (.. ..J ,/f',:,zL) - : ,) ;,':,:#:.'- : L.- 1 

::- ,,!:::1 : 

c-2, ;:.,:y " 
.I/':,::- + Ll>:.j?:, ,;/,!'.I::- i.(h) ,,/t:,:i:L) 

(j.jj 

r I;’ i 1; , 3 :- f :;...;2,p,, ;i+. I?." i'i,, ;: i_ ,.l ,j;,',i 

for He 
2, 

at 1.0 atm are tranrposed using t.:e above re- 
lation lips. Tnese vakes are accrste do?.;n to 7.00:~ 
but become erratic close to t,:e temperature of evapcr- 
ation. Potential problems are obviated by selecting 
7.0'K as the expansion engine di;c:harge temperatAre. 
To obtain val,ues Of enthalpy of IIe, at O.01 atm r.iE! 
listed data for Iiek at 9.05 3 I 

the above relationships. 
ata are transposed Nurirg 

rhe valies are accurate to 
the point of He, condensation. 
78.96 J/b101 at ?.O°K for Se,. 

Tke listed value is 
The calculated Tfal;e ie 

79.07 J/I*IoIo_ and calculated ?emperatze value is in 
correspondence tc r;ltiin O.010K. 

It s%Oald be noted that relatisnship (10) shove :;a; 
not used directly. It did unlock the graphical prob- 
lem, houe ve r . Listed liquid-evaporation data fcr I?':"~ 
show the critical point of He3 to have Lhe same S 
value as for Heq. Tabulated gas data for He3 disagree 
by approximately 5.38 J/Mo~-OK. In transposing 3e- 
data from 1.0 atm to 0.7 atm the 5.38 J/Kol-0K zus? be 
deducted to assure con sistency with other listed data. 
Additional constant pressure checks from verb' low He3 
Xemperature indicate correspondence with S values of 
Hek at the same isobars. 

For He3 steady state refrigerators to be 0perated at 
vepJ low temperature or temperatures only one expan- 
sion engine need be used. The indicated isentropic 
Iefficiency betsTeen 16.0°K, 10.0 atm, 363.9 J/:401 and 
7.0°K, 0.7 atm, 196.95 J/M01 is 80.54. The solution 
for an 9e7 refrigeratcr evaporating at 0.01 atm is 
shown in $igure One on t‘ne basis 
1.c biOl/S. - 

cf a cold and flos; of 
Not shown is the nccessar>r heat leak 

shield uhick woxlid be a separate He, cold gas refrig- 
eration subsystem. f 

2. few co,n:.ients relating t0 tl;e X2 
est. 3 c;,cle are of iz:~r- 

Three J-T valves are ased bat a 2-phase cold rr,d 
expander cannot be justified because yield in i,he 0.7 
atm liquefier should be lOO$. Tile liquid yield into 
the evapcrator should be clcse to o7.L-;'.. The Fucticn 
intake of the vapor pump i s 2$57.O 1/s whAch indics t,-,s 
the use of small, l-stage, 
internal oil fcist cooling. 

rotar:i .scre3w machine ha-iing 
Discharged gas ;.ould be at 

0.77 atm and 376O~ MAX tc prevent breakdow of cil. 
The :ie- compressor ;io:lld -0~ a 2-stage reciprocating 
mmit hiving normal oil lubrication. D i ,: c 3s :* ge :! &a E 
:;or;ld be st 11.0 atm and Li'Il"K :&4 to pravent ii0ma;- 
to cast iron part.;. 

Starting at the lLr,:id Je- ~ubcwier, 
d,:tic:; art: 31.Cp, $..6+S;: i95 .g?;i, 

k?t e?:C':Nr,yl 
,?nfi i:, cl;7 ; 

'Ihe er.trr,py at 
, ,, _ .:i;v.. 

;,:e s;ngle exp,and+r tnrc: t.1e 
16,0"3Y) i:: almost the same 

(1_1?.0 7,. :x, 

(Ii . 3 1 t! ,I", ^ I'- I' 
as 31. :, .e 2wpx3i~I:' 

I: x,ia LI ,s t 
cf 3Oj.':OK, 

u.>r, -r.-.), -,;e 7 .ppL;,~ ,;a:3 ".7,1; t;‘:' 
'6373.Eg J/1,:01 ,are ;e:. e-T T ij- ::.a;cL,.l.K 8.i.L 

cm:ir.;r to:.:~-Jr >;a;+1 t,enper?ture srd '3 .ijCF -ppr--,- -, ;:I 
in*;erccoler.s and aftero~~olir. Llii:rici:-i::,: I:ii ., :,i 
J-r: r c c,o 2. i r: ; z r. d 1 .1-r; ,c.s';ior: '.C ii,, ,:+: .'-'.2',,-~.'~ .., ; ., ;.; 
L- ;t,agi;- :!rncZ:,~?, :I p,q:r-r.;;r, .‘,I '* ;-.e::,,.i:t- - (j "8.':: ':r r 171 
.‘~.p:ir?:.;r, 5 .::Lcror.-l'fi,.j;y fi;!.?? , ;'; .'?',",'%, ': 1,: -;: ,-t-s 

lLr.,;d ..'.l^.ll I,,,#_. 
,i ,~.",p,.i~: p;i;', cl‘ 17 ,I.: ,,:p:c. ‘,-';' - 
LiV px.; irl' i.Yjc: 'i!'.. -_ 

)I,:., I.T' .( :',' -/ 7, 
..:.s:;G,-!'..?. 79 '. .I., : 13: 2:'. 2 ,. 

i.!.C ':'>".I' "n ‘,:'lp;; a I -;,?r:. '1 '.ij . Z! '11 :: ~ :: ' p,: ;, ., .:>. i 
i &',..,3 ,?;,: ',!,'I.,z .. p- :.r -1. *+j ,;:,+,I ‘.. r‘,'j,m,;'. ,-" Ai, x.1 
.;,I j. 'i:.t,a ,ni lli: :x.1 I,:'.?. ,,y,.: .$:i',:. :: -,.l: ,, ‘!,:,.I(~ I ,:d 

;::: .;/:,:rJ:-.'y 1; ..:-,J i.': 7; .<1‘;‘ :: ,,/. ,Tj(, ,,, .I'. 
;.-,i:.; :.ppro:.:;::.:,t;: /,,,: $:.-CL..;. Y-y::. : iI: i ,,: 1 ,; , 
ILi^t,,.c:.i?l& :.*-, p,',r{;I":'!, i~!!.il. ; ',I : ; 'i-: ,; ". i,,' :r 1 ,; 
hi- ,i ;r. f I.,:.,; ‘.:':.pi.“'i: r{%f -. l'.:‘r‘ ":"!‘i:L'. LI. ,r,r, ._!‘,1-,.,', 
11%" ri +;.?rc': :..ri:.:-&~~,::n :<:,i; :-.rJ: :.;o. : j , i L: ~,. ,%I i,,; a-':'.'1 I_- 

: 'J#= ,-::cp~,.r,i::.~,:.'.:.11 ~-:d"i -.r,,i p <..I.;.; .,-I ::, .; in, ..: :XI:rl!,. 
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332-r - 

150’K - 

BOOK - 

‘Tic - 

:cm - 

l&0*1( / / 

0% - 

5 iiv - 

22”V- 

1 0% - 

34-K 

, / , 
’ Y.9 “K 2’3 J/q,, “K -w J,qo, “k 6)-hl”,-% a3 JIM5, % ~O”~~,“, “K 1x J/M,,-% 140 J&“K I60 J/Mc,-% Ias?‘,,,-*K 

FIGURE ONE S-LOG T DIAGRAM FOR HYPOTHETICAL HE3 REFRIGERATION CYCLE 
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