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QUICK APPROXIMATIONS FOR HE3 POINTS OF STATE
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While studying steady state, very low temperature
refrigeration which would te reguired to permit opera-
tion of superconducting RF waveguides, it became evi-
dent that operation at aboat 1.0%K would be more eco-
norical than at 1.8°K, This is because the RF losses
fal. off exponentially in this temperature region.
Thus small He, rafrigerators, tcgether with He) cold
gas heat shie%d refrigerators, coald be used at 1.0°K
rather than large He) refrigerators as have been used
to attain 1,8 K. Thermodynamic data of Hegy were re-
guired to check out these possibilities.

AFML-TR-67-175 Thermodynamic Data of Helium-3, by

R. M. Gibtons and D. I. Nathan, covers a temperature
range of 1.0°K to 100°K and 1.0 atm to 100.0 atm.

This is fine FTor refrigeration cycles exhausting at or
above 1.0 atm, but not for cperation at temperatures
below 3.20K. The Hes data were graphically extrapol-
ated up to LOOPK and to very low pressures. Use of
~he charts was simple but accuracy was guestionabdble,
The fit betuween gas data and liquid data appeared to
defy thermodyramic ztheory,

Irn further checking of the He, data it occurred that
one could do better if one cokld maxe more use of data
for Hey which is available over a wide range of points
as in NBS Report 9762 Provisional Thermodynamic Fune-
tions for Helium L for Temperatures from 2 to 1500 X
with Pressures to 10C MN/m~ (100C Atmospheres), by
D. cCarty. 1Tnis is to say that much cen be ire
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ferred from the similarities between Heq and Hey data
rather tran concentrating only on the differences,
First, the sources were reconciled. The He; data were
converted to the same units used for the Hej data,

Tre He date appear to be based on 0.0 J/Mol at 0.09K,
The NES data are not so based and 58.61 J/Mol are
added to all values due to_the starting point used.
1h6.328 o /Mol ~ 4.22% x 20.78575983 J /Mol — %=
J/Mol. The Cp valie used is for 0.0 atm and is
tie zzme for Heg snd Hey. It follows thet at 300.0°K
znd 0.0 atm, toe enthalpy for botlh He, and ey can be
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At 0.0 atm the enthalpy values of He; and He) are iden-
tical at each temperature by definition. At low temp-
eratures and higher pressures, the Cp values increase
over 20.78575983 J/Mol — OK. The starzing point of the
increase of Cp values for He) for the pressure range of
0.0 to 1.0 atm is at successively lower temperatures as
pressure is reduced.

If the temperature of the start of increase of Cp
values for each low pressure isobar is the same for
both He; and He), then quick approximations of enthslpy
might be made. A check at 2.0 atm shcowed that the in-
crease in Cp values starts at the same temperature but
that there is no decided increase for Heq as there is
for Hel,. 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 HE3 and He) at low pressure
isobars.

This temperature of the start of incresase of Cp values
is easy to caleculate because the graphic plot is para-
bolic., Zet 4OOK = 10 units and let 0.2 atm = 5 units
and be the focus. The temperature of the start of
increase is O%K at 0.0 atm, LO°K at 0.2 atm, 56°K at
0.k atm, 69°K at 0.6 atm and 80°K at C.8 atm, etc.,
where one-half of the latus rectum is 10 units.

(T, %K/4)% = 2 x 10 (P,atm/0.0k) 2)

T, %k = L (500 B, atm)l/2 3)
This quick approximation is adequate for the range of
0.0 through 1.5 atm, The enthalpy at T start i1s easy
to determine.

H start, J/Mol = (H, 300°K, J/Mol) — (20.78575983

J/Mol, “K) (300°K =T start, OK)
A plot of Cp values at low pressures for Hey versus
temperature show Cp values rise above the value of
0.0 atm expcnentially to a maximum valus at the polint
of evaporation. Cp values plotted at a number of presz-
rires are a family of hyperbolas with the real focu
located at lower temperaturss and Cp valuss as pressire
iz decreased., Focal axes are at 459 to constant Cp
and the hypercolas are close Lo equilateral.
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The temperature at which the average Cp occurs can be
determined feor any low pressure isobar by the use of
an F factor.

Tep avg., °K = T evap., %K + F (T start, K — ©

evap., °K (&)
If the d‘vergerce of Cp values atove 20,78375983 J/M

-9X were lipear, tu2 F factor would be 1/3 for all
iscbars, The F factor for curving divergences , as are
found, is always less than 1/3 except at 0.0 atm where
there i1s no divergence. %he F factor for He, as de-
termined from listed data is 0,149 at 1.0 atm, 0,161
at 0,7 atm, 0.175 at 0.4 atm, and 0,205 at 0.1 atm.
Theze points lie on gmootn curve, Let the P ordin-
aze te from 0.0 atm to 1.0 atm, Let the F ordinate
te F factors from C.332 to 0,149,

F = 0.333 — 0,188 (P,atn/1.0 atm)o'lT (7)

These quick approxirations mateh listed He) data from
9.0 atm down to O0.1 atm and zre reasonably close at
0.CS atm and 0.01 atm,

The enthalpy at Tep avg., is then determinsd.

dep ave., J/Mol = [(T start, °%K — T at avg. Cp, OK)
(20.78575963, J/Mol CK + Cp avg.)] = 2
The same procedure and F factor can be used to deter-
nire T and J values for 2 additional points along the
igobar, then 4 additional polnts, then 8, ete, A point
of interest is quickly bracketed and sclved iteratively,

Tnie approach has been used with reasonable success
tut has shortcomings. Further checks reveal points of
temperaturs with more than 1 value of enthalpy which
must be Incorrect, There is doudbt shat points close
©0 evaporation temperatures can be accurate at any
izovar. TFinslly, the process fails to be a quick ap-
proximation and was dropped.

A review of listed data reveals “hat while He- and Hel
Cp Valueg vary greatly at low temperatures ani pres
2 Cv values sre far more stable, Thus whil
quick estirmates based on constant precsure anaogies
are cumoersome and inaccurate, those for constant vol-
e are net, Fortunately the isobars of intereszt are
few. They are 10 atm supply gas, 6 atm intermediste
preszure gas to the Initial liquefaction wvalue, C.7
atm for initial liguefaction and expansion erngine ex-
kausn, and an evraporstor pressure, The latter iz 0.01
atm Tor cperat at close =0 1.0
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for He; at 1.0 atm are transposed 2sing the atove re-
lationships, These values are accurate down to T.09K
tut become erratic close to the temperature of evaper-
ation, Potential problems are obviated by selecting
7.0% as the expansion engine discharge temperature.
;o obtain values of enthalpy of He, at 0.0l atm, tue
ligzed data for Hey at 0.05 atm aré transpossd
the above relatlonsnlps. The valies are accurate to
the point of He, condensation, The listed value is
78.96 J/Mol at I.09K for He,. Tae calculated velie is
T9.07 J/Mo_ and calculated Temperature value is in
correspondence tc within 0.01°K.

It should be rnoted that relationship (10) above was
not used directly., It did unlock the graphical prob-
lem, nowever, Listed liguid-evaporation data fcr he3
stow the critical point of He, tc have Lhe same S
value as for He.. Tabulated gas data for Hes dizagree
by approximately 5.38 J/Mol-CK. 1In trarsposing Hes
data from 1.0 atm to 0,7 atm the 5.38 J/qul-u uupg ke
deducted to assure consistency with other listed data.
Additional constant pressure checks from very low He
temperature indicate correspondence with § values of
Hej; at the same isobars.

For He, steady state refrigerators to be operated at
very low temperature or temperatures only one expan-
zion engine need be u*ed. The irdicated isentropic
PfflClenCy between 16,0°%K, 10.0 atm, 363.9 J/Mol and

.0 h, 0.7 atm, 196.95 J/Mo; is 80.5%, The solution
Ior an Hey refrigeratcr evaporating at 0.0l atm is
shown in figure One on the basis cof a cold and flow o
1.C MOl/S Not cshown is the necessary heat leak
shield which would be a separate He), coléd gas refrig-
eration subsystem, v

A few comuments “elatlng to thne Heq cycle are of in
cst., Tahree J-T valves are used LOt a 2-phase cold end
expander caﬁnot be justified because yield in the 0.7
atn llqupflpr should be 100%. Tae liquid yield into
the evapcrator should ke elcse to 97.4%, The sucticn
intake of the vapor pump is 2457.0 /s which indicstas
the use of small, l-stage, rotary screw machine having
internal oil mist cooling. Discharged gas would be at
0.77 atm and 376°K MAX tc prevent breakdown of oi

The He: compressor would be a 2-atage reciprorat
unit having normal oil lubrieation. Dizcharged g
wvould be at 11.0 atm and L&1°K MAX to pra dzme
to cast iron parts.
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FIGURE ONE: S$S-LOG T DIAGRAM FOR HYPQTHETICAL HEz REFRIGERATION CYCLE
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