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.ABSTRACT 

The los.s rate of· a liquid· helium container is calculated by a method which. 

includes the important' effect of interception of heat conducted down the 

·neck by boil-off gas.flowing up the neck. The results indicated an optim~ 

neck geometry far given flask design beyond which added neck length is not 

effective in reducing boil-off. 

A radiation shield is introduced between the liquid h~lium flask and the 

liquid nitrogen shield. ·This intermediate shield is thermally tied to, 

and ·c.ooled by, the flask· neck~ Its effectiveness in reducing loss rate 

is demonstrated. It is further shown that when the intermediate shield 

is employed, large increases· ~n the emi.ssivity of' the liquid helium flask. 

have a negligible effect on loss rate. 

A graph is presented (figUre 4) which permits direct determination of. loss 

rates· with and without the. int.ermediate shield for containers of known 

.geometry and materials. The ·effect of instrument leads. and supports .either 

down the neck or through the vacuum can be. included • 

. ' 
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INTRODUCTION 

Cryogenic: liquid stol'age ves.sels and. cryostats are .currently in demand 

f'or both· research and industrial use. As requirements f'or low loss 

·rates .and minimum weight. and space grow more stringent, .optimum design 

criteria becomes necessary. This paper serves to :provide usef'ul inf'or-

mat.ion in this area of' need. 

The units have been chosen on the basis of' :previous cryogenic engineering 

. practice and convenience in application. In this regard, mass units 

tln"oughout this paper awe~. as "liters"' which ref'ers to liters of' 

liqUid helium at 4.2°K arid <;?De atmosphere, or the equivalent mass of' 

helium gas. 

/c{ 
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MASS FLOW RATE as a FUNCTION of TEMPERATURE and NECK GEOMETRY 

·A section of a typical heat neck for a cryogenic vessel is shown in Figure 1 •. Applying 

- the first law of thermodynamics to the· o:pen system in steady flow designated by Aa, 

and ignoring changes in velocity an~ elevation, 

Q net ·= Rout - H ~n 

Where all ~nergy quantities are on time rate basis. Neglecting radiation from the 

enVironment, 

Q net W - W -· = c CL 

The temperature of the gas· is assumed to ··be the- same as that ·of the -wall. (The validity 

of this assumption will be. investigated late:z:.) 

Rout - )lj_n = ,n ~ T C (T) dT 
p 

For a constant .pressure process, 

:Where m is the time rate of mass flow. If Cp is assumed constant, 

Rout --Rtn =· m Cp. (T-TL) 

Equation 3b is mathematically more convenient to handle. 

Figure 7 ;presents CP of l;lelitim at o~ atmosphere pressure as a function of temperature. 

The area under the curve represents the integral in equation 3a, .whereas the smaller area . 

. under the ·straight line represents the.quantity Cp(T- TL) in equation 3b. Figure 7 

shows that the use of equation 3b is conservative with respect to this analysis because it 

has the effect of crediting· the gas with a somewhat smaller capacity to intercept heat 

conducted down the tube wall than it actually possesses. The fractional error becomes 

smaller as the temperature interval is increased. 

Equations 2 and 3b are used in equation 1 to obtain, 

W _; W L = lh C (T - TL) . c c p 

For conduc·tion down the tube wall 

We = K Ac (dT/dx) 

·where K is the thermalconductivity. 

If K-~is a linear function of temperature, . . ' 

K=aT-b 

. J 
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~~he:i"!- if' KL is def'ined as 

Kr. =: ~ TL -: b 

b ·= a·TL ·-·IS:, 

K = ·aT - (a TL - KL) 

K = a (T -. TL) + KL· 

Combi-hing equations 4, 5; ana. io: 

We =. wcL + m GJ? (T -:-· TL) 

- 3 

:K Ac (dT/dx) = WcL + m Cp (T- TL) 

. { 

. a(T - TL) + KJ:. Ac(dT/dx) = WcL + m Cp (T.- TL) . 

Separating vari~bles, 

Def'ine 

Integrating equation 14, 

dx = KrJ: T 

~~)[ln 

+((m a cp)a) [ 

i
T 

__ -r.Llod~'f.___ __ 
o WcL + m Cp -r 

d-r +a 
w + m. ep -r -· CL . . . 

At·x ·= L, T = TH, and -r = TH 1 then equation 17 becomes, 

L;, 
~ <m.1cP) 

UCRL loBO) . ~ 

Equation 18 appears in Ref'erence· 1 (p. 240, eq. 7.9)*. This equation may be written as 

*Note ~hat in Ref'erence ·1 the ~erm (1/m Op) is expressed as (i/m)CP , a typographical error 
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.. 

(19) . m (L/ Ac) "'H 
... 

[: '' w ·.· ] ln [ 1+ m <;> "'H 

J 
= + .. ct. 

(a/<;,) ·. mcp WcL 
'. 

I:ef'ine 

ee[~L -mr~] 

Zs 

-(20) 

· Then equa:ti~:m 19 may be wr.i tten as, 

z·= -rH ·+ e lnrl + .. irH ; L CKJa-
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LIQUID HELIUM LOSS . RATE AS A FUNCTION OF NECK GECMETRY 

A typical .liquid n1 trogen shielded helium dewar is shown 'in Figure 2. The features 

essential to this study are shown in Figure 3; .Apply the first law of' thermodynamics 

to the open system ·enciosed by the dashed line, designated )lb: 

1h (U. + pv)g,T~ = ( dU ) "' 
"d't ·Ab 

(22) Q Ab = we~ + w r 31 

(25) 

(26) 

;·.-· 

· Wherew0~ is: the :tteat conducted down the neck and wr3l is the heat radiated to the· 

f'lask f'ram temperature '1'3 • 

The subscripts f and g refer to the saturated liquid and vapor states respectively. 

Equation 21 can now be written as 

Define 

Then 

For the radiated heat, 

= 

where cr is the Stephan-Bol,tzmann constan~7 E31 is the emissivity f'actqr1 and A.J; is the 

area of the liquid helium flask. Since both E
31 

and A1. ·are quanti ties easily cal­

culated if' the geometry and materials of' construction are .known (which ~s usually 

the case), define the product· 

The ·uru ts of'O:B ·a:re a:rea. This ·quantit~ may be regard.e.d as an ,.equivalent black-body 

area". of' the. flask,· because this area, at an emissivity .factor of' 1, would receive .. · 

n:n mnount of' radiant heat· f'rom T3 equivalent to that·. actually ·received by ·the. flask •. 
''' ' I' . . ' • 
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Equation.26 becomes 

mG = We~ + on:l3 (Ts 4 •TJ. 4) . 

So~ving :for {Ib/o:bj; 

(m/a~ )= o(Ts 4
- T1 4) 

G - (w ;·) . c1 m 

Equation ~9, as applied to the neck o:f Figure 3 between T1 and T3 , is seen to be 

o:f. the :form 

Similarly, equation 30 is o:f the :form 

·Note ~so that 

~. 

or 
.1 = 

(in/a~)· 
~.(L/Ac) = 

The·form o:f equations 32 and 34 indicate that, for various values of .(W /ft ), 
CJ. -

coriespo.nding values of both in/af3 and 

m(a~ ~Y be plotted a~ a fUnction o:f 

[ (L/ Ac )Clf3] -.J. 

[(L/Ac )af3 rl.. 
may be calculated. Thus 

Note that the value of 

may be ca~culated :from knowledge of dewar geometry and emis~i vi ties of the construction· 

materials. 'I'he corresponding .~alue of (m/a~)may then :t>e read directl:y- from the graph 

and ·converted to ~.oss rate by simply multiplying by CJ.f3.~ 

. . 

This relatJ.onship is presented in Figure· 4 ·~s the line labelJ,ed 'iDewar Without Shield''*·, · 
J ' . 

for liquid J:l~lfum dewars with ·stailliess steel·necks.'· .Values o:f the constants used in· 

evaluating equations 19 .and 30 are ~isted. in the appendix. The the~ conductivity o:f 

i _ e . . stailliess' .·steel f'rom 4°K to ~00°K is approximated by 

. K rililliwatts = 3.0. T °K. 6.0 .. 

*For t:his curve·c;x is assigned· the .value of 1.-
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acclu-ate to about 5%., as shown in .Figure 5· · 

Particular notice should be taken of the shape of this curve on Figure 4, which 

exhibits a distinct "knee". Values ~f [ (L/ Ac)_ t3 ] -~ 
4 

below about 12 x 10 · 

(inches(~ do not reduce the helium loss rate :rb/t3' which. remains constant in this 

region at .0438 liters/day· inch2
• If further increase in the slenderness ratio, 

L/A , of the neck does not reduc~ the helium loss rate,. then the conclusion may be .c . . . . 

__ / drawn ~hat-conduction ·a,own the; neck is essentially zero., and the loss .rate is due 

(36) . 

i 
I 

I 
l ..•.. - .. 

-· y 

entirely to radiant heat transfer to ~he flask~ This conclusion may be verified. 

by solving equation 30 for in/t3, with We~·= 0 -and a: = 1: 

(~t3) = a (T34 - T1 4 ) /G 

= (~.366 ) (watts .)·(·(."357/1.0
8

)( oK 4) ·_ ) = 
. 10 0 -4 . . ( 
_ 10 . · in 2 K _ (0.0298) ,.,ratt .days/liter) · day .inchG ! 

This result confirms the previous conclusion; therefore, the horizontal port~on of 

the_ ·.curve is duly labelled "Radiation Only", and the inclined portion is labelled 

·"Radiation and Conduction". Due. credit is given here to R.B. Scott, who, in Reference 2, 

.p. 242, suggests that most dewar. necks are made unnecessarily long and small in dia-

meter. The ·knee of the curve under discussion substantiates his·statement. It may 

be noted in passing that·a long dewar neck should not be criticized solely on this 

basis. If it is intended that the rewa;r stand for long periods of time with a transfer 
. . 

tube in place, then a somewhat longer neck than indicated by the curve is justified. 

The operating condition may be found from the curve by adding the conducti9n area of 

the transfer tube to that of the neck. 

The cases of "Radiation· Only" and· "Radiation and Conduction" h~ve now been established. · 

.. A curve. representing '~Conduction Only" would bracket all real cases on_ Figure 4. 

Proceeding toward this result, set Wr.31 . = .0 in equation 26: 

. (w /in) = G en 
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··Evaluation of .equation 38. in terms of -the constants (see app~ndix .for :p.umerical 

values) becomes 

· -~ ( liters/day}· =_26".8 (liters/day .inch} (·· Ac ). [ Inch] 
·L . 

. . 

Both sides of this equation may be divided by 13: 

. :m t . . liter . . ) _ 
't3 \ d.ay • in~h2 

26.8 · liter · ) 1 . ( 
day .;inch (L/ Ac )13 : 

1 ) . 
inch 

"For this case, if(A /L) = O, then m = O, and equation 40 is therefore a straight 
.c 

line pas·sing through the origin. This equation is plotted on Figure 4 and labelled 

. ' ·.,~sYm:Ptote .. for Conducti.on . Only". 

-~ 
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LIQUID HBLiuM LOSS RATE FOR A DEWAR WITH AN INTERMEDIATE GAS-COOLED RADI~ . 

HEAT SHIELD · 

It is proposed that a metal radiation s~ield be interposed in the vacuum space 
. '•. 

between the liquid nitrogen shield and the liquid helium' flask, as shown in Figure 6. 

The open system designatec1).. is si"mlar to A b.· The fi;rst law of ·thermodynamics 
. . .. c 

appiied to Ac yields .an equation analogous to equation 29 r 

mG = w 
c~ 

. . ' . . 

For the open:· system Ad, 
.. 

- m (u + pv)T: 
. 2 

Q)_d ,; w C2 + w r ~- 2 

·~·uj· .. . . . . "l. = - m u.f 
. d 1\.d . . 

·Equations43 and 44 employed in equa~ion 42 give 

Wc2 +· W r 3 2 = m (hT2 - -~) . 

Equation 25 defines G so that equation 46 becomes· 

. . h - uf = (hT - hT ) + G 
. . . T2 2 ~ 

The gas undergoes a con5tant pressure process as it rises·in the neck, so that, 

as preViously justified, equation 45 becomes 

Wc2 T W 32 = Ill [cp -(T2 ·- T,)+ G l 
.Define 

( 49 ). . 13 ;: E 32 ~ 

-If 

(- ~13 · = . E3~ :A~ 
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If' the eniissi vi ty of ·the liquid ·nitrogen surf'ace · is the same as that of' the internal · 

surf'ace of: the int·e;rmedia te shie'ld 

(52) . · E31 = E21 

(53) 

(57)' 

(58) 

. (59) 
! • 

and 

o: ;;, E3JA l = 
.. E32 ~ 

From Figure 6 7 : 

With these substitutions; ·equations 41 and 48 become 
.. 

: w. = 
Cl 

.. :ill Cp ·. 

... 
e~ 

.. b -a 

Theref'ore 

. - ·b 
. ( 6o) e = .. 'l'L a: 

(61) 

: . 

.:e 
(63). 

Ref'erring to Figure 6, and employing equations 56 and 57~ 

.. 82.1.= T~ - b - [ G ~ l a a~ l(T24
- T14 

)] 
-a- --c_p mcp . . . ' 

832 - T? - E_ -[G. +(T2 T1) ~['! 13 -)('1'34
.- T24 

)] 

a Bp . m.Jip . . 

'These may be reduced to 

. I 
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Equation 20 may be applied to Figure 

Z21 = (Ta - T,) +: 821 lnJ l. + 

· From the definition of Z 

6 ·as follows: 

(T2 - T1) ] 
T1 - £ - -$2i 

a 

-'( 67) z = m ( L/&- ) 

(a/Cp) 
. ' 

it c.an be seen that, for constant. ~,z is proportional to L. Then 

" :(.68) = 

.. ···' 

:: .·(69) L = L2i· + L32 
T 

(70) ZT = Z21 + Zs2 

Then 

(71) L21. = ~ 

(72). 

LT ZIJ: 

Equation .67 can be rearranged to become 

= 
(m/13) 

(a/cp)z 
. . T 

UCRL 10805 .. 

. I 

The functional dependence of equations 63, 64, 65, and 66 are as follows: 

(73) z2i· = r. (T2 , inj13,a). 

·(74) zs2 = f· CT2 ;w/13 ) 

Equations 70, 71, and 73 show that 

'(75Y Ac . = f (T2 ., 9t, tn/13) 
:L 13 

T 

·~ 
~ 
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This relationship is. plotted in figure 8 as .a family of' curves. . Comp!3Xison of'· 

the curves for values .of' o:. from i to. 4 shows that the corresponding values of'· the other 

parameters change very little •. The important conclUsion may be drawn that the flask my. 

ice up by.condensation of' gas on the outer surface, and even though its emissivity is 

greatly increased, the loss rate of' liq_uid. from the flask will: stay relatively constant. 

(Thfs, of' course, will be true .only if the intermediate shield is present.) 

It may also be seen that the location of the shield connection to the neck is not 

critical·. 

Values are taken from Figure , :.-.B .: at the 30% location to plot the line 'labelled 

"Shield Clamped to Neck at 30% from Bottom" ori Figure 4. This curve clearly shows the 

advantage gained by the use ·of the shield in the region to the left of the knee i~ the 

uppermost curve. 
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DISCUSSION 

Figure 4 presents the ·results o:f the :preceding; analysis in a :form directly 

applicab'le to design. The generality o:f .the models employed permits appli.,. 

cation to be extended to other types o:f heat inputs to the :flask. In 

particular all heat input crossing the vacuum space may be converted to 

eq_uivalent black. body area and added to the black body area. o:f the :fla9k. 

Rea~ entering the :flask by. metallic· leads or supports in intimate contact 

with the boil-o:f:f gas may be ·converted to eq_uivalent stainless steel neck 

area i:f they are .so designed as to meet the.req_uirements o:f the models 

herein employed. Thus, :figure· 4 \?ill yield ·the operating characteristics 

. o:f the ty:p:i,cal re.search cryostat 1.;rhich may have leads or supports in :the 

.vacuum space and/ or apparatus S\l.Spended in the neck. 

· The method o:f analysis presented here is general, and may be applied to 

containers :far cryogenic ·liqUids other than helium. 

) 
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SYMBOL. DEFINITIONS 

Symbol Definition 

Cp · Specific . heat at constant 
pressure for helium 

a See.e~uation 6 

b See e~uation 6 

' .. Ts 

G 

. CJ 

m 

w c. 

· Wr 

K 

e 

z 

L 

.. 0: 

E 

See e~uation 25 

Stephan Boitzmimn const. 

Mass flow rate 

Heat flow by conduction 

Heat flow by radiation 

Temperature of shield 

Temperature difference--·.: : 

Thermal conductivity of 
stainless steel 

See eg_uation 20 

See eg_uation 20 

Design~tes systems 

Length of .neck 

Conduction area 

Radiation area 

Eg_ui valent . rad·~ation area. 

See eg_uation 53· 

Effective emissivity 

Value 

5.23 

3 

6 

lJ .• 2 

T(-3 

29.8 

UCRL 10805 

Units 

. i-Tatt~sec/ gro OK 

rrrr.-r/in ( OK)2 

mw/in OK 

OK 

OK 

rrrr.-r -days/liter 

* liters/day 

millivratts 

milli\-ratts 

m"r 
in- 6 K 

inches 

inches2 

inches2 

inche.s 2 

-:t These liters are l:i.ters of lig_uid helitim at 4.2°KJ or the eg_uivale1,1t mass of lfe· gas. 
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