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" ABSTRACT

The loss rate of a liquid helium container is calculated by a method which

1ncludes the important effect of" 1ntercept10n of heat conducted down the

“neck by<boil-off gas .flowlng up the neck. The results indicated an optimuﬁ

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

) effective in reducing boil-off.

A radistion shield is introduced between the liquid helium flask and the
liquid nitrogen shield. 'This intermediate shield is thermally tied to,

and cooled 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'in the emissivity of the 1liquid helium flask .

have a negligible effect on loss rate.

A graph'is presented (figﬁre h) which permits direct determination of.loss

. rates with and without ‘the. intermediate shield for containers of known

. .geometry and materials. ‘The effect of instrument leads and supparts either

down the neck or through the VBcuum4can be included.
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JNTRODUCTION

. Cryogenic liquid'storage vessels and.cryostaté are‘currehtiy in demand
- for both research and industrial use. As fequirements for low loss
‘rates and minimum weight and space grow more stfingent, optimum design

- criterla becomes necessary. This paper serves to'provide useful infor-

mation in this area of need.

Thé units have been chosen on the basis of previous cryogenic engineering

"' practice and convenience in application. In this regerd, méss units

throughout'this paper appear as "liters", which refers to liters of

liquid helium &t 4.2°K and one atmosphere, or the equivalent mess of

‘helium gas.

Id



(38)

- (3p)

- and ignoring changes in velocity and elevation,

@ -

:The temperature of the gas is assumed to:be the. same es'thatrof the wall.(The validity
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MASS FLOW RATE as a FUNCTION of TEMPERATURE and NECK GEOMETRY

. A section of a typlcal heat neck for a eryogenic vessel is shown in Figure 1. ,Applying

the first law of thermodynamics to the open system in steady flow designated by A as

-

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

enviromment,

Q net - W, L

of this essumption will'be_investigated 1ater.) For a constant pressure process,

. T
Houg - Hp =@ c, (1) ar
TL :

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

Hout ~Hin =i CP. (T - )

Equation 3b {5 mathematically more convenient to handle.

Figure 7 presents Cp of helium at one atmosphere pressure as a function of temperature.

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

~.under the straight line represents the ‘quantity CP(T - IL) in equation 3b. Figure 7.

)

-‘(s)

shows that the use of equation 3b 1s conservative with respect to this ana1y51s because it

hag the effect of crediting the gas with a somewhat smaller capaclty to intercept heat

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

'smaller as the temperature interval is 1ncreased.

Equations 2 and 3b are used in equation 1 to obtain,
.W-CL—IhC (T—TL)

For conduction down the tube wall
W, = K A (dT/ax)

‘where K is the.thermalconductivity.

. If K48 a linear function of temperature,

(Q) .

K.= aT-b



Purther, 1f Ky fo defined as T

 “ﬁi TT?%EE%'b
8)' . . P‘: a T .Ki
‘ '(.9')‘ ; o  ; K=-al - (& t[fL - KL) |
(1.0)‘ o K=a (T- ) + K

| Combining equations 4, 5, and 10:
@) We =W hd Cp (T - )
- (12) - KA, (aT/ax) = vy

(3) - e(T-T)+ K a(aT/ax) =W+ h Cp (T - Tp)

Separating varisbles,

(k). | %x: . T
-~ ' Défine
(as) - @-m) =% aT=ac
- "‘Integrating equation 14, , o
| T
: A + m Cp T =
, | . |
. i KL) in ( oL + “h OpT)
{1
o .
_ | -
+ a . W + 1 1 ( + ﬁl T)
(m Cp)2 o, + B CpT = W 1n (W * 1 Cp

o
| Atx =1L, T=Ty an@ T = Ty ; then equation 17 becomes,

'(1_8)' L.

} ' .

) —_ 1l X -

T A, (m) a g+ | K o= Wy, Cp) wL+‘m CpTg
U ' Wer,
@

Equation 18 appears in Reference 1 (ﬁ} 2#0, eq. T.9)%. This equation may be written as

*Note that in Reference ‘1 the term (l/m ‘ is expressed as (1/m)cp b

a'typographical error
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' 'Then equation

DT Tt TS T e T e T

B R i

.‘(.20). o .

L T

sk w fr oy [ sgm

@5y

& . mCp L : _WcL

=2 -V

a m. CP

n (L/A)
a/Cp

19 may be written as,

TH + 6 1n|l + Ty
B (e -8
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" LIQUID HELIUM LOSS.RATE AS A FUNCTION OF NECK GECGMETRY

A typical.liqnid nitrogen shielded helium dewar 1s shown in Figure 2. The features

essential to thls study are shown in Figure 3 Apply the first law of thermodynamics

. to the open system enclosed by the dashed line, designated ;L

A E O, - = )

'- wherewol 1s: the heat conducted down the neck and W3y is the heat radiated to the”

flask fram temperature I3.

Ab

at

The subscripts £ and g refer to the saturated liquid and vapor states respectively. 3

Equation 21 can now be written as

. .Wcl *Wpg = m[( u+ pv)g - uf] "

Define

Q
u
I

w
oa
+ .

o

1
—
i

Beg' = (ov)e

" Then

For the radiated heat,

= Ay (T.% . q 4

V3 o By A (T5%- 1 %)

‘where ¢ is the Stephan-Boltzmann constant_,E31 is the emissivity factory and A, is the
area of the liquid helium flask. Since both E31 and Al'are quantities easily cal-

culated if the geometry and materials of constructlon are known (which is usually

the case), define the product’

o = Bla

-Ihe units ofOB gre area. This ‘quantity may be regarded as an eqnivalent black-body

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

an rmount of. radiant heat from T3 equivalent to that actually received by the flask.
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- (29)

(30)

31
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Co33)

- (34)
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A Equation 26 becomes

mG—W +ca5 (T -Tl).‘

" Solving for (#/ b)),

(b/ob)= ofTs . 7, 4)
G- (wc.l/l"n)

Equation 19, as applied to the neck of Figure 3 betweén Ty end T3, is seen to be

of. the form
b (L/AC) = Ty (wcl/m)

Similarly, equa,tlon 30 is of the form

(Ih/O‘B)=f (W /m) o A .

‘Note also‘that

(/o)
1. : >
Taye - BOET - il(zé/m;?

)&8

‘The form of equatlons 32 and 3)+ 1ndica.te that, for various values of (W /m ),

correspondlng values of both m/aﬁ and [<L/Ac)a.r3 ] may be calculated. Thus-

m/Oﬁ may be plotted as a function of [(L/A )ae]‘l. Note that the value of [(L/AC)QB]

N

-

o may be calculated from knowledge of dewar geometry and emissivities of the constructlon

(35) -

. materlals The correspondlng value of (m/aB)may then be read directly from the _graph

and converteo to loss rate by simply multiplying by QB.

for liéui'd helium dewars with stainless steel necks:" ,Values of the consta.nfs used in’

' This felationship'is presented in Figure b &s the line labelled "Dewar Without Shield"$ '

evaluating equations 19 and 30 are listed in the appendix. The thermal conductivity o.i"

stainless steel from 4°K to 100°K is approximated by

K  milliwvatts = 3.0 T ©9K - 6.0°
° inch %k ' : S
*For this curve @ is assigned’ the value of 1.
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Particular notice should be taken of the shape of this curve on Figure 4, which
. oo s - L4
exhibits a distinct "kneg". Values of [(L/Ac) B ] below about 12 x 10 -

accurate to about 5%, as shbwn'iﬁ.Figure 5. -

(inches) * do not reduce the helium loss rate @m/B, which remains constant in this
region at .O438 liters/day - inch®, If further increase in the slenderness ratio,

L/AC, of‘thé neck does not reduce the helium loss'rate;athen the conclusion may be

drawn that'éonduction“doﬁn the neck is essentially zero, and the loss rate is due

~entirely to radiant heat transfer to the flask, This conclusion may be verlfied.

by solving equation 30 for #/B, with Wo, = 0-and Q =1:

(w/B) = o (st - T %) /o
- [o.366 N\ i357/208) ¢ o 4 T
g 0.3 | wazZs - ( 35?/10 )( Pk ). . = 0.0438 liters- g
10 | f \in 27 (0.0298)(vwatt .days/liter) : day .inen® |

' This result confirms the previous conélusion;‘therefore, the horizontal portion 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. 2&2, suggests that most dewar:nécks 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 shouid not be criticized solely on this -
basis. If it is intended that the &War stand for long periods of time with a transfer

tube in place, then a somewhat longer neck than indiéatea by the curve ié justified...

" The operating cohdition may be found from the curve by adding thé conduction area of

38)

the transfer tube to that of the neck.

The cases of "Radiation Only" and "Radiation and Conduction" have now been established. -

A curve representing "Conduction Only" would bracket all real cases on Figure i.

Proceeding toward this result, set Wn3j . = O in equation 26:

'. (W /&) =6

This substitution in equation 19 yields .

n (/Ac) xy + 1Ky .je\| 2n| 1+ Cp TH)
&%) 57.'7”55) G |
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C E‘valuatié’n' of .equation 38 in terms of the constants (see,appéndix for numerical

‘values) becomes

o m ‘li..te.'rs/d.'ay)'. = é6’.8 ("lifers/de.zy -il;léh)' Ac | ( i‘n‘ch) ‘

Both sides of this equation may be divided by Bt
.?E - 1iter . -\ .
B iday .inch2 |

For this case, if(Ac/L)

26.8 ( ~ liter ) 1. 1\
day sinch | (L/A;)B i inch

0, thenm = 0, and equation 40 is therefore a straight

1iné.{ passing through thel-'origin. ’I'his' equation is pldtted on Figure 4 and. labelled

. "agymptote . for Conduction Only".
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-+ LIQUID HELTUM LOSS RATE FOR A DEWAR WITH AN INTERMEDIATE GAS~COOLED RADIANT
'HEAT SHTELD -
It is proposed that a metal radiation shield be intefposed in the vacuum space

between the 1liquid nitrogen shield and the liquid helium flask, as shown in Figure 6.

The open system designated Acis similar to )\b"' The first law of thermodynemics

applied to )tc yields an equation analogous to equation 29:

(43)

' €1 a1
For the open system /\ﬂd,

au
dt

| Qe ol (w + pv)m =
d T .
' e Ad
.Q'Rd v==.W02+ WR‘S'Z

- (—i‘&”—)m =-mup

-Equatidnsh3 and 4 employed in equation b2 give

- h eug=h., =-h. +u + PV’
by, = Bp, * By TV T A, T p T Urg TR
Equation 25 defines G so that equation 46 becomes -

B, 7 b S (hTe -Bp )+ G
The gas undergoes a cdnétalnt p:réssure process as it rises in the neck, so that,-

as previously justified, equation 45 becomes

Mo ¥ W g T .m[cp(Tz'l- T G]‘
Define
- Eoszlho
I
_ E._ A
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(51) o = ( Es1 £)/(Bsz A2) G
'If't}'le enissivity of ‘the liqui'd':nitrpgen surface is thé same as that of the :Lnterha.l :
surface of the intermediate shield | ‘
| (52) " Esy = Bz - .-
n and . .
[ . o =EgAy = _Ep A
(53) . - Eaz Az . Eaz Ao
. From Figure 6,
(51*,) . Fiol . = 0 Epy Ay (Tot - T14 )= 0 OB (Tpé- Ty4 )
- (55) . . Wrsa. = 0B(Tet- Tyx)
W;Lth these substitutions, 'equg'atié"n_s 41 and 48 become
(56) oy = e Joos J(metimae)
A w0 Cp .l_fn Cp .

(57)‘: : | W, - =  _9_.. + ‘.(Tz" .Tl).‘ -

o | (T4 -t )

(8) . . . ez X . wep

RO L -3

Therefore

(60) pem "L -y

Réferring to Figure 6, and employing equations 56 and 57,
o op |(Ta%- T14>]
mCp | ‘ ' .
-{G +(Tz - T) -'.(g_f;)(ﬂf; - Tt )] .
o b . op) . . :

(61 s T - oG-

PIT  ——

5,,62> 7 g3z = T2 -

: . ‘These may be reduced to

C(63) 6y =lT, -b -G
-  .2.1 1 'a'C'IS'+

.
%

. (Tz» L _ Tlh_ y (31%3—)



o (eh)

" (66)

(67)

' _'(.70')

(73)

oy

(1)

: (‘65"

()

. (69)

iy

(12) :
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632 '=[T'1 - _1_7_ =G ]'*' o \(Tg* - T2 %)
. N a - . .
CPH‘ .Cb .

Equation 20 may be applied to Flgure 6 as follows:

Zoy = (T2 = T1) +:621 in [1 + (T2 - T ) :
R : T1 = b =021 -
a
Zaz =

Tz ='b 032

(Ts - T2) + .92.5’2' dn [ l+ (Ty = To) ]

© " From the definition of Z

z=1n (L/A.)
’ . (a,/CP)

it c,an»bc_a'seen thét, for consta.-nt.Ac,Z is proportional to L. Then

. Lai 4+l g2 ' Z21+ Zg2
L = Lo+ L !
. 21 32
Zy = Zpy + Zap

T

* Then

Loy o 221
CIT T 7

Equation '6;'( ‘can be rearranged to became

Ao o (WP
bpP (&7Cp)2y

The functional dependence of equations 63, 6L, 65, end 66 are as follows:

z; = £ (T, m/g,a)

Zap = £ (Tp ,B/B )
Equations 70, 71, and 73 show that
A, o=t (T, 9, #/p)

: LTB
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s This relationship is.plotted in.figure‘ 8 asa familj of cufves, <Combarisdp‘of~

- the cufvesAfor values of'a.frqmii to. 4 shows that the corresponding'vaiués of the other 3

parameters change very little.. The important conclusion may be drawn that the flask may -

. ice up by .condensation of gas on the outer surface, and even thoﬁgh its emissivity is
greatl&.increased, the loss réte of liquid. from the flask will stay relatively constant. :

(This, of éourse, will be true .only if the intermediate shield is present;)

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

critical.-

' Values are taken from Figure 8 . at the 30% location to plot the line 'labelled

"Shield Clampéd to Neck at 30% fram Bottom" on Figure 4., This curve clearly shows the

édvantagé gained by the use -of the shield in the region to the left of the knee in the

- uppermost curve.
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DISCUSSION

Figure 4 presents the results of the preceding: énalysis in a fofm directly
applicaﬁlé to design.. The generaiity of the models employed permits appli—
cation td be extended to other types Qf heat inputs to the flésk; In
particﬁlar all heat input crossing'the vacuum space may be converted to-

‘ equivalent‘blaék_body area and added to the black body area.of the flask.
Hba§ entering the flask.by'metallic-leads.or supports.in intimate contacp
with fhé boil-off gas ﬁay be converted to equivalent stainless steél neck |
‘area if they are So aesigned és to meet the'requirements of the models
‘lihereiﬁ employed. Thus, figure 't will yield the operating characteristiés
 of'the typical research cryostat which may ha&e leads or supports in'%he

.%aquum space and/or apparatus suspended in the neck.

' The method of analysis presented here is geheral,'and.may be applied to

.containers for cryogenic liguids other than helium.
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— EIGURE 1 —

SESTION OF A TYRICAL HEAT NECK'
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FIGURE

WITH GAS—-COOLED SHiIELp

LiQuio HELIUM DEWAR



UCRL 10805

- ()=

|
i

!

|

|
1

R

i
i

P

I

|
18

|

5

>z‘-‘l
4 53

T

i

|

==t t
i 15 A !
e St T T
|

|
|

NT

{i
L
g1
1
105

|

|

COoN _STA

T

RCRELIVM
TTATMOS

=i
L2 .

&

EAT N

|

_Fo

AT ON

PHER

R
ENIC DATAT

|
Il
i

neM CRYCG
| e

MANDN

D

ERe
Fon AN

L.'.

ll
=
.

-
I
|-

e -

L L A

i

|

ji )
CHAM

/s

ECIFIC W

"

PATA
W

t
|

|
|
]
|

<

] c_

s o

1

"-'-f-:
: ¢

EMPERAT

Jodt v
5

|
i

A ENE Ol 1 & d P
R EOIEE A EER ERARNER (RS ST
4 7 | r&-_.l_ %uNﬁU m_. g ﬁx | Fie
B A T : g
g ‘J_. 1 al g A
LT ) = { | = !

1 \
SOSEEEEEEN N RSN RN
s At S e
- oN . : "y o i [
i f ! i
| 1}
i 0

.

N .wus NI 30ve

_©ds-6se

‘0D ¥ASEI B 13I40AN
HDNI 3HL OL 01 X Ol
v . v »




"UCRL 10805

Lo

|

9

«.-,-T:f(ﬁ;

T

. b

____;_4:_."4 -
|
1ty

Ly
NE&N T

AT TENGHT

-

ot
|

i
-
e A
e
SRS =
v S B
o |11
. 15 3
A i
|

)

L

O )
=
I

i

i
!

T

o

00

T
Bt

:‘:—“

35,

2

o
‘/l

T

SR (PR N SN e =

MP

DICLA

,._)
fo

UR

e

16

|

3

|

TR
————- -

10

e REN
3

el SNOISIAIQ 0L X SATNDAD Z -
% NUSTANIIRL . 'OD UISSA W IFSANAN !.u..,.f\“
25

D19-6GE DIWHLINVOOI-INIS

=7




-22- a o .UCRL 10805 -

REFERENCES

1. Chelton, D. B., and Mann, D. B., Cryogenic Data Book, NBS,
- Cryogenic Engineering Laboratory, Boulder, Colorado, 1956

2. Scott, R. B., Cryogenic Enginegering, D. Van Nostrand, 1959

3. APow'ell, R. L., and Blenpied, W. A., "Thermal Conductivity
of Metals and Alloys at Low Temperature", NBS Circular 556,
1954 .



o3

APPENDIX

UCRL 10805



oh.

SYMBOL. DEFINITIONS
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Definition

Symbol Value Units
-Cp' : Specific.heat at conétanﬁ '
. pressure for helium 5.23 watt-sec/gm °K
a See.equation 6 3 mv/in (°K)2
b See equatibn 6 6 . mw/in °K
Ty .2 °K
‘ Tg 77-3 °K
 G See equation 25 29.8" . mﬁ-days/lifer
- g Stephan Boltzmann const,‘ 36.8.# 16"9 mv/in® °K*
!% ; il Mass flow rate liters/day’
!tJ‘ We. Heat flow by conduction milliwatts
5Vﬁ Heat flow by radiation milliwvatts
T2 Temperature of shield °K
T Temperature différence-:: °’K
K Thermal conéﬁétivity-of il
' stainless steel in—‘K
9 See equation_20" K
z See eguation 20 °K
A Designates systems
L iength of neck inches
AAC Conductioh aresa inches®
A1,42 Redistion area inches?
B Equivalent<fadiétion area inches®
a See équatioﬁ 53 |
,E” ' Effeéfive émissivity 4

- TF These'liters'are liters of Tiguid helium at 4.2°K, or the equivalent mass of He gas.
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