


“i{mTﬁODUCT‘ION R

Recovery from fxlm bo111ng seems to be one of thef'most"‘

,flnterestxng, 1mportant and obscure problems in the transientﬁ"'

d“HeII heat transfer. ‘From t1me ‘to; txme or’ regularly’;this
prhenomenon occurs in the helxum—cooled devices and'”thereby

fshould to consxder recovery features.; For example, such data .

fsuperconductor normal zone and optimxzing the cool1ng down of’
ithe equ1pment warmed up before A few papers’ ‘are knownff
‘7jtouah1ng this problem more or less - closely. But only one,,by:

ngan Sc1ver/

fobserved to correlate with the energy applxed to the: heater
[idurxng film boiling. That was ‘explained in- terms - of the

“1nfluences the operatzon conditlons,, So, a, deta1led deszgn\fj'

:farey ev1dent1y required while analyzlng the' collapse of,,x

presents a. specxfxc recovery study.p:In'va"one,"

;d1mensxona1 -heat” transfer experlment, the recoveryxutime was .

fspec1men heat: capacity and the . film. boiling . heat‘ transfer”"”

f”coeff:cxent Our: experiment configuration differs from “the

f}mentxoned above and the. affecting parameter 'variations are:j

frather,wlde., The temperature decay of.. 'the heat transferii
,_»surface,iTitl{ is. measured. . Evolution of “the heat: flux rlnto,"
. helium, q(t), is calculated from the T (t} 'traces.\ ‘A new

' hypothesis about the governing recovery mechanism based on

Tthe:analysis”of all the.data-T.I(t), qlt), q(T)!islput fbrwgfa;*?f'

'EXPERIMENTAL .,ARRANGEMENT ,
fTessure cantra] . Experlment is carr1ed out inrva poolf‘
~fof saturated superf1u1d ‘helium: under- conventional pumping of
4,the vapor over the free 11qu1d _surface. oy Relatively;nhxgh,‘
;energY. up - to .50 J is. applied to a’ heater.ﬂto develop: ’the”

»fifilm boiling. That condxtxons .the pressure to-rise. above the“v

“saturation point in the -cryostat. = As a - deviation: from

fequxlxbr;um would be,unacceptable;;anrapparatus is . employed’
“to regulate the vapor pumping rate. - The system  parts ‘and -

“their interfunctioning are shown in. Fig. 1. " It. should .be
;pointed'outvthat the microprocessor-based unit: (entry :6--on

o SNEHELE ejiena)
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RESEARCH DEWAR

PRESSURE SENSOR . -

DC CURRENT SOURCE

ANALOG TO DIGITAL CONVERTER
CAMAC. DATAWAY -

AUTOMATIC REGULATOR

‘ELECTROPNEUMATIC TRANSDUCER
PNEUMATIC CONTROL VALVE
HELIUM PUMPING LINE
PRLSSURE SUPPLY CYLINDER
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- Fig. 1 Automatlc ‘pressure: control and stabilization system.
Pressures.,P -rsaturated vapor, P - control E;-

supply: Lo )
Fig. 1) handles - a"reeidual'from a reference ‘and a’
‘readout by the PID algorlthm “While teet

' ,pressure drift is kept wlthin 3%

sensor
runn1ng. the'?
ﬁbat transfer canf'xg‘urat:an.~ Test"sample:

: shown 1n Flg.

to diameter about 6:1. A carbon film is’ deposlted onto ‘ite
S surfacef'and “serves. both ‘as “a “heater and,ﬂrthermometer.“‘
‘Specimen small mass, high thernal ‘diffusivity -and ‘low: heat -

'capaclty provide short time of tenperature field equalization
‘over the heat transfer body and low level ‘of" energy
on the warmlng up. Flgure 2 also illustrates the used way of

confinement.

‘\tube forming an- annular channel with 'a hot" internal 'aurface
end outlets open to-“the ‘'fluid “bath. By us1ng tuhes ;of\
_dlfferent diameters it is possible to vary  the- degree of ‘the
coolant space’ restrlctlon around - the heat ' transfer: surface ,
1Thls configuratlon wao epplled ‘earlier to study transnent .
e 'heat ‘transfer into HeII under: pulae ‘heat load 1nnut’3’
» Load?ng -end peasurement. - To ' neet’ th thermometrlcl'

requirements, the dependence ‘- of “the - heater- thermometer

ireolatance on the temperature is- rather eteep.~

peak. -

scheﬁatlcally‘
‘2 is” a- hollow cylinder with the ratio of" 1ength< '

“expended -

“Therefore, "a:

B R e T

the' specimen’ is put- coaxially into a thin~ walledi P’

;,special amplifier is emplo

RESTRICTING TUBE

~\D=12.3/14.1/16/20
THICKNESS=0.2
LENGTH=80

PUMPED—-OFF 'INTERIOR

SILVER CONTACT

CARBON FiLM

LENGTH=55

THICKNESS=0.001

- DIELECTRIC - ~
CENTERING " INSERT

SUBSTRATE

CERAMIC TUBE
_ 0D=11.5
LENGTH=60

POTENTIAL LEADS -
THICKNESS=1.75 ' :

tFig‘Z {Test sample design (all the dimensions are ln‘

“‘millimeters.) : o i N e

yed to maintain the thermal' power -

constant durlng the heating. The heat load duration 1e
the &tabilization is more 1mportant.~ The - trailing
the sequence

well as a sketch of_
3. The" probe pulse sizes
‘the first one is the"
" response,  the
odiSturbancel~7

shorter,
edge ‘of the power ’
pulses.h The pulse parameters as
“instrument set up are given in Fig.’

are " determlned with. two factors ‘crossed:
the ~thermometer

of prbbe

pulse initiates

: measurement conven1ence "of

second - the guarantee agalnst the temperature'

SPECIMEN Q AVPLITUDE:  2...20 Watts
B ' (. 10kW/Tf) /.
" POWER™ . 16 7 o
DURATION: * 2.55
‘AMPUFER: load \ Time —> o ”0025 / 0.01 seconds
~~heat loa i
AMPLITUDE: 6 ‘Volts ,
’ . s ds
. VOLTAGE u . N DURATION: 5 mucrosecon
- GENERATOR— ‘ ‘ PULSE" " 0.1 / 0.01 /do .001 /
probe pulses AN AN SPACING 0.0001 seconds
v ; ‘ v
ANALOG TO DIGITAL | R "« ** NUMBER OF MEA?UREMENTip to 512
“|cONVERTER- ERROR: < 2.5%
resisionce‘ o ®

T

TIME RANGE: from 00001 to 10.0 -

< . seconds
COMPUTER— « o FERROR: <3.0% s

temperature

Fig 3 Péketch and peremeters of the loading-measuring

\cluster.ri



'Ihisptechnique has

; : ybeen.Aused“for"the . preceding 'recovery
experiment’®/ in HeI. - |

'RESULTS AND DISCUSSION

A package’of 49 tests ‘covers the

variations: heat -pulse duration - from 10 ms to. 2.55 s,
annular- gap width - from 0.4 to 4.0 mm, bulk fluid
temperature - from 1.5 to 2. 2 K, specimen for1entat1on w1th

respect to gravity - 0/90°

The typ1ca1 results are plotted in Fig. 4 .showing - that

‘the temperature of the cooled surface decreases slowly dur1ng
some per1od of about 0.01 s and then drops to the

level of
Hell tEMPerature.;-“ ,

To character1ze quant1tat1ve1y the recovery dynam1cs vit‘
"'1s natural to take the moment.of complete cooldown, At. . The i

used method for At determ1nat1on is illustrated in Fig. 5 and
"def1nes At as the

1ntersect1on point between .the f1tt1ng

',curve and the bath. temperature level. ‘ : .
o F1gure 6 presents At as a. functxon of the pulse_ﬂpower;:,
‘Q, .and. durat1on,,t;\ It can be ;seen. . that kevery ,At(Q;r) A

) dependence has a bend p01nt d1v1d1ng it into.two parts . [(e.g.
~for At(Q £=0. 1) the bend p01nt absclssa is = 10.) The -~ left
10 %
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Fig.4. The decay of ‘temperature after heat'loaddsﬁitch-off.

4

.following parameter

Vkpart describes recovery from non- b0111ng heat

~degree of restriction is a factor caus1ng the At to-

4The relaxat1on constant: dependence on _the heat

o : 10 I TEMPERATURE 2.014 K -
ime i JANNULAR . GAP 4.0 mm :
e 0 o4 ~experimental points TVERTICAL ORIENTATION .
.-t r— - . .
5 0 IR g 0
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Fig.SlADetermination of At, the Fig.6. The dependence of At

complete recovery moment. on heat load parameters.

. .
transfer,' and

the right ‘one ~ from the f11m b0111ng. The follow1ng7

iemp1r1ca1 correlation describes the data for recovery from
film,boiling within 10% accuracy ' :
At = Const » ¢ « Q° . )
* Figure 7 shows the At versus bath temperature with ‘the .
unimodal shape .{At data are normallzed by the extremum“
: ordinates.) After being averaged over all’ th tests the

vfextremum abscissa equals 1.86 K and the At var1atlon 11m1t is

orientation . of - the
while the
vary - by

= 7 times. As Fig. B.demonstrates, the

'test sample has not a pronounced effect on the At

. an order

consider the second dynamlc

It ~seems- promising to

rate of temperature decay or the
Th1s quant1ty appears while f1tt1ng the
Exp[-t/D], see Fig. 5.

pulse energy

characteristic - the
relaxation constant

VT(t) “data with an exponent function

left 'and . .right branches of :the

is shown 1n Fig: ‘9. The
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jF1g 7. The 1nf1uence of ‘bulk Fig.8. The effect of restrxc-

-Hell  temperature on At.
curve are related to non—bo111ng and  film bo111ng
' regimes.. .The negat1ve peak corresponds to the 11m1t1ng f11m

:bo111ng stage. This D(t-Q) shape the poss1b111ty
for certain T(t;Q) curves intersect1ng. when Q' <Q’ ~ == ¥R
T'a T s At 2 At’. Thus, the non-boillng

aregime can ‘proceed slower than from the limiting film boll1ng

-D(c=Q)
pred1cts

the recovery from

", state “if the  initial temperatures are close. Such
' occurrences have been traced. . o
e ’ 2.40
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: o
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0.5

Fig 9. Relaxation constant, D,j Fig.10. Vapor film- thlck—'

' versus applied energy. ness, &,

‘tion and spec1men or1entat1on.

and;

versus heat loadafd_ "

" 'the sol1d—state approx1matxon the’

“‘the restricting channel.
fcondit1on is presented in- Fig. 11.

" Fig.11. The decay of

Bes1des,-the vapor' f11m th1ckness can: be est1mated.- fn“

temperature
over the film can be written-in the form of 1nf1n1te serles."
“This series.. 1nvolves the time dependent members,}(
'Exp[—n- G®« t], where.x is -the thermal d1ffusivity and G - " the
.geometr1c ‘parameter. In the present- case G = n//(2:4), ‘where:“‘
& is the,vapor layer. thickness. Comparing: -with ~the data
fitting function mentioned above, one obtains -
S22 (me D ), (2)
where x is = averaged over thed range offt the" f1tted” 0

temperatures; Formula (2) glves a rea11st1c magnitude of § -

‘results of

of 1 mm order., The estlmation the vapor
th1ckness for various heat load are g1ven 1n Fig. 10 The
dependence of

) on Q is approx1mate1y 11near ]ust as
expected ' '

- In add1tJon,fsome Jnterestang s1tuat1on ex1sts when ' the .
) est1mated ‘value.of vapor:-film thlckness exceeds the w1dth of. ..

The recovery -pattern under such

temperature( 1rregu1ar1t1es‘ and osc111atxons not observed
S 102 :
Y IYSEN PULSE DURATION 1.0 s
Ce e TEMPERATURE " 1,927 K| - i
S ANNULAR GAP . 0.4 mm[. 1"
o HORIZONT.ORIENTATION -
i HEAT - LOADS:
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5 0.
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18101 5.2
a 'ggf
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g 30 .
(TR 257
&~ 2,0 .
o 15
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T _‘ e T ."{....._‘ —— S MU
10 10 107 - 10 -1 10

- Time {s]

temperature under confinement of high

degree.

distributlon,

film“f

it :was_ff'

One can see a“ 'number of "



"under smaller restriction degree (conf. Fig.: 4). ‘Such = T (t)

_behavior;:evidently, reflects the vapor interactions With,the

conflning channel walls and outlets.- : . L ’
To crown it all we should consider the heat flux’

variation. The ' q:(t). ‘can ~be hardly measured . directly.

‘been derived : numerically
The method 'is

Therefore, the q(t) evolution has
. from the-T (t) measurement results.

in the Appendix.

The typical results of g{t) calculation are pictured' in

1thlg. 12.  There are four character stages of the heat  flux
evolution: ' o ‘
- the tirst stage is not clearly observed but can be’ eas1ly

ilmag1ned. To do that one can ]o1n the left upper corner of’~
' wthe plot w1th the start p01nt of every q(t) ’curve.
"stage is a rather fast trans1t1on from che heat transfer

into HeII w1th the thermal

generat1on; of
'freg1me w1thout heat generat1on,

4f5the_second?one is the'region where the ~heatk1flux;

happroximately‘stable} It means that the temperature
~.over .the heat transfer body~drlfts"slowly holding its’rown
shape, i.e. thevfields»arefself- similar., In  this period
--the vapor film keeps overheated and stable;
10 PULSE_DURATION 2.55 5.
. TEMPERATURE . 1.871 K
ANNULAR GAP  2.25 mm| .
"g 10 * VERTIZAL GRIENTATION
Z PRELIMINARY
= 10 24 HEAT ' LOADS:
= E (kw/%lm)
IR S ' . 75
=] 1 .
4 - AR - §g‘
21 S - : \\\/\;w - 32
: ﬁl"_W,\/\m”” v y 'ﬁr---.r v T
1,0 w= o 1 . 10

0
1 BEREE . _Time [s]

‘Fig.12.,fhe evolution'of heat»fluX‘lntonluid helium;duringp

recovery.

‘explained

by Wil

Th1s~‘

power to ‘the

remains
~.field

s
-

b it

f direct effect.

‘ Log(temperature)

Fig.13. Stages of recovery

- the third one covers the area on the q-t chart- where ‘the-
accordlng ‘to ‘the
the

Here the heat influx from the specimen totA

*bheat flux decreases with time
The

v7exponentia1 law.

roughly

Vpower law. ‘1n—t1me temperature' decay obeys

vapor becomes 1nsuff1c1ent and the vapor film beg1ns ‘to

‘cooldown; t .
-~ -the fourth one corresponds to the flux falling-‘abruptly‘

towards zero. The s1mu1taneous T({t) function 'changes"its

of‘ heat
-transfer surface reaches. the value of the bulk flu1d hel1um

shape from convex to concave and the temperature'

: temperature. Dur1ng this period the vapor f11m collapses.

; ‘Figure 13 .represents’ ,the' above def1ned stages + of
recovery. It 1s necessary to note . that,,the durat1on and,
’*consequently, 1mportance of any stage depends s1gnif1cant1y"
on ‘the heat transfer conf1gurat1on A - ._ D

Collect1ng all the .recovery time data (F1gs 6, 7;18~and
others that - have not appeared in the present paper) >ﬁe;'have
got~rthe follow1ng part1al contr1butlons. ‘The recovery'
durat1on ‘is observed to be set as = 70% by the stage of film
bo1l1ng rece1ved by the end of heat generat1on {i.e. by ~the .
heat pulse parameters, ma1nly) as o 20%,f by the, bulkb HeII'

: temperature and as o~ 15% - by the confinement _degree ‘ﬁhile'v
’.the‘heat‘transfer surface or1entation»}haS"no‘,pronouneing :

Log(heat flux)

|
!
1
!
&
1
I
(

Log(time) - Log(time)

(designations are disclosed in
text) . -



APPENDIX
heat flux into helium, - q(tl,
K +1 K+].
from the measurement results. T (t4). S, ™ (t RN

one should calculate 1nstantaneous
Z(r,x,9, t) .

"It is impossible to derive
immediately. Pre11m1nary,
temperature f1eld over a heat transfer solid, -

The problem is formulated and solved below.

Specimen design, F1g. 2, allows the'vfollowing~ ad hoc
assumptlons. ) o ‘ L

- thermometer enthalpy is negl1g1ble due to its extremely :

small thlckness into helium from the,

s heat is emitted
 substrate only;

- the interior is pumped—off = the ‘heat flux van1shes ‘on the’

1nner substrate'surface, ’ , , . ) e{
- thermal res1sta1ce of the substrate—thermometer interfac
is .low. due to 1nt1macy of - contact (depositionl,»and

s1m1lar1ty of matter structures (both amorphous) 2. .the .
’temperature of substrate outer surface coincldes with the
Hmeasured one. . { 5 . fai‘

?; thermometer readouts represent the volume in eg K
er

‘therefore the measured temperature is the mean value ovt
:'the substrate surface 3 the angular coord1nate, P, has -to

; be dlscarded ; Ty » ‘ ,, ,
» [as estimated, not

is sm does
- long1tud1na1 heat flow 1s. small ‘

» axial coord1nate, X, may be ignored.
can be completely specified by giving the surface

Taking it

exceed 5%)
" The problem
rtemperature variation between measurements.

~'linear, one obtains

N pc %=1 (ar %5 )+ <t <ttt, Ri<r < Ro

| P 3T " rTor T , | o

| } ; K= °, rRig r < Ro
z(r,t*) = W (r) ;o =t » 7Ri

: : (A1)
. K K+1 = Ri

1 Zwri0 =0 ; ers o

. Z (Ro,t) = 'Ix"' i'l‘(+1','1‘<)* ‘ K+1 S

e (£ = )/ =) 5 sttt T Ro. .,

10

R/

v i

' where Rx and Ro are the 1nslde radlus and “the

are’

foutsldeffone;
respectxvely. The thermophysxcal propertxes'“p;r‘c; ;k*“ '
considered to be.constant thhin the currentﬁ;tlmetblntervalf
LIt t“"] though recalculated at some average temperature, 6,
for every other -interval [t 02, ‘-They value of @ lst
defined as (W' [Ri) T“‘z(tK*Z))/Z. N Lo
This problem “1s;,analogous to: that .one being under
consideration in the book’*/ for a -flat Set' (A.1)

case.
integrates to the following expression ' ‘

. . : s

iy - - K*‘l ‘ R .
Zir 6 =T ¢ (1 tK)t 7 Z (r)c e+ ) K, (I ()
K+1 3=1 SN

where the space. dependent members l(r)

represent -a 'linear,
combxnat1on of Bessel functions, the time dependent 'members
€ (t) 41nvolve exponents,\,andf the coefflcients A lnclude;

xntegrals fB(r)W(r)rdr
normalizlng factors.

taken from Rl"to Ro’ as well ‘as

-~ As soon as Z(r ) Hx'l(r), the temperature- field for

any instant can be found with the

stqp by ~4t€P procedurevr
»~as=umlng‘ the: zero-point-field" to be ‘uniform,
Z(r't°) W‘(r)" Tf,u Consequently, the heat flux q(t ) can
‘be calculated for every experimental point T(t ) :
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