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1. Infroduction

1 . 2 . D1
Hoeniyp ¢t al and Miller et al™ have both reported high stability

supereritical

margins for cable—in-conduit conductors cooled by static -
helium. Miller ¢t al propesed that strong flows induced In the helium
in the carly stagses of recovery enhanced heat transfer and greatly increased

the stability margin over what had becen expquud for stationary helium. In

this memorandum, we calculate the flow and cssire transients induced in

initiallv stationary helium by energy trs cypical of those associated

with conductor recovery (50-200 m] cm

Wheid?

2. Basic Lo idng
In order to calculate the 1aning—in(;wcd flow in supercritical helium,

we start with the one-dimensio
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where p is the f the helium, v is its flow velocity, and p is its

pressure. We lincar¥ece the theory by dropping the second-order terms
underlined by dashed lines. Such linearization is allowable if the induced
velocity << C, the velocity of sound, and the induced transient pressure

1

2 — -
p << pC. At 4.0K and 5.0 atm., C = 246 ms ~, p = 144 kg m 3, and QC2 = 87.1

2
We shall check that v << C and p << pC” after we estimate v and p and thus
justify usc of the linear theory.

The energy equation can be written

2 . 9 : .
v+ e) = ='5x v) + D"‘}(é (energy)
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where e is the internal energv per unit mass of helium, q is the heat

atm.
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input per unit masy of helium, and d/dt is the hydredvnamic derivative,

equal to 3/5t + v3/5x. After lincarization, (2) becomes

de dv . 9q
B pap+pPar ™oy

I1f we substitute from (12) for Gv/2=, we got

8q _ Ae p 0o

/
a - - o
(42) St ot 2 L
)
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4 _de o, Bt
(4b) st P
Js
b4e) = P
(4cy o
. -1 . . ; .
where T = 0 is the specific volume of helium, and s is entropw per

unit mass. To pass Frowm (4b) to (4¢) we use the first and sccend laws
of thermodvnamies in the form Tds = de + pdi.

With (4) established, we proceed to elininate the derivatives of

from (lu,b) using the thermodynamic identity

an (m
5 o= - e s
(5a) dp (dp)s dp + \us)p d

which can be written

a0 1 3 /_Tw_]> q
(5b) ot C2 at *\5s p T

2
since C7 = (ap/ap)g. Substituting (5b) into (la) we find it can be

written
1 2, v __ (i) g
(6a) CZ at * Po ox <Ds)p T
R}

where the subscript zero refers to the properties of unperturbed (ambient)

helium. Rewriting (lb) we have

av, 2
(65) 3t T ax = O
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If we divide (6b) by Py multiply (6a) bv Co/pu, and then add (6a)

to or subtract it from (6b), we get

3 C0 av (.L

< P o , _DP — = O b

: —— + —)+ C == (v + -] = = - -

(7a) i n C 0 dx [ T IS T
00 oo o] p

=1 R AV G R LRy L of = _ N

(7h) - v T CO v s i 1 1
(oINS [S e Q }7 D

Because p only appears as the argument of a derivative, we can interpret
it now as the pressure rise. Egs. (7a,b) are the characteristic cquations;
from them it follows that

——

.
P . q .
v + j‘?r- increases % St oas we traverse
oo
(8) a scypment of the caaracteristic x + € t = constanb that

spans the time interval ft.

3 Special Units
It will prove convenient in what fellows to choese the units of

mass, leneth, and time se that rhe quantities C\, ¢ C . and a
¢ [SENE) O

A \ .
o [ . ’ .
— == % all eqgual 1. There the statenment (8) can be written
L Jor
3 /p
v + p increases by + AU as we traverso a seament of
9u) the characteristic x + t = constant that spans the

time interval At

(9a) applies only in the presence of the heat source q. In zones that

are not externally heated, (8) becomes
(9n) v + p is constant along the characteristic x + t = constant.

In order to return from the special units to mks units, we need to

know the values of Oo’ CO, and ao. po and CO arce tabulated directly in



NBS-631. Since T (is/50) = (Uh/%1)
-.a
0
(a0 a4y 7 —(QJ)T—_
T b
(0] 1'?);)

the denominator of which is also tabulated in NES-H31.

It is worth noting at this peint that we have not i

nyekied

any

cquation of state for the heliun, so that our results apply even nenr

9
.

the eritical point (exeept that p < ¢ )(,’” and v 77 (I{)).
C 9]

4, Wave Diagram

We can use the statements (9a) and (2L) to calceulate the space-tio

dependence of the velocity and pressure in an infinite t

heated section using the ve diaeram, Ficl 1. The of the wave
diagram are space (abscissa) and time (ordinato).  Lines in the wave
diagran therefore represent trajectorics.  In tne special units we ure
using, lines of slope + 1 vepresent forward and backward trajectories

ubee witl

of points moving with sonic velocity (hositive and nepative character

The scegment P'P oof the x—axis represcents the heated sect

ion of

the tube.

The aren between the vertical dashed lioes represents the region of

space~time for which q > 0. Tn this vegion, statement (2a) holds;

outside of it, statement (9b) holds. At the outset (-9

PR SO S

altone

the x-axis), v = p = 0 (remember, that p is now the pressure 1ise).

Let us now calculate the distribution of velacity and pressure o

at a time t > 0, i.c., along the horizonts  Tine with or
begin with the point A which lies at the intersection of
line and the positive characterisvic emanating from b,

segment PA of the charancteristic lies outside the dotted

apply statement (9b) to find that

(11a) Vot Py — vy, - pp = 0
or
(11b) Vi + Py = 0

since vp = Pp

characteristic QA through A we find
(12) v, -

so that v = = 0.
A Iy

dinate

the herizontal

Because

lines,

= 0. Similarly, by applving (9b) to the negative

t.

the

we

Wer

can

3

o

RSN
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We can make a similar calculation for point B:

(13a) vy + Py = t (positive characteristic; 9a)
(13h) A 0 (negative characteristic; 9b)
3

so that Vi = Py T t/2.

At anv point C between A and B, we have

(T4a) Ve tp, Tt
- . [N
Ve Tpe T /2

(14%) Ve -~ P = 0

where t' is the time interval the positive characteristic through C

s
- ar 1 - .

¢pends In the heated zone. Now t /t = AC/AB, so that VC and Pe vary

lincarly with distance betweon A and B, Such linear behavior is

characteristic of the particular problien we are solvinge., Tt can he

shewn without too much difficulty that (i) the profiles of velocity and
precaure rise are componed of straipght line segments, and (1i) that
sepnents of different slope can only intersect at points &t which either
the head or tail of one of the characteristics leaves or enters the heatod
PACI TN

At opoint D,

5: = t =
(15a) vy + Py t vy 0

(1) Yp T Py Pp

and these equations are cevidently true for all points between B oand D

Figs. Z2a and 2b show the pressure and velocity profiles we have just

calculated.  1f the reader has not already realized it, these prefiles
9]

held for time ¢ < £/2, where % is the Tength of the heatoee section.

<

For £/2 <t < £, we use the wave diagram in Fig. 3. Ascain vy

z

Py = 0 and vy = Py = t/2. At point D, vy =t - LYAUN Py = /20 At
point E, Ve 0, Pp = %/2. The pressure and velocity profiles are

shown in Fig. %a and 4b. Tor £ < t < 3%/2, we use the wave diagram

0, v

i “ig. 5.  The = =
in Fig. 5 hen, N Py B Py c

0, P = £/2. The pressure and velocity profiles arc shown in

= /2, v

pe = /2, and

v
E
Fig. 6a and 6b. Tor times t > 2, the wave diagram, and the pressure
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and velocity profiles are like those of TFigs. 5 and 6 except that

points A and B move rightwards at sonic velocity.

In obtaining this solution, we have assumed the heat source q
to be present in the tube section P'P. If r.1 ever becomes zero in
section P'P, it means the superconductor has recovered, and we need
not follow the flow and pressure transient further. This explains

(O

why we do not consider late stapes of the flow and pressure tra

for which q miay be zero.

5. Analysis of the Fxperiments of MI11..r ot al

In the experiments of Miiler et al., a 1.52-m-long triples in a
stainless steel tube was driven normal by an enbedded heater.  The

yeriment de net contorm with the

hydrodynamic conditions ol this
calculation just performed because the ends of the tost section
communicate with large helium reservoirs rather than with unheated
tubes of ecqual diamcter. To analyze Miller's cxperiment we can only
consider the portions of the carlicr wave diagrams between the dorted
lines. On the dotted lines we add the boundary condition p = 0 since
there can be no pressure rise in the reservoirs.,  (In other words, the

three—dimensional spreading of the pressure wave in the rescrvoir causes

the pressure to fall rapidly as we movre awav from the mouth of the

heated tube.) The new wave disgram is shown in Fig, 7.

Consider a time t < 2/2. At polint A, Vi + Py = t (positive
4 ¢
characteristics; 9a). But since p\ = 0, v‘\ = t. For point B, we have
Ha) + =
(16a) 5 Py t
1 - - — = -
(161) vp = by = (v~ opy) EAp'
(16(_) ])Bv =0 5 VB' = IZB' ' B'
or
(164) A R ) =
Vg T 7 AB' p'B'" T tyrpre
(16¢) po=E (b4, -t ) = ¢
B 2 AB' B'B"’ AB'

From these equations it follows that Ve = 0 and Pe =t and that both v
and p vary linearly from A to C. The pressure and velocity profiles

are presented in Fig. 8.
5
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We can advance further in time in this prcblem by deriving simple
formulas that will allow us to calculate velocity and pressure profiles
from those for times 2/2 or % earliecr. We use the wave diagrams in
Fig. 9. Section 1 shows two points, C and A, at two times an interval
2/2 apart. The points are symmetrically located with respect to the
quarter point of the heated sectien., Using the boundary conditions
that p = 0 at the ends of the heated scction and v = 0 at its midpoint,

wi: find after a short caleulation

(17a) v, =

(17h) p,. =X, =V we = 2 -

wirere Xy is the distance of point A from the midpoint. CGraphically,
!
the neaning of (17a) is as follows: To the pressure distribution at
time t, we add £/2 - x,, which Is the line of slope =1 passing througsh
I3 £

the end of the hested zone.  Then we reflect the sum around the guarter

point, The result is Ve The graphical meaning of (17h) is to subtract

the velocity profile ac ty from x, (the line of slope 1 through the
4 Fas

midpoint) and then reflect about the quarter point.  The result is Pe

Two applications of (17) or a dirvect computation from section

of Fig. 9 gives

1) = - - = 7
(15a) [N Py £ t;\ ;
181) = 2x. - X, = 0¥
(&) b AT VAl T |

The meaning of (18a) is elear; the graphical meaning of (18h) is as
follows: To get the velocity profile at time Ly subtract the velocity
profile at time Ly from the line of slope 2 throupgh the midpoint.

Shown in Fig. 10 are pressure and velocity profiles at tines
3278, 7273, 11%/8, and 152/8. After a time 27, the process repeats,
and continues to repeal as long as the heat source is present. The
velccity averaged over the length of the heoted section and over a
full cycle is 2/4, i.e., one-quarter of the maximum velocitv. It is
this average which should be significant in dete«rnining the average

heat transfer in the experiments of Miller et al.
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7. Twvaluation of Pressure Risc, Tnduced Velocity, and Heat Transfer

The maximum induced pressurs rise and flow velocity are given in

special units by v = 2 and p = 2/2. In ordinary units,
max max
a 2
19a = ——
(192) max C
o
?
19bH = N A ','“
(19b) pmnx r\o 0 (Z)
- PIRT: P . ) - - = 1471 1 -3
At 5.0 atm and 4.2 K, the conditions of the experiment, go = 141 kg m 7,

-1 SO -1
C =240ms -, and T(uh/of)p = 40.1 J g . At 200 A transport current,
o
. -1 .
the total heat addition to the helium was about 3.4 J gz 7. The recovery
time was 7 50 msec, but for nearly hall of that time, the conductor

temperature was between the eritical and current-sharing termperatures

Lo . . -1
(6.0 X, 5.1 K, respectiveiv). As a hest guess, we take g = 100 W g .
-2 -1 .o .
Thus a = 600 ms ~, v = 3.80 m s ~, and the average induced velecitv
o mix
. -1 . . . . . y
<vr = 0,95 m s . The corvesponding maximum pressure rise is 0.64 .

The hydraulie diameter I ois 0.4 mm, and the kinematic viscosity is

-4 2 -1 .
2.9 x 10 “m“s 7. The average Reynolds number Re of the induced flow

is then 13000. Using a Prandt] number Pr = 0.6 for helium at 4.2 K and
5.0 atm we can estimate the Nusselt number Nu {from the steadv-astate
Dittus-Boelter-Giarratano corrcelatrion: Nu = 0,026 (RU)O.? (Pr)”'g = 42,
With a thermal conductivity k of helium of 0.022 Hm_]Knl, we find the
average heat transfer coefflcient during recovery h = k(Na)/D = 2300
The corresponding heat trausfer coefficient deduced from the measured
2
stability margin is 850 erLK_l.

&, Discussion

The main uncertainties in the "hydrodynamic" value of h just
obtained here arise from (i) the tacit assumption of steady heat
input (i.e., constant i) during recovery and (ii) the use of the
steady-state corrclation between flow and heat transfer. The main
uncertainty in the "stability' value of h is due to its being derived
under the assumption of constant thermophysical properties. These
uncertainties make the comparisnn of these two numbers a dubious way
of checking how right our picture of recovery at zeio flow is. Probably
the best way of comparing the theorv pr:sented here with experiment is

to measure the time variation of the pressure at selected points along

the sample. Pressure oscillations of the type predicted in Fig. 10b
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have already been seen in as yet unreported experiments carried out
in a 3-m-long tube, but the boundary conditions at the ends of the tube
do not conform well with those underlying Fig. 10b so that quantitative
comparison of the amplitude and period is not possible.
The work presented here has some important implications regarding
how the stability margin at zero imposed flow varies with (i) the
length of the heated scction (normal zone) and (ii)the boundary conditions

imposed at the ends of the heated section.  The scecond factor can make

a difference between the stability margin of a conductor in a short-samp!
el

test and the stability margin of the same conductor when wound iate a

coil. The first factor can make a difference between the stability

margin when a short length of conductor is driven normal (as in a

short-sample test) and the stat tv margin in a large coil when, sav,

half a turn is driven normal. Halfi a turn of an LCP coil is abouc

6m long. According to the caleculations summarized in section %, the
helium velocity in the center 50-em-long section remains zero for ahout
12 msec, whereas if the same 50-cm-long center scection is part of a

l1-m-long short sample test, the velocity remains zero there for only

2 mscc.

of stability at zero impe

tone is conmected to the rest of

hueated zone and of how the heat

helium,
Refoercences
1. M. 0. Hoenig and A. G. Montgomery, Proc. Seventh Svimposium on

Engincering Problems of Fusion Rescarch, TEEE Pub. XNo. 770HTI267-
4-1PS, Oct., 1977, p. 780; M. O. Hoenig, A. G. Montgomerv, and

S. J. Waldman, Applied Superconductivity Conference, Pittshur
PA, Sept. 25-28, 1978; A. G. Moutgomery and M. 0. Hoenip, ibid.

2. J. R, Miller, J. W. Lue, S. S. Shen, and J. €. Lottin, Applied
Superconductivity Conference, Pittsburgh, PA, Sept. 25-28, 1978,

3. "Handbook of Physics.” E. U. %&don and 1. Odeshaw (eds), Part 3,
Ch. 4, 'Wave Propagation in Fluids,"” by A, H. Taub, McGraw-Hill, NY,
1967.



WV HOVId JAVM

34 0.242-62 OMA-INHO



ORNL-DWG 79-2171 FED

{og) |

y

VELOCITY AND PRESSURE
PROFILES



[97]

cive-6L OMI-TNYO

(2

e e o —



ORNL-DWGLG 79-2473 FL L

x¥

VELOCITY AND PRESSURE
PROFILES



. WVHOVIQ 3AVM

34 vL12-6. OMA~INYO



ORNL-DWG79-2475 FED

|
l
|
I

VELOCITY AND PRESSURE PROFILES



ORNL-DWG 79-2476 FEC

O
‘(\p:O
‘D:O
D A, o
) .
NP 4 BTy

WAVE DIAGRAM



ORNL-DWG 79-2177 FED

S 0 U U

X
PRESSURE AND VELOCITY

PROFILES



ORNL-DWG 73-2178

A,

D
EN

N\

AN

N

WAVE DIAGRAM

FED



ORNL-DWG 79-2479 FED

"

\j

VELOCITY AND PRESSURE
PROFILES AT TIME
INTERVALS OF ¢/2



