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ABSTRACT

Liguid breakthrough und choked tlon are important phenomena in the operoion off
phuse sepurutors in spuce. Breakthrough cesults in {oss ot hquid which can reducs ine lite
ume of. and potentially ternunate o mission. Choked flow limits the amount of ligu:d »oiloff
which passes through the phase sepwator and cun result in the warming of 2z bath
temperature. Since the capillury effect pluys an important role in both the above pre~ 'mena.
the distnibution of pore ~izes in the phase sepurator governs the crincal linuts of bresyirough
and choked flow. In this puper. the pore size dependence of breakthrough and choke? fow in
vapor-liquid phase separators will be discussed in detwl. The expenimental data of «arious

phase separators tested for the Relatviy Mission will also be compared 0 present the :=

INTRODUCTION

Vapor-Liquid phase separation (VLPSy using porous media was studied enrzmspnvely
during the lute 70°s und early 80'. After the Intrured Atronunucal Sateflite 1IRAS. = asion
there has been limited effort m the research of the VLPS  The COBE misvion” ra22 some
uncertainty in the operation of the phase separator us femperature &t the downsire.= of the
Forous plug was seen to fuctuste with e, The Supertlurd Hehum On-Orby Trunster
(SHOOT) expenment demonstruted the operation of a high vent rue VLPS istem
Recentyv. the Jet Propulsion Lab conducted experiments” on the phuse separdtor  be 2wed for
the SIRTF mission. Despite thewe etforts. there sull exists the discrepanes among various
theories. Choked flow and hysterenis were not detected 10 o number of ey stud e« on the
VLIPS, Whether thewe investivaors averlonked the chohed regime 15 pot clear.
with the same permesbiity cwhich has been accepled 4y a moere accurate pariiel
charactenize VLPS ) and dimensions. some plugs tend t choke ar higher flow rates ther others.
We hope thut the present puper might shed some light on the theury behind the operazon of the
phase separator. in particular the pore vize dependence of choked flow and hreakthroc2h il
be discussed in detail. ‘
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Figure 1. Schematic diagram of the operation of three porous plugs with
the same permeability but different distribution of pore size.

THEORY

Vapor-Liquid Phase Separation of He Il was studied extensiveis.  The normal
operating region or generally know as the linear regime is depicted in Figure | as section b-¢
et = . V. . . -~ . < =
The governing equation in this lineur regime can be written as

oS TRAVT
M= — (h

(A+STm

"

where p is the density. S is the entropy. A is the lutent heat of vaporization and n, ts the
viscosity of the normal fluid. K, is the permeubility and A is the area. The choked flow
rezime was first explored experimentally by Murakami e al” and Hendncks®  DiPirro”
offered a simplified model for the choked flow. Luges" postulated a more complete theon
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Figure 2. Thermomechanical pressure versus hyvdrostatic head.
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Figure 3. Flow resistance: solid line - Equation I,
“JPL data (Ref. 4). the rest of the datu from Ref. 6. ¢

for choked flow bused on the Gibbs free energy analysis. which boils down 0 DiPirro's
equation”. for pore sizes on the order seen in VLIPS, According o DiPirro. the emperature

across the porous plug in this regime can be expressed as

4o /

— O]

5 Py .
AN = (A

P
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where @ o5 the surface tension. h s the height of the liquid and D s the egquivalent captliun
diamerer.

RESULTS AND DISCUSSION
From the expenmental duta obramed from the Relaunviny Miseion phuse sezerator
one leurns the following.

The Breakthrough Regime

In this regime. the thermomechunioul Fressure 1s not strong enough o overcrme the stati
pressure te g the hvdrosiatic head and VALOT pressures across the porou. plug This s
represented by sectuon o-h in Figure 1 Three pluzs were tevied. The firw piug huas a
permeabilits (K 1of 3 354107 cm” The second Plug hus W I of 17410 em’ And the third
piug hus a K of 23310 ¢m’ AL expecied. the first o plugs are more suweeonble ©
breakthrough' For the the lust Plug. breakthrough was not detecrel tor fowrates higher thun
003 mgs-cm’ Figure 2 iy 4 plot of the thermamechanicyl prassure dguinst the by d

head for the last pl The duty represent the onser of breukihrough  The
thermomechanical pressure 1y abwavs lurger than the hsdrosiatic head tends 1o indicare that
bquid breakthrough should not have taken pluce The liquid derection ar the downstream s

due to the pravence of 4 thick film.

The Normal Phase Separation Regime
This remme s generally known as the ‘lineur regime’ (represented by b-c in Figure |

Murakami first reported a discrepancy hetween the experimental data and the linear equation
(BEg 1o Elhert ubso potnted out that Equation | does ot fit the expenimentd data of JPL for
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the SIRTF plug. and that an effective viscosity has to be used in place of the actual viscosity
On the other hand. the NASA GSEC group” reported that the COBE test data at small
flowrates agree with the linear equation. Figure 3 1s a compuanson between the expenmental
data in the literature and Equation }. The flow resistance is defined as

m

R = ——— )
VPK,A 3

Note that the resistance of the above equation is unitless. The fact that most data fall above the
curve tends (o suggest larger flow resistance than the laminar transport (or linear equation}.
In Figures 44 and b, the mass flow is ploted aguinst the temperature difference on a log-log
plot. In both of these plots. the siope of unity 1s denoted by the dashed line. and the slore of
/2 is shown by the solid line. They are drawn to guide the eye. Since the Murakanu data”
(Fig. 4a) deviate from the slope of unity, it indicates that the flow is in the transition regime.
These data show that the transport in the phase separation is not always in the lamunar (or
linear regime). Due to the distribution of pore size (as discussed in the next section). some
phase sepurators go from the laminar regime directly into choked flow. Others go from
laminar to transition. © turbulent before choking. The 1/2 slope of the JPL data’ (Fig 4b)

tends to indicate an Ergun type transport as suggested in

v, B p‘,i
VP — " T L 173 ‘N -
Tk (150e'K )" - e

where VP iy the thermomechanical pressure. v is the approach normal fluid velocuy. i) is

the normal fluid viscositv. and € is the porosity.

Choked Flow Regime:

Choked flow 1s chuaracterized by the recession of the vapor-hquid intertuce into the porous
plug. This regime is represented by section ¢-d in Figure 1. Singe the Relativin Mission
requires a lurge range of tlowrates. the authors went through painstaking efforts in searching
for the approprizte matenal W be used for the phase sepurator.  Due o the sinngernt
requirements on the bath temperature control. operation in the choked regime s not
recommended. Therefore the maximum muassflow of the phuse separator i himued by the
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Figure 4a. Duta of Murakamu”™. Figure 4b. Duta of JPL (Ref. 4)
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cnucy) massflow or better known as the knee’. The following lessons are leamed from the
selection process. Permeability alone is not sufficient in charucterizing the cnitical mass flow
(unless the plug has a uniform distribution of pore size). Let's take a look at Figure 1. Al
three plugs depicted 1n the figures (a. b. and ¢) huve the same permeabiity but vastly dirferent
distribution of pore size. The plug in Figure la has uniform pore size. The trunsport could go
from laminwr to turbulent before choking.  Alo there 1s litde or no hysteresis. This s
supported by the data of DiPirro” with a glass capillary plug which is supposed 1o have a
unitorm distribution ot pore size. The plugs in Figures |b and [c have progressively lurger
distribution of pore size. The larger the distribution. the larger the hysterests loop and the
smaller the cnocad masstlow. (The mechanism for hysteresits s very complicated. It s
believed to be caused by the varyving pore size along the length of the plug which cesults in the
dirterent surface tension during choke and unchoke.  Although interconnected pores and
supertluid film mughe also play an important rele.d Since the choked tflow occurs at much
lower flowrates for lurge distribution of pore size. the transport might choke before the flown
turny turbulent or even reuching the transition regime.

The crinead mass flux at the knee of the phuse separdtor was found w be a srony
functuion of the hvdrostauc head. Figure 34ty a plot of the criticyd mass Hux of one of chc

materials tested for the relats i ity nussion. . Thes material bas a permeabilin of 33 < 10 om®
This 1~ obtained by egquating Eguauon toand 2 and solving for the cnocad mass flow s o
tuncuon of the hyvdrostatuc head. An equivalent capillury diameter D = 3.5 pucrons i~ used 1o

currelate the duta. Sinee the plug tends to choke at the lurger pores. this value of D obraned
exper imentally gives us o meusure of the lurge pores. On the other hand. the uveraue pure vize
cun be deduced front the analog herween the Hugen-Poiseuilfe equation and the Darcy Luw

I

D = 32Ky

orwacae
LiiIarEnde

The present u[cn“ has an average dismeter (D of T microns From the
berxesn D and D). ose e get a feel of the dismil

tution of the puare sire The 'JJ‘"” the

difference. the lurger the Jisinibuton and vice versa. Figure Sb oshows that o D of 3
microns i» needed to correlate the JPL duta. indicatng that the~JPL plug (D, =13 microns, has
d wmllc pore size distribution than the plug tested for the Relutivity Mission. Since the bubhle

voin

pome test givey the dmni ter of the largest pures in a plug. this might fe a good wu
measuring D in Equam n 2. While the permeability or Dy 1s important for the prm' stion of the
ransport in the normal operating regime (e 2. Equation | or 31, D is valuable for caleu lating
the critical mass flow (at the knee) and the size of the hmterex i3 foup Note that D and D
could be obrained from the size of the hysteresis loop. D on the increas: g flow part and D,
on the decreusing flow purt. )
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CONCLUSIONS

The following conclusions can be drawn,

1) Breukthrough Regime:

) Plugs with large permeability are more susceptible to breukthrough.

a)
b) A thick film is present at the downstream of the phase separator which muight set off

the liquid level detector (0 indicate the presence of liquid helium.

2) Phase Separation Regime:

' The operation in this regime Is not always linear

by The transport in thiy regime sometinies chunges from lanunar w turbelent belare

choking.
¢1 The Ergun type turbulent transport was detected in some phuse sepuarators.

3y Choked Flow Regime:

a) Hysteresis results from a distribution of pore size in the phase separator.

Large distribution gives small critical mass flow (at the knee) and lurge hysteresis
loops and vice versa.

b1 Like breakthrough. this regime is a strong function of the permeability. The
equivalent capillary diumeter D in Eq. 2 gives a quantitative meusure of the furze

pores in the plug. Because these are the pores that choke first. On the other hund. the
D =(32K,)" - gives the averuge pore size. If the difference berween D and D_ s smuall.
the distribution of pore size is small also (Fig T if the difference between D
and D_ is lurge. the distribution of pore size 1s abyo large (Fig len ‘
¢t In this regime. permeability alone is not sufficient in predicting the crincal m
flow (or the kneei. Since the bubbles usually form at the large pores of the piu
during a bubble point test. This might be a good way of esumuting D A correlation
between D and the bubble point pressure should be established to characterize plugs

used for phase separation.
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