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ABSTRACT

A theoretical investigation into the behavier of
heliue gac in the primary heat transport svstem
(PHTS) of the SP-100 space nuclesr pover system
wap performed. Resulcs (ndicate that helium gas
dissclved in the primary coolant will most likely
diffuse out of solution directly into existiag
bubbles in the system accumulators/gas separators
befotre reaching a concentration sufficient to
drive a nucleation procass selsevhere in the lecop.
Differences in individusl loop flow rates of enly
& fev percent vere demonstrated to have a
significant impact on the relative gas diffusion
rates in the loop accumulators. Small bubbles
(<13 um radius) which may escape the gas
separators will not expand from cesperature and
pressure changes as they eirculate in the PHTS.
Bubbles smaller than =40 um in radiue wvill
sventually collapse by mass diffusion.

NOMENCLATURE
A = masp transfer surface area (-')
Y. = mass transfer rate (kg of He/sec)

N"A; = dimensionless mass transfer Nusselt

nuaber (also known as the Sherwood
Number)
Co = analytic He concentratien in

’
bulk LI (kg/m )

c = saturation concencration of He i(n
bulk L4 (kg/m')

c: = saturation concentration of Me Iin

Ll at low flow accumulacsr (k I.)
8Cy = C,-C.- supersaturation (kg/m )

aCy = C.-C:- superssturation at lov flow

[}
accumulator (kg/m )
AC./C‘- relative supacsaturation (dimensionless)
DA. = diffusion coefficlent of He
in L1 (I‘/l.e)
Dh = channel hydraulic diametsr (m)
Dl = annulus inner diameter (m)

D“ = annulus outer diameter (m)
1 12

K = Henry's Lav Constant (m /s )

L = length of annulus (m)

n = amount of inert gas (moles)

Pr = Prandt]l Number (dimansionless)

PL = liquid pressure at operating
conditions (Pa)

Pv = liquid vaper pressure at
temperature T (Pa)

P' = inert gas paitial pressure inside
bubbie (Pa)

R = Universal Gas Constant = 8.1144
(J/mole-K)

r = bubble radius (m)

T, = vapor bubble radius st incipient
nucleation (m)

o = bubble radius at mass and mechanical

aquilibrius (m)

r' = radius of liquid meniscus in the
squivalent cavity at surface pre
-conditioning temperature and
pressure (m).

Re = Reynolds Number = pDhV/u (dimensionless)

Sc = Schmigt Number = u/pDAl (dimensionless)

T e liquid cemperature (K)
v = liquid velecity in :g. channel (m/s)
\

= gas bubble voluae (m )

b

HA = mass transfer rate (kg/s)

a - re/r' (dimensionless)

¢ = ratio of gas removal rate at lov flov
sccurmulator to gas removel rate at full
flow accumulater = (c:/ac. (dimensionless)

» = Li dynamic vlnco:lty (kg/m-»)

’ « L1 density (kg/m )

] = Li surface tension (M/m)

v = a measure of {:ert gas concentration

in the nucleation cavity, a function
of cavity geometry, contact angls,
and moies of gas {n the cavity (m-N/K)

1. INTRODUCTION

The 8P-100 epace nuclear power systen,
currently Lla the engineering design and
davelopment phase, employs s 2 !-HHt. uranium
nitride fueled, fawt spectrum reactor [1]. Heat
i{s tranapocted from the reactor core to a series



of thermoalectric power conversion assamblies by a
sulti-loop, liquid lichium primary heat transport
system (PHTS) (Figure 1). Because of its high
specific heat, high heat transfer coefficient, and
lov pusping powver regquirements, lithium (s an
extremely efficlient coolant. Howaever, it
undergoes reactions with neutrons produced in the
reactor core resulting in the generation of
isotopes of hydrogen and helium. The hydrogen
isotopes are expected to dissolve readily in the
coolant at tle proposed operating temperature of
1300 K, and then to diffuse rapidly through the
niobium prirary loop valls. Helium, in contrast,
has both a low solubility in lithium and a low
diffusion coefficient in slmost any metal. Helium
is therefore expacted to accumulate in the primary
coolant during normal system operation. This
accumulation could adversely impact the system's
opsration by dagrading TE-EM pump performance,
heat transfer in the core, and heat transfer in
the pover conversion assemblies. As a result of
these concerns, the current design of the SP-100
primary coolant loop includes six gas
separator/accumanlators to rerove gases generated
in the coolant during normal system operations
(ses Figure 2). Howvever, thess gas separstors are
designed to meet certain finfite relfability and
separation efficiency criteria. As a resulec, a
quantity of gas may escape the separators either
in solution or in the form of small bubbles. The
possibility also exists that gases vhich appear in
the PHTS external to the separators could
adversely impact syatem operations i(n the time
before they are removed froa the coolant by normal
separator function. Consequently, an analysis of
the nucleation and subsequent behavier of gas
bubbles in the PHTS is of interest.

The method of analysis consisted of s sories
of ana'ytic and numerical compucations combined
with review of previous relevant work. No
experimental work was parformed. Additional
details on boih the mecthod of analysis and the
results presented belov are provided in [2).

2. RESULTS AND DISCUSSION

Results are presented in tvo sections. The
first discusses the removal of helium from the
PHTS coclant by nucleation and wass diffusion
processes. The second section discusses the
behavior of small bubbles wvhich may circulate in
the PHTS prior to removal by the loop gas
separators.

An estimastion of cthe amount of helium gas
generated in the primary heat transport systes
(PHTS) of a 5P-100 class resctor has been reported
slsevhere [3). The results of [3] indicate that
radlologlie gas production rates in the primary
coolant of a typical 8P-100 class system (coolant

.

Li content 0.1 atem V) are such that the primary
coolant can be expected to become saturated with
helium within 24 hours after the start of full
pover operation. Shortly after this time, heliua
vi1ll be removed from solution by a nucleation
process forming new gas bubbles, or, the helium
ey diffuse directly out of solution intoe pre-
ixisting bubbles such as those {n the system
iccumulators/gas separators,

2.1.) DTS Hydrsulic Paramstexa

A simplified computational model of a typical
SP-100 aystem was developed and used to predicc
pressure, temparaturs, halium solubility, £low
velocity, and other relevant hydraulic parameters
throughout the PHTS. Data from this model vas
used cthroughout the study. The predicted PHTS
helium solubility profile is presented in Fig 3.

Both homogenesus and heterogensous nucleation
vare {nvestigated. The primary mechanisa fer
helium butble nucleation in the PHTS was found to
be heterogensous nucleation at small surface
cavities on PHTS wall surfaces. A liquid metal
fncipienc boiling superheat model proposed by
Dvyer [4] was adapted to predict the required
helius supersaturation for nucleation in the PHTS.

The Dwvyer correlation is based on the
"squivalent cavity " nucleation model. In this
model a force balance is made using the Laplace
equation for & unwetted, oxid¢ covered surface
insidy s small {dealized cavity. This balance is
used to produce an estimate for the radius of
curvature of the liquid surfacs inside the cavity
at preconditioning temperatures aud pressures.
Another force balance i{s used to determine the
pressure required to form a vapor nucleus at
incipient boiling, nowv assuming that the liquid
interface has moved up the walls of the cavity to
a woll vetted, un-oxidized surface. Dvyer's
correlation can be expressed as follows:

P, + ‘T/(t'). - P = 20/ac’ (1)

The value of ' is obtainad from the folloving
relationship: .
(') - 12-00'/(PL- P;)l(r')
. i'T'/(PL -P) =0 (2)
The primed symbols refer t. values taken at the
surface pre-conditioning pressure and temperature.
The ratio ¥/¥’' can be assumed to lie between 0 and
1 for tha present purposes.

The material properties of lithium are
available in the literature (3], [6), but ¥ and a
are not measursble and must be evaluated from
exparimental data. Excellent agreement with the
experimental datas of Chen (7] (potassium flowing
fnside a 0.3" diameter smnoth tube, Re =~ 5,000)

Y
was obtained for vy = 6,1x10 (a-N/K), and a =
0.72.

This corrslation may be axtended to arcount
for nucleation as & result of dissolvec gaw
supersaturation by adding the term KC, to

represent the ultimate pressure avuilable inside
the cavity from any gas dissolved in the liquid:

KCy + P, + 9T/(e)’ - P = 20/ar’ )

Taking pressure and temperature ac normal system
operating setpoints, the above equaticn can be
solved for Cq. Table 1 presents calculaced He

supersaturatiors {n lithium for various values of
¥, a, PL'. and T',

Of note are the effects of flov rate on
nucleation in liquid metal systems. It is well
known that increased flow rates result i(n a
decrease i{n the incipient bolling superheat. The
reasons for this phenomena are not clear, and they
may o may not {mpact nucleation from dissolved
gases. The Dwyer model presented here does not
take flow rate into acecount. Also of concern in



the possibilicy that lycal flov conditions, such
as pressure changes near an entrance or exit,
eould provide more favorable nucleation conditions
than those used above. Thasse concerns, together
with the uncertainty in the valvas of ¥ and a, and
uncertainties i{n the effects of surface
preconditioning, all suggest that che predictions
of this model be used vith caution, as thare may
be a significant margin of errer.

As previcusly mentioned, s helium gas bubble
will be maintained in each of che six loop gas
separators to sstrve a volume sccumulator function,
allowing room for coolant expansion and
contraction as system temperature changes. Since
these bubble: will exist from the start of system
operation, no initial supersaturation is required
to begin nucleation. The He will simply diffuse
out of solution and into the bubble when the
supersaturation is great enough to drive mass
transfer from the Li/He solution to the bubble.
The resistance to this diffusion process can be
represented as a mass transfer coefficient.

The mass transfer rate at a surface in a flov
channel may be expressed as:

“A - HuA'AC.DA.A'/ Dh (4)
NuM can be estimated from Nusselt nusber

correlations by replacing the heat transfer
Prandtl number vith the mass t-ausfer Schmide
nuamber in the Nusselt number correlations (8]).

For 1ithium at 1300 K: y-x.scxxo': (kp/n-0),
p=431.5 (kg/m ), and DA’-G.IGxIO' (m /8) (D,

estinated from Stokes-Einstein relationship).
Using these valuea, 8c = 6,243,

The construction of the PHTS gas meparator is
such cthat the helium bubble i{s contained in the
center of the sepsrator with Li flowing in an
annulus around the bubble (See Figure 2). He that
dif{usee into the bubble will cross the inner wall
of the Li annulus. Assuming that the helium
bubble {s maintained {n a cylindrical shape by
con:rlfuill forces, and ignoring the effects on
lichium flow of the deflectors, fl’tor. and avirl
vanes, an estimate can be made for the mass
cransfor coefficliant at the bubble surface.
Listed below is a experimentally confirmed heat
transfer cerrelation from the Heat. Exchanger
Design Handbook (9):

.0.18 .87 (3
N = ("6(D1/Do) }1.012(Re -280)Prx )

e.ay

-(1+(Dh/L) ) (3

In the PHTS accumulstors at full power (1300 K):
L]

D1 =0.11 (@), Do = 0.22 (m), Re = 4.24x10 , Bc =

6.243, and L = 0.60 (m ).

Substituting these values into (3) above and
replacing the Piandt] number with the Schaidt
nunber results {n NuA' - 327.

Neglaocting the cylinder end surfaces, ths mass
transfer surface area A.- 0.207 (n'). and the
hydraulic diameter (Do'nl) is found to be 0. .11
(m), Nov substituting into (ﬁ) ylelds:

Y- 327(¢ACy) (6.16x10° )(0.207)/0.11

- 3.00x10"(ac.) (kg/s) 6)

.

For an initlial coolant L1 <content of 0.1 atom
§, the totel radiologic production of He over a
seven year operational life is estimated “o be
0.25 moles = 9.001 kg (3). The production rate per
second per accumulator (six accumulactors in
system) is thersfore:

Phe ™ (0.001)/!(7.0)(3.1567:10')(6))

.13
= 7.54x10 (kg/s) (@))
Nov, combining (6) and (7) to set the mase
cransfer rate in the accumulator to equal the
production rate results in an expression for AC,:

[ ] o1
3.80x10" " (AC,) = 7.34x10° 8

aCy = 1.99x10"" (k;/-') 9

At beginning eof 1life (BOL) lr tho.necunu;n:or
{1300 K, 35 kPa), C_ = 9.33x10° kg/m , thevefores:
AC./C. = 0.021 =~ 28. At end of 1ife (EOL) (1350

. ]
K, 128 kPa), c. = 3.957x10 kg/m , other
parameters remain essentially conatant and Ac,/c.

= 0.0056 ~ 0.6%.

Thus., at full pewer, He can be expected to
diffuse out of the coolant into the accumulater
bubbles vith relative supersaturations in the
range from 0.6 to 28. These results should be
considered to be somevhat tentative as the
goometr'es of the gas separator and helium gas
bubble have been idealixed to simplify analyeis.
In addictien, the correlation used for the
diffusion coefficlient of helium in lithium, an
impertant physical property in the calculatioen of
the mass diffusion rate, has not been confirred
experimentally.

Assuning that the mass diffusion procesa in
the loop accumulators will limit the relacive
helium supersaturation at the accumulator exits tc
to 2% or less as d{scussed above, the solublility
dats of Figure ) can be ussd to creste a
supersaturation profile for the PHTS (see Fligure
4). [Examination of Figure 4 indicates that the
maximum supersaturation to be expected in the PHTS
{s well below that calculated to be necessary for
bubble nucleation on PHTS wall surfaces.
Consequently, it Ls concluded that mass diffusion
at the gas separators vill dominate the gas
removal process in the PHTS.

2.1.3 Prafarentisl Diffusion at One Accoumulator
The model 8P-100 PHTS discumsed above is
composed of a series of identical, parallel flow
loops. The mass flowv rate, loop pressurs profile,
and loop gas solublility profile have sll been
assumed to be identical for eaca loop in the
preceeding analysis. However, iIn the actual
manufacture, assembly and operation of a systan
such as the SP-100, ft is impossible to make each
flow loop hydraulically identical. The
possibilicy therefore enists that each loop may
have a slightly different mass flow rate and
ressure {rotllo. thereby resulting in a different
elium solubility profile {n each loop.

Solubility profiles were calculated at reduced
mass flov rates and then used to estimate the gas
renoval rate at the low flow accumulator relative
to the gas removal raete at one of the other
"normal® aceumulators. Assuming that ru g 19



unaffected by a small reduction in msss flow rate
(8) can be modified te express the bslance betweesn
systea He production and removal ‘mn the case of &
loop wich a reduced flow:

(3.80x10° ") (ACt+58C4)=(6) (7.54x20™ " ") (10)

whare Ac: is cthe helium supersaturstion at the

lov flov accumulator.
Nov the ratio of the two resoval rates vwill

be:
§ = BCo / BC, )
.7
Taking ¢, - 9.33x10 as before (BOL, Full
Pover), ¢ can ba detersined as a function of the

wass flow rate "eduction. The results of this
calculation indicats that an 8% reduction in mass
flov rate is sufficient to eliminate gas removal
at the low flov accumulator. This isplies that
separators snould be sufficiently oversized :co
accept extra gas wvithout saturating, as it is
uncertain vhether or net esch separator will
sccumulate the same amount of gas over the life of
the aystem,

As discusssd in the previous section, it
appears most likely that helius will diffuss out
of solution directly into the gas accumulator
bubbles. Howaever, the possibllity of nucleatioen
outside the gas separators cannot be eliminated
entirsly due to uncertalnties ln the nucleation
modsls. If for some reacon gas bubbles are formed
outside the sepsrators, or If helium in the
separstors manages to sscape as s result of a less
than 1008 separator efficiency or some other
unspecifiad means, the behavior of the gas bubbles
releasad into the PHTS becomes of {ntereat.

The scope of this investigation was limited to
normal operations, which include a functional gas
separatcr system. The gas separatera are erpected
to retain all bubbles with raedil greacer than 1%
un, and the coolant void fraction lsaving the
sepsrators is axpected to be well below 0.18. The
effects of temperature, Tressure, and sass
diffusion on bubhles of this size wvere
inveutigated.

Bubbles leaving the gas separators or wall
nucleation/growth sictes will experience
varjations in pressure snd temperature as they
circulate in the PHTS. These variations will
cause the bubbles to expand and contract as they
flow chrough tha ioop. A detailed analysis of
this process requires an accouncing of fnertial
and diffusion terms vhlch are significant mainly
in cases of rapid rransients. Assuming slow
tranaient, steady state, or quaci-steady state
condicions, & sinmplified analysiy (s appropriate
[(10). This analysis, which ignores lnertial and
nass diffusion effects and asuumes the bubbles to
ba spherical and in thermal equilibrium with the
surreunding coolant, {s described below.

The Laplace equacion (l'v + P o+ rL = 20/r),

the perfect gas lav (P‘ = nRT/V,), and, the

’
forsula for the volume of a sphere (Vb - 4nrr /)

can bes combined to determine the radius of a gas
bubble for any given temperature, preasure and
inerct gas contenc:

[ ) 2
(P~ P )t + 20r - 3uRT/(4x) = O (12)

Substituting pressures and temperatures from
the PRTS computational model into the above
equation, the changes in bubble size during a
circuit ~f the PHTS can be calculsted. Results of
this calculation are presented in Figure 3 for
full power. In boch BOL and EOL cases, pressure
changes dominate temperature effeccs. Bubbles
leaving the gas separator ars compresised as they
pass through the pump, and gradually return to
their original size as they continue through che
loop. As a result of higher surface tension
forces at small r, bubbles of small initial radius
-r;lntfu:tad less than thoss with a lsrger initial
radius.

Masn oquilibriua for a spherical bubble
occurs when the partial pressure from the inertc
gas dissolved in the bulk liquid is equal to the
partial pressure of the inert gas inside the
bubble. This requirement for mass equilibrium can
bes expressed msthematically as:

P« KC, auay

At wans equllibrium, the bubble must also meet
the mechanical equilibrium requirements of
Laplace’s equation. Combining the requirements
for mass and mechanical equilibrium and noting
thae PL-KC' results {n an expression for r for no

growth condicions:
Teg = 2a/lPLAC./C'+ r) (14)

Bubbles created in e« liquid which have an inftial
radius larger than this equilibrium radius will
grow, vhile bubbles with initial radii ssaller
¥ill ultimately collapea.

The loop supersaturation profiles of Figure 4
can be used with equation (l4) to estimate the
sin{mum bubble sire stable sgairst collapse by
mass diffusion »t any point in the SP-100 PHTS.
The results of this calculation are presented in
Figure 6. At full pover, a large portion of the
loop 1is considerably subsaturated, end no bubble
of any size {s stable, The minimuz stable bubble
radius calculated for the remainder of the louvp is
seen to be w40 ym. Assuming that the gas
separacors function as desfgned and limit bubble
size to 15 um redius or less, it would appear that
all bubbles vhich escape the gas separators will
ultimately collapse by mass diffuaion.
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Relati.e Super
Cass Saturation v a T I’L T I’l'_

(%) IN-0/K) K (kPa) _(X) [(kPa)
1 107.8 6.1:10'" 0.72 100 62.0 1300 62.0
2 1.4 . - . - 680 8.0
3 0.8 6.1x10"' " - . . 1300  62.0
‘ 111“0 0.0 " L] - a L[] L]
[} 74.0 6.1x10" 1.00 . . . .
6 160.9 . 0.%0 . . . .
7 99.9 . 0.72 13% 152.0 13% 152.0
8 138.9 " . 680 9.9 680 9.9
9 138.7 ol . 680 30.9 680 30.%

Case Descriptions:

- Base Casa. System assumed to be preconditioned to normal
BOL, full power operating parapetara. Recommended experimental
values of ¢ and a.
Cang #2 - Surface preconditioned to 30L, standby powver, temperature
and presasure.

- Effects of charnge in ¥.

Canaa #) and ¢#6 - Effects of change in a.
Cana #7 - EOL operating parameters.
gaas #8 - Scandby Power, BIL
Cang #9 - Standby Power, EOL

Table 1 Supersaturation for He Nucleation on PHTS Vall Surfaces
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Figure 2 SP-100 Gas Separator/Accumulator
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