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Abstract

Bubbly liquid downflow through fixed beds and its transition to dispersed-bubble flow is modeled. At the macro
(bed) scale the system is described as a compressible fluid filtrating through porous media. The system
peculiarities - the isothermal variation of perfect gas in the spherical bubbles, weak compressibility of the liquid
etc. - are accounted for at the micro (pore) scale in the state equation. Dimensionless criteria were found
determining the bubbly -liquid flow in packings and its micro-scal e stability. Part of the criteriawere omitted dueto
their small input, while the rest are contained in a relation following from the micro-level stability criterion: the
bubble size growing under a pressure drop across the bed does not exceed the capillary throat. The modeling
results are in fair agreement with the experimental data.

1. Introduction

Wide-spread gpproximations for fluid filtration through granular layers consider them as a system of
capillaries of an equivadent hydraulic diameter. This alows the main regimes of two-phase flowsin
fixed beds (Midoux et d 1976, Herskowitz and Smith 1983, Ng 1986, Melli et d 1990, Rode et a
1994, 1995, Mewes et a 1999, Attou et al 1999) to be distinguished at the capillary scae: bubble
szes are (i) sufficiently less than (bubble regime) or (i) of the order of (digpersed bubble regime) the
equivaent hydraulic diameter; continuoudy ditributed gas and liquid phases flow within capillaries
(i) jointly (trickle) or dternately (pulse).

The theoretical studies predicting the flow parameters and criteria for flow-regime changes were
mainly concerned with trickle flows. This is due to trickle flow, together with pulse flow, being the
main operationd regime in fixed beds. However, conditions for the existence of these regimes may
aso be edimated by dability sudy of other regimes, eg. bubbly flow. It is dso known that a
indudrid- scde plants a homogeneous distribution of the phases is difficult to obtain. The loca gas
and liquid velocities may vary condderably, leading to co-existence of severd flow regimesincluding
the bubble flow. Bubble flow described in ardatively smple way can be conddered asthe reference
flow that redtricts the location of other regimes on a flow-regime map. Bubble regime presents an
interest for eucidation of characteritic parameters and dimensonless criteria in the scae-up
problem:; extrapolaion of measurements made in laboratory-scale reactors to industriak-scale plants.
Another reason for such congideration is the fact that acoustic gpectra for bubble flows are well

studied and can be employed in acoustic monitoring of packed-bed reactors. However, the precise
boundary for bublle-to-dispersed-bubble trangtion is hard to predict experimentdly. These regimes
can be digtinguished rather in a trangtion zone (Midoux et ad 1976, Mdli et d 1990, Rode et d

1994, 1995).



The present work is concerned with downward flows of bubbly liquids through fixed beds formed by
cadys particles and with prediction of bubble-to-dispersed-bubble transition. Bubbly liquid filtration
in porous media is a quite redigtic limit: porous media in various resctors are formed by a capillary
system with characteristic size (10%-102 m, Mdli et d 1990, Rode et a 1994, 1995) much larger
than granular sze met in water-filled sands, marine sediments, rocks and petroleum recovery (107-
10*m, Anderson and Hampton 1980, Mélli et a 1990). This justifies our subsequent anays's of the
cpillay sze being sufficiently larger than the characterisic sze of micro-bubbles. The basic
gpproaches to predicting flow-regime changes in such systems are dability studies at macro-leve
(bed-scde) and micro-level (pore-scae). The idea of micro-leve ingability in fixed beds wes
employed previoudy as a semi-empirica gpproach to predicting trickle-to- pulse transitions caused
by perturbed liquid films blocking the capillaries (Sicardi et d 1979, Scardi and Hofmam 1980, Ng
1986). Prediction of flow-regime changes in packed beds, design, scale-up and operation of
industrid reactors with the hep of experimentaly obtained flow regime maps is often complicated
due to their dimensond form and incomplete data on experimenta conditions. This is related to the
large number of the determining physicd, operating and design parameters and to the lack of
knowledge on the basic dimensionless criteria In the present study corresponding dimensionless
criteria were derived describing the bubbly liquid flow in porous media and its micro-leve gability.
We develop an approach avoiding hydraulic and dimensional grounds to predicting bubble-to-
dispersed- bubble trangtion caused by the bubbles blocking the capillaries due to their growth under
a pressure drop across the bed. It provides for the region of possible existence of bubbly regimes
ingde which cdlassica meacro-level analysis should be carried out. The proposed model does not
congder the main flow ingability under the growth of perturbations, but studies variaion of the main
flow up to overstepping the boundaries of its gpplicability. Micro-level study does not replace
classcd andyss of macro-leve ingabilities of the main flow, but makes it unnecessary where the
main flow loses meaning.

2. Modeling of bubbleflowsin packings

The chemicd reactions and the effects of phase trangtions, the bed dadticity, buoyancy and surface

tenson are not taken into account. At the macroscopic level bubbly flows are considered in the

Brinkman approximationas a compressible fluid filtrating through porous media
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Note that a norma conditions in air-water systems the surface tenson becomes significant for small
bubbles with radii of the order of or less than 10° m, and here we neglect this effect assuming the
bubbles to be sufficiently large. In the bubble regime the liquid and gas bubbles move with a common

velocity (Ng 1986) and we assume the bubbles to be frozen into the liquid. Here U, P and ¢ are

interdtitid velocity, pressure and dendity of the mixture within apore, N is the differential operator,
D/Dt is the substantid derivative, t is time k = d>/180xnt /(1- m)* is the permesbility
coefficient, m = congt is porogty, d, isthe diameter of solid spherica particles forming the bed. The
effective dynamic viscogty of the mixture n is approximated by a dependence on the gas volume



fraction j o’ which can be determined experimentally or theoreticaly. Thus, for sufficiently small gas

volume fractions Batchelor (1967) derives for theratio of the mixture-to-liquid viscosty
nG )
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The number of solid particles on the reactor diameter is assumed to be sufficiently large for the wall
friction to be negligible. The viscous effects are neglected everywhere beow a the macroscopic
level, except the resistance force

r—=-—U-NP. (3
Dt k
If the inertid term in the left- hand part of Eq. (3) is neglected, the Darcy approximation takes place:
U=-XRp. (4)
m

The effect of bulk viscodty as wel as micro-levd inertia effects of a bubldy liquid should be taken
into account below by a cdl modd. A date equation is derived accounting for the system
peculiarities & the microscopic leve: the wesk compressbility of the liquid and the isotherma
vaiation of perfect gasin the bubbles
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Here Py is the gas pressure in the spherica bubbles with radius R, subscripts g and | denote
parameters of the gas and liquid, the superscript r marks the quantities at an arbitrary reference Sate
a which a homogeneous bubbly liquid exigts. Equation (5) is the Rayleigh equation for dynamics of
the isolated bubble generdized for the bubbly liquid mixture. Coefficients F; (j=1, 2, 3, 4) are
expressed through the gaslliquid volume fraction Q=] /j | at the reference state Q" its current

normdized vaue g and parameter a  characterizing the compressibility of the liquid:
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Herea © a /a” , a°cond isliquid sound velodity, a is the mixture sound velocity accounting for
the week compressihility of the liquid. Equations (6) have been derived with the help of the following
relations for the gas pressure, bubble radius and mixture dengity:
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The unredl feature of the state equation (5) with an incompressible liquid phase, which is thet in the




steady-state mixture P, tends to infinity as j | vanishes, is modified by accounting for the week

compressibility of the liquid. Week compressibility of the liquid is assumed to be negligible, i.e.
r,=r,,°congt, everywhere except the problem for bubble pressure:
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The subscript O denotes the quantities calculated in neglect of the liquid compressibility.

A one-dimensiond flow dong the x-direction satisfies the following initia and boundary conditions:
q=q"(x), U=U(x) at=0, P=P"(t), g=q*(t) @ax=0, P=PO () ax=H. (10)
HereH isthe bed length, the superscriptsi/o and in mark the inlet/outlet and initid quantities, the bed
inlet/outlet values are assumed to be congtant.

We dso assume that a homogeneous mixture of a bubbly liquid actudly exigts a the bed inlet and
define the mixture parameters at the bed inlet as reference;
Q(r) - Q(i) R(r) - R(i) p(r) o p(i) r (N = r 0} (11)
1 1y ) .

The inlet gas/liquid volume fraction, bubble radius, mixture dengity and pressure are assumed to be
known. The inlet mixture density can be expressed through the inlet gas density, ges/liquid volume
fraction and liquid density:
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3. Dimensionless formulation of the problem

The problem was made dimensionless with the hep of the following characterigtic scales for length,
pressure and dengity aswell as for the cheracterigtic time and vel ocity:

H =H,P =PO - PO r"=r  t"=H{r /P ,U =H"/t". (12)
Dimensonless quantities are defined asfollows
U =0t /H ,P=(P- PNY/P ,r'=r/r", t'=t/t", x=x/H ,K'=H'N ,m=m/m(13)

Omitting the superscript prime everywhere below, usng expressons (11) for reference values and
employing the same notations for dimensonless as for dimensond quantities, we rewrite relaions
(1), (5) and (10):
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q:q(i”)(x), U:U(i")(x) at=0, g=1 pP=1 ax=0, P=0 ax=1. (16)



Here P, (=0, 1, 2, 3, 4, 5) are dimensionless criteria, F; (j=1, 2, 3, 4) are given by Egs. (6), but
now depend on the normdized gaslliquid volume fraction g and dimendonless criteria p; (j =0, 1,
, 5), which in their turn are expressed through modified dimensionless criteria P J. (G=0,1, ,6):
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The criterion P , equasthe inlet gasfliquid volume fraction, P, and P, charecterize inertia effects at

the macro- and micro- levels, P 5 describes viscous dissipation at the micro-level. The criterion P 4,
one of the main parameters of the system, is the pressure drop across the bed. The criterion P
characterizes the liquid compressibility, P equas the rétio of the inlet gas density to the liquid

density
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The modified dimensionless criteria P, (=0, 1, 2, 3, 4, 5, 6) are introduced above in order to
extract explicitly the inlet pressure drop PO from the criteria p ; (=1, 2, 3, 4, 5) naturaly obtained
ater the problem is made dimensionless with the pressure drop PO - P© as the characterigtic value.

This is done for convenience of comparison with experimenta data in which the outlet pressure is
usudly fixed, whilethe inlet pressure can vary in awide range.

To amplify our consideration by reducing the number of determining parameters, the ratio of the
gas/liquid dengity is assumed to be small (sothat P P , << 1), and P, is neglected elsewhere below

except the right-hand part of the former of rdations (27) proportiona to P . In particular, we setin
the above rdaions

1+P P »1,a» 1+P_g><1'—P42.

Ps (1+P)
Since P is smdl and only enters the problem through the vaue of a , the latter should be of the
order of unit for the input of the liquid compressibility to be significant. This yidds that p , /P 2
should be of the order of or less than unit, and a charecteristic vlue of P, ~ P 2. The characteristic

dimensionless criteria depending on the inlet bubble radius RY (Table 3) and independent on RO
(Table 2) are cdculated for typicad physica, geometrica and operating data presented in Table 1. In
Table 1 the ar-water system & considered, the bed parameters, d, =5x0° mand H =13 m,

correspond to experiment conditions by Rode et a (1994, 1995), for other parameters some typical
vaues are taken in order to estimate the characteristic values of dimensionless criteria presented in
Tables 2 and 3. Under red conditions, the inlet pressure, for instance, can be varied in awide range
within theintervd 0 < (P®) - P?)/p® <1, asit will be considered below. Dimensionless stebility



criterion P, = (R /(0.11>d)))* in Table 3 will be introduced below (see Eq, (22)). The criteria

vaied with the inlet bubble radius are sdected in the separate Table 3 for convenience of
comparison with experimenta datain which the inlet radius is usually uncontrolled.

Table 1. Physical, geometrica and operating parameters

Mo m a m d, H pO po ri
kgxm?® | Paxs  m:s? - m r Pa Pa kg xm®
103 103 15x10° | 0.4 5x03° |13 2X0° 10° 18

Table 2. Dimensonless criteriaindependent of the inlet bubble radius

P, P, P, P, Ps P

104 0.46 0.8x07 0.5 0.94x02% 0.002

Table 3. Dimensonless criteria dependent on the inlet bubble radius

10°eR"[m] 40 70 88 100 108 1092 10.9

10°P, 15 27 34 38 415 420 4.22

P. 005 025 05 075 09 098 0.99

4. Analysis of micro-level stability

The system under consderation has characterigtic scaes of length which strongly differ in the order
of vaues the macro scae equds the bed length, and the micro scales characterize the sizes of the
bed pores and bubbles. Thus, criteria p; (j=1,2,3) are inversely proportiona to the bed length H.
However, the criterion p, ~P, =0.46 is not quite small for the data presented in Table 1, so the

wide-spread Darcy approximation established for asymptotically smal vaues of the macro-inertia
criterion p, ~P; in Egs. (14) — (16) may be used with relatively low accuracy. Note that the value

of P, strongly depends on the granular sizes, thus if we consider the typical vaue d, =3403mas
in experiments by Midoux et a (1976),instead of d | =5x0"° m presented in Table 1 for the data
by Rode et d (1994,1995), we obtain the vaue of P ,=0.18 instead of P ,=0.46. The criteria
p,=P,~10"and p, ~P3 ~10" ae extremdy smal in fact. This implies that the terms with
substantial derivetives in the state equation, proportiond to p, =P, and p , ~ P 5, can be significant
only at sharp and/or rapid variations of the flow which can occur near the bed boundaries, at fronts
or a fagt oscillations etc. Below we assume the possibility to neglect the corresponding terms and the




present study is concerned with the filtration process after the completion of the bed load, with no
filtration fronts, sharp and rapid variations. Then, the terms marked by P, and P ; may beignoredin
the state equation (15), and after subgtitution of F, we obtain the relation between the pressure and
the normalized gas/liquid volume fraction of the mixture:

2 _ 2
P(g)- 1= - (L+P,)va 1arctan (g 1)\/28. 1 , (18)
P, (1+Po)a‘g+l-q
P, 1-P

a(P,,P,,P.)=[1+—2x—2_.

(PoPaiPs) \/ P2 1+P,)°
Accordingto Egs. (7), (8), dr /dg < 0. Hence,

P2 o B 194 (19)
dq dg dP a“dr

i.e. the normdized gag/liquid volume fraction g should increase with the pressure drop. Assume the
pressure drop monotonicity across the bed (dP/dx<0), which is quite naturd from the physica point
of view and may be verified by direct numericd smulatiions of the entire problem. Then the
normdized gas/liquid volume fraction g monotonicaly increases across the bed up to its maximd

vaue g© at the bed outlet, where according to the boundary condition (16) pressure has the minimal

vadue P= 0. In fact the gas fraction cannot rise infinitely since the bubble size increases with it, and
the bubble diameter 2R cannot exceed the minimd throat diameter of the capillary dy,., otherwise a
flow regime change occurs, the bubbly regime will be unstable and we have the stability condition:

2R £d,, - (20)

Here the throat diameter d,, as well as the equivdent hydraulic diameter d, of the capillary are
expressed through the particle diameter d, (see e.g. Ng 1986)

m
dthr = bthr xd p’ de = (m)“adp . (21)

We asume the ratio of the capillay throat to the equivdent hydraulic diameter

b, = qlﬁ/p -1/2 » 0.22 to be sufficiently smal in order to goply the above stahility condition
within our gpproach. The gas fraction g remains as finite as the bubble radius R it cannot exceed a
criticd vaue (see Egs. (8), (16) and condition (20))
1£q£q@ £1P, . (22
The gability criterion P, adopted here is not dependent on any empirical factors, but only on sizes
of the inlet bubbles and bed particles

oR®M 2R\ .

P.= °o
( Ay ) (o.zzdp

Relation (18) resolved explicitly with respect to q yidds

_ Na?-1+T (1- P) P,

T at-1-@?-1+a® )T 1+P Wa?-1
Since a first micro-level ingtability occurs at the bed outlet, subdtitution of Eq. (23) into (22) yidds
thet @ £1/P. at P=0if

, T =tan

q 23)
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Inequaity (24) provides for the regions of dable and undable regimes in the plane

{P,=QV,p,=(P" - P?)/P®} a given criteria of liquid compressibility P 5 and stability

P*-

The regions of ingability in the plane { P ,, P ,} ae bounded by two curves, trangtion (solid) and

limiting (dotted), determined by conditions for the change of signs of the numerator and denominator
in (24)

=(1+P)Wa’ -1arctar' d-P.)va’-1 ,P®=1-p, (25
+a’-1+a’P,
=(1+P)Va’ 1arctan -1 ,P@ =1 (26)
-1+a’P,

with a(PO,P4,P5):\/1+P—g 1- P42
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In the limit of incompressible liquid (P, <<1, so that a >>1) these curves are reduced
asymptaticaly to the horizonta traight lines marked by superscript a. The regions of ingability can
eadly be established by noting that the numerator is negeative, while the denominator is pogtive a
P,=0 (i.e.a T, =0 ). Equations (26) for limiting curves may be derived directly from Egs. (25)
for trangtion curves by setting P, =0. Equations (25), (26) provide for the implicit dependence
P,=P,(P,,P4P ), where the criterion P, isusudly fixed in any sysem. In Fig. 1 the regions
of ingtability in the plane {P ,,P ,} bounded by transition (solid) and limiting (dotted) curves are
shown together with the horizontal asymptotes corresponding to the limit of incompressible liquid
(P 5 <<1,a >>1). Theinfluence is illudrated of criteria P 5 and P, , the numerica values of which
mark the solid and dotted curves. In the bubbly regime the gas volume fraction | g is usudly less
than 0.5 and the results of smulations are presented in Fig. 1 for P, =Q®°j /(-] (") <1.
Fig. 1 shows that the liquid compressibility sgnificantly influences the micro-level stability of bubbly
flows a gas volume fractions, j {”, lessthan 0.5 (Q" <1). For any given system the criterion P 5
hes a fixed vaue, for ingance, P, =0.0067 for the air-water mixture, while thecriterion P, can
be varied dueto variations of theinlet bubble radius.

Note that the above anadyss of micro-levd dability requires neither finding the flow veocity and
mixture dengty distributions across the bed, nor knowledge of the bed length. It provides for the
trangtion curves for bubble-to-dispersed-bubble flow in the plane of the pressure drop and
gad/liquid volume fraction a known physica properties of the phases, bed-particle szesand theinlet
bubble radius.
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Figure 1. Influence of the liquid compressibility criterion 10° xP _© — =0, 1,2, 4.
a| r 1,0
2R(i)

Pressure drop vsthe ratio of gas/liquid volume fractions, P, © (——)*=0.5.

thr
— trangdition curves separating stable (below) and unstable (above) bubbly regimes,
---- limiting curves separaing unstable (below) and non-existent (above) bubbly regimes,
(solid and dotted horizonta straight lines correspond to the limit of incompressible liquid).

5. Comparison with experimental data

The experimentd flow-regime maps can sgnificantly differ from author to author, which is commonly
explained by the fact that different interpretations are used for the flow-regime transition (Ng 1986).
For bubble-to-dispersed-bubble trangtion religble experimental data have not been found by Ng
(1986) at dl. A semi-empirical corrdation proposed by him for the trandtion curve in the plane of
the dimensond superficid mass flow rates of gas and liquid is based on a given congtant vaue of
liquid saturation. In fact, liquid saturation depends on both gas and liquid flow rates, and Rode et d
recently published some experimenta data for bubbly regimes (1994, 1995). However, they could
not describe precisdy the trangtion curve for bubble-to- dispersed-bubble regime. This is because
the bubble flow with more or less spherica bubbles in a liquid stream can be digtinguished from the
dispersed- bubble flow, where the bubbles deform and eongate rather in a transition zone than at the

trangition curves (see dso the corresponding experimenta data by Midoux et d 1976 and Mdlli et
1990).

Two circumstances hamper comparison of the modeing results with empirica corrdaions. On the



one hand, the available experimenta flow-regime maps are given without indicating some frequently
uncontrolled parameters necessary for comparison with the results of theoreticd modding. For
ingance, the bubble flow in experimental flow-regime maps is presented with no mention of the inlet
radius of the bubbles - one of the main parameter characterizing the system ingtability. On the other
hand, our modd does not use mass and momentum equations providing for the knowledge of the
superficid gas and liquid mass-flow rates. The bubbly regime micro-level sability is fully described
by the above criterion derived in terms of the pressure drop and the inlet gas/liquid volume fraction.
However, under experimental conditions the superficia gas and liquid mass flow rates are known
rather than the inlet pressure (or, equivaently, the pressure drop across the bed). The solution of the
entire problem is necessary for comparison with experimenta flow-regime maps presented in the
plane of the dimensond superficid gas and liquid mass-flow rates by Rode et a (1994, 1995). The
relation between these vaues requires a solution of the complete problem. To avoid this in
comparison of experimental correlations with the modeling results, we assume that the Darcy

approximation (4) U =- Eg—P is valid, esimate dimensona superficia mass flow rates through
m x

their values & the bed inlet G=mj ' r PU®, L=mj Ur U® and resrict oursalves by the
P(i) _ P(O)

smplest estimate for the inlet pressure gradient ( )(' T Superficid mass-flow rates

a the bed inlet rewritten in dimendonless form are asfollows
_P,P, P, P, L _ P, 1 P,

m./P <o>r rT(PO)1+P 1- P 'mfPOr,, mP,)1+P, 1- P,

The transtlon and limiting curves in the plane of {G, L} are determined in the parametric form (with
the parameter P, varying adong the curves) by setting in these relations the unknown function

mP,) equd to unit (this is gpproximately vaid for smal P, see Eq. (2)) and subdtituting Egs.
(25), (26) for P ,.

(27)

In Fig. 2 the inlet bubble radius (or, equivdently, the vaue of the ability criterion) is identified
corresponding to the experimentally observed trangtion from the bubble-to-di spersed-bubble flow.

In Fig. 2 comparison is carried out of the modding results with experimental data by Rode et a
(1994, 1995) for different values of the stability criterion P ,=0.95,0.98,0.99 (2R™ /d,, =0.983,
0.993, 0.996, respectively). From the experiments by Rode et d (1994, 1995) in which the bubble
flow occurs at G<0.02kgxm s the diameter of the inlet gas bubbles corresponding to the
trangtion of the bubble-to-dispersed-bubble regime should be chosen in our modding within
0993<2R"/d,,<0.996 (0.98< P.<0.99, d,, =1140°m, d, =540°m). From
experimental studies by Rode et a (1994, 1995) it can be concluded that the bubble-to-dispersed-

bubble trangtion occurs when the inlet diameter of the gas bubblesis close to the throat diameter of
the capillaries and the gas- volume fraction is close to 0.5.

10
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Figure 2. Comparison of the present moddinga P, © (3)3 =0.95, 0.98, 0.99 with

thr

the experimental results adapted from Rode et d (1994, 1995) , d | =540°m,H=13m.
Dimengond superficia mass-flow rate of gas vsthat of liquid.

(0) ©) 0
KIP T a6 p, 0L [P 00067, P, o 2 =0002
H m a'I r 1,0 r 1,0
trang tiemmeurves separating experimentally observed flow regimes,
location o domains of the experimentally observed regimes of flow,
— trangtion curves separating stable- bubble flow (left) and unstable-dispersed-bubble flow (right),
---graght line Q¥ =1, abovewhich Q¥ >1,i.e j {>05 below- Q¥ <1, j {"<05.

domain iCItigated experimentally by Rode et a (1994, 1995).

P,o

6. SUmmary

The bubbly flows through porous media can be ungtable at the micro-levd, the trangition occursfrom
bubble - to- dispersed-bubble regime. The trangition curves are obtained depending on the system
paamees The liquid compressibility can significantly influence the micro-leve stability of bubbly
flows at sufficiently smal gas volume fractions. There is a strong dependence of the trangition curve
on the inlet bubble radius (or, equivaently, the vaue of the stability criterion). The bubble radius a
the bed inlet is found to be one of the main parameters in the bubble regime of flow and the single
parameter uncontrolled in the available experimental data. Under real conditions the inlet vaue of the
bubble radius depends on the way the bubble-liquid mixture is prepared. If the bubbly liquid is

11



prepared by a super-saturation technique, the inlet bubble size can be varied in awide range, whileif
it is produced by mixing the gas and liquid in a chamber beyond the bed inlet, the inlet bubble sze is
hard to predict. Comparison of the present modeling for the bubble-to- dispersed-bubble trangtion
with the available experimentd data for the latter type of system provides for their proximity when
the inlet bubble diameter is close to the diameter of the throat of the packing capillaries. According to
the present andyss pressure devetion leads to a rise in micro-levd ingability. Characteristic
parameters and dimengionless criteria derived in the present work may be useful in the scale-up
problem. The modding results for the micro-levd mechaniam of bubble-to-dispersed-bubble
trangtion are in fair agreement with the experimental data by Rode et a (1994, 1995) for the inlet-
bubble diameter a little less than the throat diameter of the capillary channel and for the inlet gas
volumefraction closeto 0.5.
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