¢ = volume fraction of suspended solids
e = energy dissipated per unit mass
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Calculation of the Governing Equations for
a Seriated Unequal Velocity, Equal

Temperature Two-Phase Continuum
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The governing equations describing the flow of an unequal phase veloc-
ity, equal phase temperature (UVET) seriated two-phase continuum as
derived by Solbrig and Hughes (1978) are solved in this article, in one
space dimension. A simple implicit iterative solution procedure is developed
to numerically evaluate the five non-linear coupled field equations, Ana-
lytical solutions are developed, against which the computer code results are
compared. The prototype UVET code results are compared to the equivalent
equal phase velocity, equal phase temperature (EVET) code results for the
same problem. Major phenomena such as phase flow reversal, counter-

current How and tHlooding-like behavior are predicted.

SCOPE

Our objectives are to develop a solution procedure for
an unequal velocity, equal phase temperature seriated
continuum, to compare the computed results against ana-
lytical solutions, and to predict @ priori, major physical
phenomena using the theory. The predictions of unequal
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velocity phase separation calculated here are of use in
many aspects of energy analysis, including vertical pneu-
matic conveying, fluidized beds, and nuclear safety. The
theoretical bases for the model were developed by Solbrig
and Hughes (1978).

The theory requires separate continuity and momentum
equations for each phase and a mixture energy equation.
A seriated continuum is one which represents phase inter-
action expressions by differences of velocity, for example,
rather than gradients. The model has the potential to de-

scribe far more phenomena than the equal velocity or gas
dynamics model usually used.
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CONCLUSIONS AND SIGNIFICANCE

A simple implicit numerical procedure is developed to
solve the governing equations describing a seriateu unequal
velocity, equal temperature two-phase continuum, It is
demonstrated that these field equations predict quite
naturally important physical phenomena, such as counter-

current flow and phase flow reversal and flooding-like
behavior during a transient. Comparisons with analytical
and simplified numerical solutions lend confidence to the
predicted results. Comparison to equal velocity simulations
of the same problem reveal that this simpler theory is
incapable of properly predicting important phenomena.

The governing equations describing a general transient
three-dimensional seriated continuum in thermodynamic
equilibrium were derived by Soibrig and Hughes (1978).
Included in that description are separate continuity and
momentum equations tor each phase, and a mixture energy
equation and imbedded stationary surfaces, which might
represent a nuclear reactor core or a porous medium.
As explained by Soibrig and Hughes, a seriated continuum
is disunguished from an interpenetrating continuum, for
example, by the representation of interphase friction with
velocity difterences rather than velocity gradients, Sufficient
constitutive relations are derived to mathematically close
the equation set, so that the model is amenable to numeri-
cal computations.

The general formulation of the three-dimensional seri-
ated continuum model is reduced in our work to a one-
dimensional representation without an imbedded stationary
solid. A simpie implicit iterative numerical procedure is
developed to solve the five resultant non-linear partial dif-
terential field equations. The behavior of the unequal phase
velocity, equal phase temperature (UVET) two-phase
flow model is investigated by solving several thought prob-
lems representing phase separation, countercurrent flow
and flooding-like behavior. The computations show that
such phenomena can be predicted. Several anaiytical so-
lutions are obtained, against which the results are success-
fully compared. Some of the thought problems are com-
pared with equivalent simulations using an equal phase
velocity, equal phase temperature (EVET) or homoge-
neous equilibrium model (HEM). These comparisons dem-
onstrate some inadequacies of the EVET or HEM model.

GOVERNING FIELD EQUATIONS

The one-dimensional constant area single phase and
seriated continuum basic neid equations are isced in this
section in the torms ready for finite differencing, The ap-
propriate equations of state are also listed,

Single Phase Flow

In the single phase (a; or oy = 0) region, the govern-
ing equations are given by

Continuity:
0pa 2 "
—_ - 1
ot + % (pav®) 0 (1)
Momentum:
9 ] d —
_at— (pal)d) + —67 (pauaua) + TZ. = — AupaBua® + Pa
(2)
Energy:

8 3
— [pa(tia + % v202) ] 4+ —— [pat® (g + o v90%)]
ot ax
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;]
+ —37 (Pva) = qu® + pal®gz (3)

The equation of state is given by
Pa = Paegs (P; ua) (4)
Symbols are defined in the Notation section.

Seriated Continuum Model

The one-dimensional seriated continuum basic field
equations are listed here, together with the appropriate
equations of state.

Vapor Continuity:

] é .
_6—t (agpg) + "é; (agpg?) = m (5)
Liquid Continuity:
i} 0 .
¥ (apr) + e (qppt) = —m (6)

Vapor Momentum:

p

-—a—- (agpgt?) + _6 (ogpgt?0?) = — ag— + m@o
ot ox 9%

- Z.nggl (Ug —vl) — ngngUg + agpgg (7>
Liquid Momentum:

9 9 op A
p—— ot 4+ — vipl) = — — - mut
o7 Lewt) o (api'eh) .

— BBy (V' — v9) — ABust + apig;  (8)
Mixture Energy:

a 1 3
— —_—— D@vQ.{_ vlvl
po (pu) + 7 (agpq ap'vh)

+—a~ [a pgL? (u +—1—ugvg)+alplul(ul+-l—vlol>]
ox e ¢ 2 2

+ % [plapt + app9)] = KQIBQl(OZ — v9)
(0% — 0®Y) + gy + pvg; (9)

The second term on the right hand side of Equation
(9) represents the sum of the work terms caused by
interphase shear. Solbrig and Hughes (1978) argue that
such terms cause no work. If the starred velocities in
Equation (9) representing the characteristic velocity caus-
ing such work terms are set equal, the term disappears
naturally. In our work, however, these characteristic
velocities are taken to be the velocity of the opposite
phase as
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% = ¢t (10)
and
0%l = (11)

This work term was found to exert a negligible effect on
the solutions generated here.
The field equations are coupled by the interaction terms

which include the interphase friction force, Aat Bap (v* —

. - /\
v%) and the mass transfer rate, m. The term mv® repre-
sents interphase momentum transfer associated with phase

change. Models for /1;“ are given by Solbrig and Hughes
(1978). The term is not used here.

Additional coupling enters through the constraint that
the volume fractions add up as

agt+ =1 (12)

There are five differential equations for the eight un-
knowns, pg, pi, ag, U, v9, u;, and u,. Therefore, in order to
mathematically close the equation set, two equations of
state are required, one for each phase as

(13a)

Uy = Ugpes (P) a=1,g (13b)

which are representations of the properties of each phase.
The system geometry, wall and interphase friction rela-
tions are assumed to be given. It is further -assumed that
the phase internal shears can be treated by using steady-
state friction factor correlations for wall and interphase
friction, These correlations, like the steady-state heat trans-
fer correlations, are flow regime dependent. A complete
prototype of correlations, based on micromodels, has been
developed which can be used in conjunction with the two-
fluid field equations, Solbrig et al. (1978), Hughes et al.
(1976). Steady-state flow regime maps for both horizontal
and vertical flow facilitate the selection of the proper cor-
relations, Solbrig et al. (1978), Hughes et al. (1976). The
average mixture quantities are given by

Pa = Paeos (P) a= l’ g
and

Density:
P = aipt + agpg (14)
Velocity:
Y = aypitt + agpgt? (15)
Energy:
= (aupith + agpgtig) /p (16)

The equation system given above does not include the
transient flow force or added mass terms. Omission of these
terms is not considered to be detrimental to most applica-
tions of the two-fluid model.

General Pressure Field Equation

The so-called pressure field equation replaces the con-
tinuity equation m the singie phase region and the liquid
coniinuity eguation in the two-phase region. The general
pressure neld equation is obtained by first differentiating
the continuity equations, Equations (5) and 18), as

2% 62 am
o7 (egpg) + . (agpgt?) = e (17)
and 92 a2 am
o (o) F e (o) = ——5 - (18)

Next, the phase momentum equations, Equations (7)
and (8), are differentiated with respect to space as

9% 92 d ( ap )
— v9 — UQUQ — —
oxat (Pgag ) + 9x2 (Py“g ) + ox Qg 9x
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o o _
4+ — [Kngng’ — 0] + — (AuwgBugt®)
ox 0x

8 dagpg

A
= —— (mwv* - 19
ax (o) + & ox (19)
and
a2 a2 3 ( ap )
—_— 1 1oyl 2 oF
pyen (prapt) + o (prap'o') + o \% s
9 a
+ — [Knggl(Ul —09)] 4 — (A—wlelUl)
9x dx
d LA 3(a1pz)
—_— e i —
Y (mv) + g ox (20)

Assuming that the cross partial derivatives are equal as

32 2

atax(“aPaug) = pywn (agpgv®) (21)
and

P (apt) = (i) (22)

dtox PV T T N

and manipulation of Equations (17) through (20) pro-
duces the general pressure field equation as

82 82 82
° (Pro't! + pgagt®v?) + 4

at? dx? ax?

9 - _
+ = (ApiBuwtt® + AuwgBugt®)

op

dax (23)

0 A A
+ —[m(vt—1v9)] — g;
0x

Equation (23) is used in finite difference form given in
the next section to obtain the pressure. Equation (23) re-
duces naturally to the single phase pressure field equation
given by

azpa 92 82P ) 9pa
= —_— — B, %) —
pre Py (pa®0®) + % + o (Kwa wa?) 241 ox
(24)

when o, Or o; are zeroand th = 0,

FINITE DIFFERENCE FORM OF THE GOVERNING
FIELD EQUATIONS

The continuous forms of both the single phase and two-
fluid field equations were given in the previous section. In
this section, the finite difference approximations to these
equations are given. These sets of non-linear algebraic
equations without indication as to how the numerical in-
version is to be performed are referred to here as the
“time-step” finite difference form of the differential equa-
tions. The basic mesh layout for interior nodes is shown
in Figure 1. This “staggered mesh” arrangement is typical
of the MAC (Welch et al. 1966), SMAC (Amsden and
Harlow 1970), YAQUI (Amsden and Hirt 1973), and
SCORE (Wnek et al. 1975), for example, computer codes.

The fundamental variables pressure, p, phase energies,
ttg, and the mass transfer rate, m, are computed and de-
fined at the center of each node j. The description of a
technique to solve for the pressure is given in the next
section. The volume fractions and phase thermodynamics
densities derived from these fundamental variables are also
defined at the cell centers. These quantities are denoted
by f;, where f is a fundamental variable and { is a node
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Figure 1. Interior finite difference mesh.

number. The phase velocities, ¢! and v9 are computed and
defined at the ceil edges or junctions denoted by j = Y% for
node j and denoted by (v%);=1/2. The indices j = 1% are
replaced inside the code by the integers j and j + 1 where
j is a vowme number. In the description which follows,
when fundamental nodal values are needed at junctions
they are linearly averaged. The same applies for junction
velocities needed at cell centers,

The UVET computer code can begin computations in
either the single phase liquid or vapor regimes. A phase
may appear or disappear during the transient. When this
situation oceurs, the single-phase nnite difference equations
become singular because the determinants of both the
temporal and spatial coefficient matrices become zero. The
technique used to couple the single phase and two-fluid
finite difference equations will be described later,

The basic form of the time-step difference equations is
the fully implicit space centered difference scheme given
here by

2+t

‘-)n -)m —’m
Ajn+1 ( Ui = U; ) + B?H ( Ujt12 — Uj=1/2 )

At Ax
= [F()I]  (25)

-
where U is a vector of dependent variables. A and B are
square coefficient matrices and F is a vector of sources and
sinks, This scheme is shown to be unconditionally time-step

stable with F(U) = 0 for hyperbolic svstems of differen-
tial equations (Lyczkowski et al. 1978). The space parts
and the source and sink terms are differenced at time levels
m = n + 1 and n. The seriated continuum time-step dif-
ference equations are given in this section, They are used
at the cell centers and edges when two phases co-exist
there. The single phase analogs of those equations result
when oy = 8 or 1 {a; = lor 0) and m = 0.

The continuity equations are differenced at the cell cen-
ter j as

Vapor Continuity:

n+1 n
(%Pg)j - (aqu)j
At

n+1 n+1
(agpgt?®)j+172 — (@gpg0®)j—1/2 . n+1
= = (m);

(26)
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and

Liquid Continuity:

+1 n
(ep)f " — (cup)
At

+1 n+1
()i = (ep)iZie . me1

(m)y  (27)
Ax

Since the phase partial densities, aqps, are known cnly at
cell centers, they are averaged at the cell edges, j = %2 as

(@opa)s + (eapa) s1
(@apa)sx1/2 = 2 P - (28)
The momentum equations are differenced at the cell edges
jxlzas

Vapor Momentum:

n+1 n
(agpgt?)iv1/2 — (agpe®)j+1/2
At

+1 n+t "
(%Pa):’nﬂ (ngg);+1 — (agpg)s = (0709)4

Ax

+

n+1 n+1
art  (Pit1 —Pi )

n+1
= — (ag)j+r1/2 "

. n+t AN
+ My (0°)5+172

—_— ”
— (AgBa)j+1/2 (V9 — V1)j41sz

— n +1
— (RuweBug) fr1/2(v%) ferz + (agpg)ivrz 8z (29)
and

Liquid Momentum:

+1 n
(aprt!)is1/2 — (eupt)j+rsz
At

+1 n+1 n
(ap))ier (VO Fe1 — (apr)s (D04

Ax
(pml—l p;‘ﬂ) -
+1 i+1 — .n n
= - (al)?+1/2_"J_—_Ax_'— — i1z (V1) j+1/2

n ”
— (AgBgt)j+1/2 (08 — v9)54172

- +1
— (BuBut)Tr12 (P s12 + (epr) 717282 (30)
The phase velocities at the cell centers are obtained using

(v k+12 + (V) k-172

3 (81)

(%) =

with
k=4fi+1

since they are known only at cell edges.
Mixture Energy Equation:

- )
?lt- [ou)] ™" — (o)1 + ot [ (pgagv?0?

n
?H — (pgag?0? + proav'vl) ;]

+ proviol)

AIChE Journal (Vol. 26, No. 1)



1 ntt
+ ax [(v9pgagug + Ulpraath) j+12 — (Vpyagtiy
+1 11
+ vprath) 121 + = {[pgergv? (v7)2

n+1 nt+t
+ o (04) 2]+ 172 — Lpgagt® (v9)2 + proatt (04)2]5-1s2}

1 n
+ — {Ip (e + ag0?) 7 7a = [p(eatt + eq0) 1)

= [quw + AyBg (0 — 09)2 + po 3771 (32)

Equation (32) reduces to the single phase energy finite
ditterence equation when o, or «; are zero.

The seriated continuum liquid continuity, Equation
(26), is replaced by the finite difference form of the
pressure field equation. The seriated continuum pressure
equation is obtained by summing the two continuity equa-
tions, (26) and (27), and eliminating the phase mass
fluxes at j = %2, using the finite differenced momentum
equations given by Equations (29) and (30) and simil-
larly differenced phase momentum equations at j — Y. The
resultant expression is given by

RS (p,-"“ — ) 1 " .
v — +-A—x[(PU)j+1/2-(PU)j—1/z

1 n n
= o) [(pan)ive (0'0)Fes — 2(pa))] T (V)]

n+1 n 1 +1
+ (per)io1 (vh)i-a]+ @J(Paaa)?ﬂ (0%09)341

— 2(pgag)? T (0909)] + (pgag) 17 (0909)71]

1 n+1 n+1 n+1
+ e [pixs —2p;  + pi-1 ]

1 — _ "-
+ v [ (AuBuwit? + AwgBugt?);+1/2

— n
~ (AuBuwt! + ApgBugt?) j-1/2]

1 . n A A nii
+ - [Mij+12 (01— 0954172

.n A A ndt gz n+i n+1
— My (VP —09);172] — ey (pj+172 = pi-1/2)

(33)

A similar Poisson equation for pressure is used in the
modified ICE procedure (Harlow and Amsdem 1971).
Equation (33) reduces to the single phase pressure equa-
tion when «; or o, becomes zero and m = 0. The single
phase pressure equation replaces the continuity equation,

The mass transfer rate, m, is computed from the vapor
continuity equation according to

Lo n+1 n+1 n
At(m)j+12 = (pgag)i+12 — (potg)i+1/2

At n
+ “Ax [(pgagv")jff - (Pg"’aog);"i‘-1 1 (34)
The phase fluid properties are computed from
(Pa)**1 = Pacos (PJ‘"“); (35)
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and
(uG)J'n+1 = Uggps (P:‘"“) (36)

Since the pressure equation replaces a continuity equa-
tion, the appropriate density is obtained from the equa-
tion of state as

(pa)™*! = Paeos [P"“’ ug"*1] (37)

The vapor volume fraction can then be computed from

pi(t — u)
ag = 38
‘ (pg — pr)u — (pgtiy — prtay) (38)

The liquid volume fraction is obtained from

(39)

Assuming expressions or values are assigned for G, Avar
Bua, Agy, By and g, there are sufficient equations to com-
pute all the dependent variables, given proper initial and
boundary conditions.

1
Ilnitialize time stepl
—

|a1=1—ag

Compute o

[Check for singlelphaseJ

Solve pressure equation p’ ~ p'*!

!

Update thermodynamic densities

r+1

(pg); = (pg);]

i

(pg)] = (og);

{

Compute m (m ir) - (rﬁ)ir+1

Solve momentum equations
(WO) ~ (v

AT = (v

Solve mixture energy equation J

(u)f -~ (™!

onvergence

Figure 2. UVET code flow diagram.
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Figure 3. Pipe geometry.

ITERATIVE SOLUTION SCHEME

The solution sequence of the UVET-PF (pressure field)
method is indicated in Figure 2. First the void fraction
is computed. Depending on its value, either the single
phase or seriated continuum equations are solved. The
pressure equation is solved and used to update the ther-
modynamic properties and mass transter. ‘the momentum
equations are solved, followed by the mixture energy
equation. Convergence is checked using two successive
pressure iterates as

pn+1,r+1 — pﬂ+l.f

— -
R= pn+1.r €

(40)

where r 4 1 and r denote two successive iterates. When
R is less than or equal to ¢, convergence is assumed to
occur and advancement to the next time step is performed.

BOUNDARY CONDITIONS

The boundary condition capability in the UVET-PF
method has been maintained fairly simple. Specified
pressure and energy are the only allowable boundary con-
dition types.

Inflow Boundary

When fluid flows into the system at x = 0 shown in
Figure 3, the pressure and energy states of the fluid are
prescribed as

(41)
(42)

The numerical scheme used is second order correct in
the space dimension while the field equations are only
first order correct in space. Thus, more boundary condi-
tions are required to solve the partial difference equations
than are required to solve the partial differential equa-
tions. The additional conditions are referred to as extrane-
ous boundary conditions. These are supplied in the UVET-
PF numerical scheme, using simple linear extrapolation
rather than those derived from the characteristic equa-

P(O» t) = PN
and
u(0,t) = uy
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tions, The adequacy of using various boundary conditions
was studied by Chu and Sereny (1974).

The inlet phase velocities are obtained from the two
values of velocity next to the inlet junction as

v2(0,8) = v3(1) = % [3v¥(2) —v2(3)] (43)

Equation (43) is obtained by averaging the imaginary
point outside the pipe, v2(0) with the first node inside
the pipe, v*(1), and eliminating the imaginary point out-
side the pipe by linear extrapolation from v%(2) and
v%(3). Equation (43) is used for both single and two-
phase flow conditions.

Outflow Boundary
When fluid flows out of the system at x = L shown
in Figure 2, the pressure is prescribed as

p(L, t) = pour (44)

The velocity at ¥ = L is obtained using the difference
equations, Equations (29) or (30) or both at j + 1 =
N + 1, using an extrapolated value of pressure given by

p(N) =2 povr — p(N — 1) (45)

where pour is the prescribed value of pressure at x = L
and p(N — 1) is the value of the pressure at the node
next to the outlet junction,

10 T T l | T3,
VAPOR VELOCITY, 8

Analytical
Code results /solution 4
—{28

Direction of positive

flow
——————

{15.17—24
MPa

15.23 |
MPa

—20

(=]
T

N
g B Average —116 E
8 velocity, UVET
D
> A Average ]
velocity, EVET
—12
—8
9 2. Analytical
solution 7
LIQUID VELOCITY, 9 s
1. UVET code results
a) Inlet J
/ b} Outlet
o | 1 | I 0
0 40 80 120 180 200

Time, ms

Figure 4. UVET code results and EVET code results, and simplified

analytical solutions for a horizontal smooth tube. Initial pressure —

15.23 MPa, pipe length = 3.66 m, pipe diameter = 0.194 cm,

energy = 2.02 MJ/kgm, At = 10 ms, 9 volumes, 'znggl = 16
kg/(m3-s).
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Figure 5. Vapor generation transient for horizontal smooth tube
problems (refer to Figure 4).

The energy at + = L is obtained by averaging an ex-
trapolated value with the value known at the last node
next to the junction as

u(L,t) = %[u(N—1) +2u(N—1) —u(N - 2)]
(486)

The value for the mass transfer rate, m, is obtained in
the same manner,

RESULTS OF COMPUTATIONS

The first problem chosen to test the UVET code is
the acceleration of an initially motioniess stratiied mix-
ture of steam and water, in a horizontal pipe, at uniform
pressure and energy. The initial conditions are indicated
in Figure 4. At time ¢ = 0%, two membranes at either
end of the horizontal pipe are opened to reservoirs of
constant pressure and energy.

An analytical solution exists for this problem, if certain
assumptions are made. 1f the product of density times
volume fraction, psa, and mass transfer rate, m, are negli-
gible, the mass flow becomes a function of time alone as

pacat® = G(t) (47)

Assuming that the kinetic energy, interphase friction and
momentum transfer effects are negligible, the phase mo-
mentum equations may be written as

8Ge op | 2fuwa |Gl GE

qqb Ll T
ot % T

48
pacaD ( )

where the product of A, By, has been chosen to be
Ao Bug =2 fwa faa loal/D (49)

Equation (49) may be integrated between x = 0 and
x = L, assuming the friction factor is constant as

aGe N 2w [GY G ag(— Ap)
ot petcD L

where — Ap = piy — pour is prescribed.
The solution to Equation (50) with G* = G¢®att = 0
is given by

(50)

e (— ap) D\* G¢® + tanh (t/t°)
ve(t) = ( 2 L fuape ) [ 1 + Go® tanh (£/t°) ]
(51)
where )
(1)1 = [ 2fw: (D—LAP> ] (51a)
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Equation (51) was evaluated using the average steady-
state UVFT computer code values of void fraction, densi-
ties, and friction factors as

ol(t) = 3.124 tanh (10.13t), m/s (52)

0v?(t) = 8.409 tanh (22.70t), m/s (52a)

The results of the transient from the UVET code using
virtually zero interfacial shear are compared with the
analytical solutions in Figure 4. As can be seen, the code
results during the transient agree quite well with the ana-
lytical solution. The agreement for the vapor velocity is
not as good as for the liquid velocity since the assumption
of incompressibility is not as valid. The average velocity
is plotted and compared with an equivalent equal phase
velocity (EVET) simulation of this problem. Even though
the functional form of the wall friction is the same, the
average flow for the unequal velocity calculation is lower
than the equal velocity calculation. This trend is correct
since the interphase friction is almost zero for the UVET
simulation. As the product of AgBy, is increased, the re-
sults of the two calculations for average velocity must
become the same, as must the phase velocities.

Figure 5 shows the assumption of a negligible mass
transfer rate is valid. The maximum value of the con-
densation rate is only 0.80 kg/(m3-s), which is negligible.

The steady-state velocities for the analytical solutions
were forced to equal UVET code results. A more satis-
factory approach to compare the UVET code results was
arrived at by carrying out an independent integration of
Equation (50) using the smooth tube Blasius friction
factor expression given by (Knudsen and Katz 1958)

D|v%|p, )“"‘
Ha

and

fwa = 0.316 ( (53)

Equation (53) causes the simplified phase momentum
equations to become

10 T T T T T d
28
8 b
S 2. Simplified numerical |2
solution
61 —20
VAPOR VELOCITY, 9 §

1. UVET code results —16
a) Inlet velocity

b) Outlet velocity
LIQUID VELOCITY, V¢ —12

1. UVET code results
a) Inlet velocity

Velocity, m/s
T

i 8
2 b) Outiet velocity T

2. Simplified
numerical —4

solution

N = N N R
20 40 60 80 100 120 140
Time, ms

Figure 6. UVET results and simplified numerical solution for smooth
tube using Blasius friction factor (same conditions as Figure 4).
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Figure 7. Simplified numerical solutions of Equation (54). pjy =
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Equation (54) was integrated using a fourth order Runge-
Kutta routine using AgyBy = 16 kg/(md-s). The results
are compared with the UVET code results in Figure 6.
The agreement is quite satisfactory.

The ability of the seriated continuum theory to predict
countercurrent flow and flow reversal in a vertical tube
during a transient was investigated by numerically inte-
grating Equation (54) using the Runge-Kutta method
with the interphase friction of the functional form

-IInggl

= K [v* — 1P| (55)
@%afq

The phenomena of countercurrent flow and flow reversal
during a transient were predicted and the results are pre-
sented in Figure 7.

When K' = K9 = 3.28 m~!, both phases flow counter-
currently for all times. The liquid equilibrates more slowly
than the gas, When K' = 3.28 m~! and K? = 32.8 m~1,
the vapor initially moves upward but begins to be dragged

osk T T 1 I I 25
- 07F Vapor velocity, v9|
g 20 o t15.230
-~ 05 Average { 15 k4 --
8 0.4 velocity,—‘ ' f_l f
% 03 10 22
Z 02 82
2 o1 05 g /o
s =1 £15.237
> 0 . o010 B wpa

Liquid velocity, v
-0.1 L 11 1 1 los
0 02 04 06 08 1.0 1.2

Time, s
Figure 9. Liquid flow reversal in a smooth vertical pipe. [nitial
pressure == 15.237 MPaq, pipe height — 3.65 m. pipe diameter —
6.194 cm, energy == 2.02 MJ/kgm, At = 10 ms, 9 volumes,igLBgl =
3.2 X 108 kgm/(m3-s).
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Figure 8. Countercurrent steam-water flow in a smooth vertical
pipe. Initial pressure = 15.237 MPaq, pipe height = 3.65 m, pipe
diameter = 0.194 cm, energy = 2.02 MJ/kgm, At = 10 ms, 9

volumes, AgiByi = 16 kgm/(md-s).

downward by the liquid. A ratio of 10 for K9/K' could
mean that o, is large compared to «4 and so the interpre-
tation is plausible, This phenomenon might be called
vapor phase flow reversal.

When K! = K9 = 328 m™1, the liquid begins to flow
downward, but reverses direction as it begins to be pulled
upward by the vapor. This unity ratio of K!/K¢ could
mean a smaller «;, and so the interpretation is plausible.
The phenomenon could be termed liquid phase flow re-
versal.
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Figure 10. Effect of wall heat flux and prediction of flaoding in a
smooth vertical pipe. Initial pressure = 15.237 MPa, pipe height =
3.65 m, pipe diameter = 0.194 cm, energy = 2.02 MJ/kgm, At =

10 ms, 9 volumes, AyiBg1 = 16 kgm/(m?-s).
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Now that the phenomena were predicted by the simple
model, the next question is: Could the UVET code pre-
dict the phenomena? Figures 8 and 9 confirm that it did.
Figure 8 shows the initiation of countercurrent flow from
an initially motionless two-phase mixture in a vertical
pipe. At ¢ = 0%, gravity is “tumed on,” and the pressure
is reduced at the top. The vapor flows up, and because
the initial condition was not at steady state and the inter-

facial shear is low, [ (AgBg = 16 kg/(m?s)], the water
flows downward. This case corresponds approximately to
the case K; = K; = 3.28 m~! in Figure 7. The transient
is not identical, but the order of magnitude of velocities
is correct, and the trends are similar.

The average velocity obtained from an equivalent
equal velocity simulation is compared with the average
velocity obtained from the UVET simulation in Figure 8,
The latter is considerably lower than the EVET simula-
tion, which predicts both phases flowing co-currently up-
ward at the same velocity.

In Figure 9, when A;B, = 3.2 X 103 kg/(mds),
liquid flow reversal is predicted. This case corresponds
roughly to the curve for K = K¢ = 3.28 m~! in Figure
7. Once again, the trends are similar, even though actual
values differ. But this, however, is not our purpose. We
want to demonstrate that the code would predict impor-
tant physical phenomena. If the simple model fails to
predict the phenomena, it would be senseless to fish for
them in the more complicated code. UVET and the
EVET average velocities for this simulation are compared
in Figure 9, where the high interphase friction has in-
creased the UVET average velocity. But the EVET simu-
lation did not predict any flow reversal.,

The final study was to assess the effect of wall heat
flux on the phase flow transients in a vertical pipe. The
conditions are the same as for the initiating countercur-
rent flow with a step decrease in pressure at the top of a
vertical pipe at ¢t = 0% (shown in Figure 8). Except
now, simultaneously, wall heat flux is “turned on.” Im-
mediately, the steam is expelled from both ends of the
pipe(Figure 10). The water momentarily “floods” at the
top of the pipe, in the sense that it remains motionless,
momentarily. It falls downward at the bottom. Thus, the
situation is predicted where countercurrent flow exists
at the top and bottom of the pipe, but the phases are
flowing in opposite directions. Flow reversal occurs in
the spatial direction for both phases. The steam veloc-
ity at the top is higher than for the case of zero wall
heat flux, and tends to hold the water up, or result in
“flooding,” which is predicted without any “flooding” cor-
relation,

ACKNOWLEDGMENTS

The cooperation and programming assistance of G. A. Mor-
tensen, R. E. Narum, C. Noble and W. J. Suitt are gratefully
acknowledged. This work was performed while at the Idaho Na-
tional Engineering Laboratory (INEL).

NOTATION

A, = surface area between vapor and liquid phase per
unit volume

Aye = surface area of phase “a” on contact with the
wall per unit volume

By = friction coefficient between vapor and liquid
phases

Bue = stationary form and viscous drag between wall
and phase “a”

D = pipe diameter
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fue = friction factor between phase “a” and the wall

G* = mass flux of phase “¢” = paagv?

g = gravitational constant

g: = axial component of acceleration due to gravity

K¢ = defined by Equation (55)

L = pipe length

m = 1nass transfer rate per unit volume

p = thermodynamic pressure

pmn, Pour = prescribed inlet and outlet pressure

Aap = — (pour — pPi~)

g»® = heating rate at the wall to phase “¢” per unit
volume

t = time

At = time step size

u = average specific internal energy = (agp,ti; +
aqpth) /p

Ug.0s = equation of state for specific internal energy of
phase “a”

U, = speciac internal energy of phase “a”

u;n = prescribed inlet internal energy

v = average velocity = (agpgv® -+ apit)/p

v = velocity of phase “a”

e = intrinsic velocity of phase “a”

x = spatial direction

Ax = spatial mesh size

ag = volume fraction of prase “a” (a; = 1 — )

6 = angle of inclination measured from the horizontal

P = mixture density = agpy; + aipy

Pacos = equation of state for density phase of “a”

pa = thermodynamic density of phase “a”

Subscripts and Superscripts
phase “a@”
phase “b”

vapor phase

volume index

junction index

liquid phase

n, n + 1 = value at time levels nAt and (n + 1)At
0 = initial value

r,r + 1 = iterate levels at time level n + 1

i SO

munann
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Structural Analysis of Multicomponent

Reaction Models:

Part |. Systematic Editing of Kinetic and Thermodynamic Values

The consistency of a chemical reaction scheme depends in part on the
numerical values given for its kinetic and thermodynamic constants. Part 1
of the present two-part treatment provides 1) a systematic procedure to re-

JAN P. SPRENSEN
and
WARREN E. STEWART

Department of Chemical Engineering
University of Wisconsin
Madison, Wisconsin 53706

duce the given values to a self-consistent form, and 2) a proper selection of
parameters whenever the values are to be improved by a subsequent regres-
sion analysis. Various completeness and consistency tests are described, in-
cluding a search for illegal reaction loops arising from assumptions of irre-
versibility. The procedure is implemented on a computer and is illustrated

with two examples.

SCOPE

The purpose of this article is to demonstrate a syste-
matic procedure for analyzing a given reaction network
and the proposed kinetic and thermodynamic values. This
procedure includes consistency tests, which should be per-
formed when several data sources are available, or when
any of the reactions are treated as irreversible. It includes
completeness tests, to determine whether additional ki-
netic and thermodynamic values are required. It includes
the construction of a consistent set of kinetic and thermo-
dynamic values from the raw data. Finally, there is a se-
lection of adjustable parameters among the kinetic and

thermodynamic variables, to allow adjustment of the model
to fit additional data from reactor experiments.

It should be noted that the present analysis is not con-
cerned with selecting a reaction network, but rather
with testing the consistency of a given network. Nor is
any attempt made to combine several inconsistent data in
a least-squares sense; that can be done in a subsequent
regression. The present procedure selects a subset of the
proposed kinetic and thermodynamic values, and com-
pares any redundant values with the solution thus ob-
tained.

CONCLUSIONS AND SIGNIFICANCE

We provide a systematic procedure for editing raw ki-
netic and thermodynamic coefficients in multicomponent
reaction models. The procedure includes several com-
pleteness and consistency tests, as well as compact param-
eterization when the model is to be improved by regres-

Correspondence concerning this paper should be addressed to W. E.
Stewart.

0001-1541-80-3085-0098-$00.85. © The American Institute of Chem-
ical Engineers, 1980.
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sion of additional data. The procedure also relieves the
engineer of the tedious kinetic and thermodynamic calcu-
lations required to bring raw literature values into con-
sistent form. It is particularly useful for large reaction net-
works, or when values from several sources are to be com-
bined. For example, in the n-butane pyrolysis model given
by Blakemore and Corcoran (1969), our procedure shows
that the initiating reaction (1) should be considered re-
versible for consistency with the other reactions given.
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