
4 
c 

= volume fraction of suspended solids 
= energy dissipated per unit mass 

- 
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Calculation of the Governing Equations for 
a Seriated Unequal Velocity, Equal 
Temperature Two-Phase Con tinu urn 
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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 flow and flooding-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 a priori, major physical 
phenomena using the theory. The predictions of unequal 
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ical Engineers, 1980. 

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 serraLeu unequal 
velocity, equal temperature two-phase continuum, I t  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 
and simplified numerical solutions lend confidence to the 
predicted results, Comparison to equal velocity simulations 
of fie 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 for 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 discinguished from an interpenetrating continuum, for 
example, by the representation of interphase friction with 
velocity differences 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 simple implicit iterative numerical procedure is 
developed to solve the five resultant non-linear partial dif- 
ferential 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 analytical 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 ( E\/JLT) 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 neld equacions dre AecL in this 
section in the forms ready for finite differencing. The ap- 
propriate equations of state are also listed, 

Single Phase Flaw 

ing equations are given by 

Continuity: 

In the single phase ( C Y L  or ag = 0) region, the govern- 

Momentum : 

(2) 
Energy: 

The equation of state is given by 

pa = Paeos (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: 

Liquid Continuity: 

a a - ( a p d  + - ( C y l p P L )  = - m 
at ax 

Vapor Momentum: 

- a ("gpg"Q) + - a (,agpg"Q"Q) = - 'yg - aP + Thug A 

at dX ax 

- TglBgt ( U Q  - 02) - T w g B w g u g  + aspsgz 

Liquid Momentum: 

a l a  
at 2 at 
- (pu) + - - ( f f g p g U Q u g  + CrlppW) 

a + - [ p ( a p l  + a,u")] = XglBgl(U~ - UQ) 
ax 

(U*Q - uol) + q w  + pug, (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 

AlChE Journal (Vol. 26. No. 1) Page 90 January, 1980 



and 

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, &b Bab (va  - 
u b )  and the mass transfer rate, 7iz. The term hua repre- 
sents interphase momentum transfer associated with phase 

change. Models for ua 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 

A 

A 

(Yg + " 1  = 1 
There are five differential equations for the eight un- 
knowns, pg, PI ,  ag, ul,  zig, u1, and ug. Therefore, in order to 
mathematically close the equation set, two equations of 
state are requlred, one for each phase as 

(12) 

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 triction 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 

Density: 

Velocity: 

Energy: 

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 ok the two-fluid model. 

General Pressure Field Equation 
The so-called pressure field equation replaces the con- 

tinuity equation in the single phase region and the liquid 
coniinuiLy equation in the two-phase region. The general 
pressure mid equation is obtained by first differentiating 
the continulty equations, Equations (5) and 16), as 

p = a lp l+  a g p g  (14) 

= ( ~ t p t u '  + a g p g u g  (15) 

u = ( (Y tP lu :+  " g P g U g ) / P  (16) 

and 

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

and 

Assuming that the cross partial derivatives are equal as 

and 

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

(23) 
a h A  + - [ h ( d  - U S ) ]  - g, - 
ax ax 

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 

(24) 
when ag or at are zero and = 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 s h o r n  
in Figure 1. This "staggered m e s h  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, 
uar and the mass transfer rate, m, are computed and de- 
fined at the center of each node i. 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 fj, where f is a fundamental variable and j is a node 
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Figure 1. Interior finite difference mesh. 

number. The phase velocities, u1 and u g  are computed and 
defined at the cell edges or junctions denoted by i I+ '/2 for 
node i and denoted by (u")j;tl/z. The indices 2 YZ are 
replaced inside the code by the integers i and i + 1 where 
i is a volume 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 occurs, the single-phase nnite difierence 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 dlff-erence equations will be described later. 

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

-b 

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 hvperbolic svstems of differen- 
tial equations (Lyczkowski ct al. 1978). The space parts 
and the source and sink terms are differenced at time levels 
rn = 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 ag = 0 or 1 ( a ~  = lor 0 )  and 7iz = 0. 

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

* 

At 

and 
Liquid Continuity: 

n t l  - 
At 

(fflpX (fflPl)j 

Since the phase partial densities, aapa, are k n o w  d y  at 
cell centers, they are averaged at the cell edges, i k Yz as 

The momentum equations are differenced at the cell edges 
i 2 l/z as 

Vapor Momentum: 

Q ?+' (asp& )1+1/2 - ( ~ g P P ) ; t l / Z  

At 

( a g p g ) . F l l  (OQug);+l - (agP , ) ;+ l  (UgUg); 

Ax 
+ 

Ax 

n + l  
- (Z~$~L)Y+I/Z ( ~ ' ) Y + I / z  + (aIpr)j+l/z gZ (30) 

The phase velocities at the cell centers are obtained using 

with 

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

+ pla l " 'd )  ; l - ( pgag"gUg + plaLu~u') j" 1 
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1 U+l + - [ ( U g P g a g U g  + ?9PlalUI)j+12 - (ogPgagUg 
Ax 

n + l  1 1  + u1Ptal~l)j-1/21 + -- { EPe'ygUg 2 A x  

+ pEaroz(u~)21;:;/2 - [ P g a g u g ( u g ) 2  + pror1uYu 1 2  ) 11-1/21 ?++'I 

= [qw +&rBgt (ul - ug)2 + pu gJ;tl 

1 n t l  n + l  + - { [ ~ ( a l ~ '  + agug)]j+l /z  - [ P ( ~ P '  + agug)1j-1/2) 

(32) 

Ax 

Equation (32) reduces to the single phase energy finite 
difference equation when ag or al 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 i s 1/2, using the finite differenced momentum 
equations given by Equations (29) and (30) and simil- 
larly differenced phase momentum equations at i - 1/2 .  The 
resultant expression is given by 

A A n + l  +-[r;2;+1/2 1 ( U Z - U g ) j t 1 / 2  

AX 

(33) 

A similar Poisson equation for pressure is used in the 
modified ICE procedure (Harlow and Amsdem 1971). 
Equation ( 3 3 )  reduces to the single phase pressure equa- 
tion when C U ~  or ag becomes zero and ?il, = 0. The single 
phase pressure equation replaces the continuity equation. 

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

The phase fI uid properties are computed from 

(35) 

and 

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

(ua) jn+ l  = ~ a e o s  (pjn+') (36) 

(Pa)nt1  = Paeos Cp" "2 Uant 1 (37) 
The vapor volume fraction can then be computed from 

(38) 
P d U l  - u )  

(P9 - P l b  - (PgUg - PlUd 
a g  = 

The liquid volume fraction is obtained from 

1011 = 1 - a g  

Assuming expressions or values are assigned for qw, A,,, 
B,,, Agl, Bgl  and g,, there are sufficient equations to com- 
pute all the dependent variables, given proper initial and 
boundary conditions. 

(39) 
- 

- 

Start 

I Solve pressure equation pr -+ pr+l I 
L 
Update thermodynamic densities 

c 
(vg) ;  + ("9)1+' 

("')j -+ (v*);+' 

I 

Solve momentum equations 

I 

Solve mixture energy equation 
1 
t = t + A t  'i 

- - 

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 trawler. 'l'he momentum 
equations are solved, followed by the mixture energy 
equation. Convergence is checked using two successive 
pressure iterates as 

p n t l , r t l  - p n t l , r  

R =  pn+l ,r  & €  (40) 

where 7 i- 1 and r denote two successive iterates. When 
R is less than or equal to C, 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 

and 
~ ( 0 ,  t )  = PIN (41) 

~ ( 0 ,  t )  = UIN (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- 
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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 

ua(O, t )  = ~'(1) = YZ [3ua(2) - ua(3)] (43) 
Equation (43) is obtained by averaging the imaginary 
point outside the pipe, ua(0) with the first node inside 
the pipe, ua ( 1) , and eliminating the imaginary point out- 
side the pipe by linear extrapolation from ~ " ( 2 )  and 
u a ( 3 ) .  Equation (43) is used for both single and two- 
phase %ow conditions. 

Outflow Boundary 

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

P (Ls t> = POUT (44) 
The velocity at x = L is obtained using the difference 
equations, Equations (29) or (30) or both at i + Yz = 
N + 1, using an extrapolated value of pressure given by 

p ( N )  = 2 POUT - P ( N  - 1) (45) 
where POUT 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. 

40 80 120 180 200 
Time, ms 

Figure 4. UVET code results and EVET code results, and simplified 
analytic01 solutions for a horizontal smooth tube. Initial pressure = 
15.23 MPo, pipe length = 3.66 m, pipe diameter = 0.194 cm, 

energy = 2.02 MJ/kgm, At = 10 ms, 9 volumes, Ag$,l = 16 
kg/(m3- 5). 

- 
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Figure 5. Vapor generation transient for horizontal smooth tube 
problems (refer to  Figure 4). 

The energy at x = 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 )  = 1 / 2 [ U ( N  - 1) + 2 u ( N  - 1 )  - u(N - 2)] 

(46) 

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

RESULTS OF COMPUTATIONS 

The first problem chosen to test the UVET code is 
the acceleration of an initially motionless stratilied 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 t = O+, 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. If the product of density times 
volume fraction, paaa and mass transfer rate, ni, are negli- 
gible, the mass flow becomes a function of time alone as 

pas@ = Ga ( t )  (47) 
Assuming that the kinetic energy, interphase friction and 
momentum transfer effects are negligible, the phase mo- 
mentum equations may be written as 

where the product of Xwa Ew, has been chosen to be 

(49) 
- 
&a B w a  = 2 fwa Paaa I U " I / D  

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

(50) 
aGa 2 fwa [Gal G" - (Y,( - Ap) - - 

L + 
at paaaD 

where - A p  = PIN - p 0 u ~  is prescribed. 

is given by 
The solution to Equation (50) with Ga = Goa at t = 0 

I Goa + tanh ( tho  ) 
1 + Goa tanh ( t / t " )  

where 
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(51) 

51a) 

Equation (51) was evaluated using the average steady- 
state UVFT computer code values of void fraction, densi- 
ties, and friction factors as 

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

og(t) = 8.409 tanh (22.70 t ) ,  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 &Bgt 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) 

D1~alp,, - %  
fwa = 0.316 (-) 

P" 
(53) 

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

'0r-----732 
28 

24 2. Simplified numerical 
solution 

- 20 
In \ + r VAPOR VELOCITY, vg 

b) Outlet velocity 

1. UVET code results 

numerical - 4  
solution 

20 40 60 80 100 120 140 
Time, ms 

Figure 6. UVET results and simplified numerical solution for smooth 
tube using Blasiur friction factor (same conditions as Figure 4). 
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Figure 7. Simplified numerical solutions of Equation (54). P I N  = 
15.237 MPa, POUT = 15.230 MPa, u = 2.02 MJ/kgm. 

+ - g sine (54) 

-1.5 LLzTl:: 
0 0.1 0.2 0.3- 0.4 0.5 -0.6- 

Time, s 
Figure 8. Countercurrent steam-water flow i n  a smooth vertical 
pipe. Init ial  pressure = 15.237 MPa, pipe height = 3.65 m, pipe 
diameter = 0.194 crn, energy = 2.02 MJ/kgm, At = 10 ms, 9 

volumes, &$gl = 16 kgm/(m’-s). 

P a L  

Equation (54) was integrated using a fourth order Runge- 
Kutta routine using = 16 kg/(ni3-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 

- 
( 5 5 )  

A, IBgt - = K a  It)a - obi 
%Pa 

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

When K1 = Ky = 3.28 m-l, both phases flow counter- 
currently for all times. The liquid equilibrates more slowly 
than the gas. When K1 = 3.28 rn-l and K g  = 32.8 m-l, 
the vapor initially moves upward but begins to be dragged 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

-0.1 
0 0.2 0.4 0.6 0.8 1.0 1.2 

Time, s 

Figure 9. Liquid flow reversal in  a smooth vertical pipe. Init ial  
pressure = 15.237 MPa, pipe height = 3.65 m. pipe diameter = 
6.194 cm, energy = 2.02 MJ/kg,, A t  = 10 ms, 9 volumes,Tg$gl = 

3.2 x 103 kgm/(m3-s). 

downward by the liquid. A ratio of 10 for P / K 1  could 
mean that “ 1  is large compared to ag and so the interpre- 
tation is plausible. This phenomenon might be called 
vapor phase flow reversal. 

When K1 = K g  = 328 m-l, the liquid begins to flow 
downward, but reverses direction as it begins to be pulled 
upward by the vapor. This unity ratio of K1/KY could 
mean a smaller at, 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 o f  flooding in  a 
smooth vertical pipe. Init ial  pressure = 15.237 MPa, pipe height = 
3.65 m, pipe diameter = 0.194 cm, energy = 2.02 MJ/kgm, At = 

10 ms, 9 volumes, &&I = 16 kgm/(m3-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 t = 0+,  gravity is “turned 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, [ ( & J 3 , 1  = 16 kg/(m3-s)], the water 
flows downward. This case corresponds approximately to 
the case K L  = K ,  = 3.28 m-l 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 XQ&3gl = 3.2 x lo3 kg/(m3-s), 
liquid fiow reversal is predicted. This case corresponds 
roughly to the curve for K1 = K Q  = 3.28 m-1 in Figure 
7. Once again, the trends are similar, even though actual 
values difler. 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 = O +  (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. I t  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. 
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NOTATION 

Agl = surface area between vapor and liquid phase per 
unit volume 

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

Bgl = friction coefficient between vapor and liquid 
phases 

B,, = stationary foim and viscous drag between wall 
and phase “a” 

D = pipe diameter 

- 

- 

f w a  = friction factor between phase “a” and the wall 
Ga = mass flux of phase “a” = pacw,ua 
g = gravitational constant 
g, = axial component of acceleration due to gravity 
Ka = defined by Equation ( 5 5 )  
L = pipe length 
riz = Inass transfer rate per unit volume 
p = thermodynamic pressure 
PIN, POUT = prescribed inlet and outlet pressure 

4,” = heating rate at the wall to phase “a” per unit 

t = time 
At = time step size 
u = average specific internal energy = (olgpgt(g + 
u,,,, = equation of state for specific internal energy of 

u, 
U I N  
u 
z), 

,̂ a 

x = spatial direction 
Ax = spatial mesh size 
cya = volume fraction of prase “a” (at = 1 - are)  
0 = angle of inclination measured from the horizontal 
p = minture density = n,pg + alp1 
,oaeos = equation of state for density phase of “u” 
pa = thermodynamic density of phase “a” 

Subscripts and Superscripts 
a = phase “a” 
b = phase“b” 
g = vapor phase 
i = volumeindex 
i = junction index 
1 = liquid phase 
n, n + 1 = value at time levels nAt and ( n  + 1)At  
o = initial value 
r, r + 1 = iterate levels at time level n + 1 

AP = - (POUT - PIN) 

volume 

~ l f l U 1 )  / P  

phase “a” 
= specim internal energy of phase “a” 
= prescribed inlet internal energy 
= average velocity = ( agpguDB + arlp~u~) / p  
= velocity of phase “a” 

= intrinsic velocity of phase “a” 
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Structural Analysis of Multicomponent 
Reaction Models: 
Part I .  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- 
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. 

JAN P. S$RENSEN 
and 

WARREN E. STEWART 
Department of Chemical Engineering 

University of Wiseonsin 
Madison, Wisconsin 53706 

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. 

0001-1541-80-3085-0098-$00.85. 0 The American Institute of Chem- 

Stewart. 

ical Engineers, 1980. 

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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