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In the previous report”, the usefulness of a new numerical method to
achieve a rigorous numerical calculation using a simple explicit method with
the volume-junction model was presented with the verification calculation for
the depressurization of a saturated two-phase mixture. In this report, on the
basis of solution method above, a numerical method for general condition of
two-phase flow in non-equilibrium states is presented. In general condition of
two-phase flow, the combinations of saturated and non-saturated conditions of
each phase are considered in the each flow of volume and junction. Numerical
evaluation programs are separately prepared for each combination of flow
condition. Several numerical calculations of various kinds of non-equilibrium
two-phase flow are made to examine the validity of the numerical method.
Calculated results showed that the thermodynamic states obtained in different
solution schemes were consistent with each other. In the first scheme, the
states are determined by using the steam table as a function of pressure and
specific enthalpy which are obtained as the solutions of simultaneous equa-
tions. In the second scheme, density and specific enthalpy of each phase are
directly calculated by using conservation equations of mass and enthalpy of
each phase, respectively. Further, no accumulation of error in mass and
energy was found. As for the specific enthalpy, two cases of using energy
equations for the volume are examined. The first case uses total energy
conservation equation and the second case uses the type of the first law of
thermodynamics. The results of both cases agreed well.

Keywords: Two-phase Flow Analysis Code, Non-equilibrium State, Numerical
Method
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1. Introduction
In the previous report"), the author showed the validity of basic equation based on

the rigorously derived phase change equation of each phase in saturated condition and
the validity of the simple explicit numerical method with the volume-junction model
by making some numerical calculation for each phase independently to show the
consistency between solutions for two different solution schemes and to show no
accumulation of error in mass and energy. To achieve the rigorous numerical
calculation, difference equations for numerical model were carefully derived so as to
preserve the physical meaning of the basic equations.
Specifically, momentum equations for the flow in the volume are newly derived to
keep the strict conservation of energy in the volume.
Basic equations of the partial differential form n this report for unsteady two-phase
flow are quoted from the paper'® the same as used in the previous report!”.
We present the integrated analyzing method of general condition of two-phase flow
of equilibrium through non-equilibrium state as described in the chapter 2.
The numbers of unknowns and equations for a special where both phases are non-
equilibrium state are as follows.
In the partial differential equations :
Unknowns : U, Poa, T, 1wy, Total 7
Equations :2-Mass conservation, 2-Momentum balance,
2-Total energy conservation equation,

Condensation equation due to temperature difference  Total 7

In the volume-junction model] :

Unknowns : - for junction flow : w_,,w,, Ak, A},

- for the fluid m volume : P, a,7,,7, Wgyoe,PKVd,M Total 11

3 g?

Equations : - for junction flow : 2-Momentum balance,
2-First law of thermodynamics.
- for the fluid in volume : 2-Mass conservation,
2-Total energy conservation, 2-First law of thermodynamics,

Condensation equation due to temperature difference
Total 11



JAERI—Research 97—080

The basic equations for the numerical use with the volume-junction model are derived
in the same manner as described in Reference.

The outline , how the unknowns are solved in the analysis of non-equilibrium two-
phase flow, is explained as follows.

The actual procedure of numerical calculation is described in the section 4.4.

Condensation equation due to temperature difference - - - - - - Moy,

{ 2-First law of thermodynamucs for Junction - - -+« - - -+ - - Ah, ,, Ak, ;
L (2-Mass conservation, 2-First law of thermodynamics) v, - - - - P T,.7,
o
———>7-Jun. momentum balance - - - - - - oo s e W, W,
/

!

2-Vol. momentum balance - - - - - - - s e s e W, vats Werros

—— (2 First law of thermodynamics, 2-Mass conservation, 2-Total energy

conservation Jy,,

—— 2-First law of thermodynamics for junction.

Condensation rate between vapor and liquid due to temperature difference in a
volume MZC’K is evaluated by using the empirical correlation with the condensation
heat transfer coefficient. The inlet enthalpy to a downstream volume 1s determined by
evaluating the enthalpy change of each phase in a junction flow Ahy;, Ah,
Thermodynamic states in a volume P,«,T,, T, are obtamed by solving the mass
conservation equation and the equation of the first law of thermodynamics of each
phase simultaneously. The junction flow rate is determined by the momentum balance
equation for the junction flow with the momentum change from volume to junction

and with the pressure difference between volumes. Volume flow rate 1s determined by

_zi
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the momentum balance equation in the volume which is derived by combining the first
law of thermodynamics, mass conservation and total energy conservation of each

phase in the volume, and the first law of thermodynamics of each phase in the junction

flow.
Some numerical calculations for the non-equilibrinm two-phase flow specified by

cases in the chapter 2 are made for the purpose to verify that the proposed numerical
method works correctly by presenting the consistency between solutions and no
accumulation of error in mass and energy in the calculation proceeding.

The thermodynamic state of each phase in the volume is obtained in two different
solution schemes as follows.

At first, we have already obtained the state values of P, «,T,, T, using the
equations of mass conservation and the first law of thermodynamics simultaneously as
mentioned above. Then, using only the mass conservation equation of gas or liquid
phase and void fraction &, the density of gas o jor liquid o , 1s determined.  Further,
using only the equation of the first law of thermodynamics of gas or liquid phase and
pressure increment AP, the specific enthalpy of gas h, or liquid h , is determined.

On the other hand, from the steam table as a function of P and hyor h,, density pgsf
and temperature Ty of gas or o, o and T, sy of liquid are obtained. Saturated
temperature T, of pressure P is also obtamned. Thus, we can compare pg, 0 , with o7 ,
pysrand T, Twith Ty, Tipy

Moreover, after substituting the mass increment obtained from the mass
conservation equation and kinetic energy increment from momentum balance equation
for the volume flow of gas phase into the total energy conservation equation of gas
phase, the specific internal energy change of the gas phase 1s calculated. The specific
internal energy of gas ey is therefore calculated by integration and converted to
specific enthalpy using the relation hygre+P/ 0, The specific enthalpy of liquid
h,¢r is also calculated in the same way as the gas phase. Thus, we can compare h, h,
obtained from the relational expression of thermodynamical state change, with hyr,
h, < obtained from total energy conservation equation. The numerical calculation 1s
advanced using 0, 0, obtained from mass conservation equation and h,h, from the

relational expression of thermodynamical state change, for the initial values of a next

._3_
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step with the simple explicit solution method.

Accordingly, if the thermodynamic states obtained in two different schemes
mentioned above coincide with each other and if the summation of the total energy
dealt with in a whole calculation model is conserved at any time during the calculation,

the correctness of calculation with the proposed numerical method will be proved.
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2 Classification of state conditions for numerical solution scheme.

Non-equilibrium conditions dealt with in this report are superheated for gas phase

and subcooled for liquid phase. These non-equilibrium states appear in increasing

pressure. However, superheated water and subcooled vapor which appear In a very

rapid decreasing pressure as the result of evaporation lag in the liquid and

condensation lag in the gas, respectively, are not dealt with in this report. Possible

combinations of the thermodynamic state of each phase in a volume are as presented

in the Table. 1.

Table.1 Combinations of state of gas and liquid in a volume.

Type Gas
Saturated Saturated
Saturated subcooled
Superheated saturated
Superheated subcooled

Possible combinations of thermodynamic state changes of each phase in the flow from

volume to volume are classified as in the Table.2 where no external heat 1s considered.

External heat is considered in a volume as described in chapter 4.

Table.? Classifications of state changes in the flow from volume to volume.

Type Gas Liquid AP along flow path
a all satu. all satu. AP<0
b all satu. subc.-satu. AP<0
c all satu. all subc. AP<0
d all super. all satu. AP<O
€ all super. subc.-satu. AP<O
f super.-safu. all satu. AP<O
g super.-éatu. subc.-satu. AP<O
h super.-satu. all subc. AP<0
1 all super. all subc. AP>0 or <0
Note : satu saturated
super superheated
sube subcooled

These state changes mostly occur in cases where pressure decreases except in the

case . Combining the Table.1 and Table.2, we can show the variations of state

changes in the flow from volume to volume inlet in Fig. 1.

i5__




JAERI—Research 87—080

(a) A D | @
IQG=1 8 1QG=-1
1QL=1 ) 1QL=-1 Note : IQG and IQL are flags
for state of gas and
liquid.
1 : saturated

(b)

-1 : non-equilibrium

Fig.1 Diagram of states changes from Volume to Volume inlet.

This diagram shows the possible changes in the flow from each of state A,B,C.D in
volume to the downstream volume inlet. So, lines C-—D and A—B are omitted since
they are possible only when negative external heat is added to the liquid. Line A—C 1s
also omitted which is possible only when negative external heat is added to the vapor.
All cases of state changes shown in Fig.l are arranged in the coding program
considering flow direction and the pressure change.

State flag of each phase [QG, IQL is determined for the new time step after pressure
change AP in a volume is estimated, as follows.

-1QG=1(saturated vapor)

1 For old IQG=1, if AP<0 and M>0 oceur.

2 For old IQG=—1, if h,=h, occurs for any of AP>0, AP<0.
-IQL=1(saturated water)

1 For old IQL=1, if MLE>O occur for any of AP>0, AP<0.

2 For old IQL=—1,if h=h,occurs for any of AP>0, AP<0 .

-1QG=— 1(superheated vapor)

1 If AP>0 occurs for any of old IQG.I
2 If AP<0 and M,.<0 occur for any of old IQG.
3 For old IQG=—1, if h,=h, occurs for any of AP>0, AP<0.

-IQL=—1(subcooled water)
1 If AP>0 and P:/LE<0 occur for any of old IQL.
For old IQL=1, if AP<0 and MIE<O occurs.
For old IQL=—1, if h2h,occur for any of AP>0 , AP<0.

[\]

Gl

i6i
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3. Equations for numerical solution with the volume-junction model.

The general basic equations of unsteady two-phase flow with non-equilibrium states
for volume-junction model are expressed as follows by reference to the previous
paper®. Energy equations are expressed so as to preserve the physical meaning of
differential equations. The difference equations for the actual numerical use are
reduced to simpler forms so that calculation can be made more precise as described in
the chapter 4.

We consider the conservation law for the volume “K” in a volume-junction model
of constant area flow as shown in Fig.2.

3.1 Basic equations

Mass conservation;

A};{jx - WS.J—! - Wg.J * (MIE - MIC - ‘A./[ZC)K T (MZE B MZC)J—l (1)
Aj:\ﬁ/[l‘{’k =W, -W,+ (MLE - M{C - MZC) K (MZE - MZC)J-I @

Energy conservation :

A u’ i’
M |e +—g+gzc059} :W_J_{h +—g+gzc059}
At g[ g 2 }K 3 £ 2 ;

14

2 2 \
. U .
_(Wgw, +M e, {hg +—23 +gzcos€} +M£‘K(hg_s +£[2’—+gzcosa9j
K

. u;' £ . uf 3
~M | b, +—+ gzcost +j By - AM 3 + M 5, | ==+ gzcosd
' 2 k ' 2 I
X . . u; p Aa (W Ad ) g Aqgg
_J; hfs'AMZC _MZC,J—I 7+gZCOSB !— E+ ¢ Dz T S—A—t—' .

3)
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A 2 2
M, €;+.EL+gZCOSt9 =W, h,+”—’+gzcosf9
Af 2 « ’ 2 I

2 ‘ 42
—Wu[hj +u—‘+gzcost9J +Mzcx[hg +—g+gzcosﬁ}
’ 2 K ' 2 K

2
iU

. 112 . K. .
_Mﬁ,K[hgs +?1+820039JK+M¢,K[/1:; +—§~+gzcos€]KJ; By AM 4

. u] K : : u;
~M e ;| — +gzcosd +J h, AM . +M,., | —+ gzcost
' 2 I | 2 !

Ac : Ag?
+PVE+(W1'A‘]H)“ +(M, A?Jx (4)

We consider the momentum balance for the junction “J”, in Fig.2.
Momentum balance :
AWS’J (

Y W, -ug)K f(Wg -ug)J ~My, -(ug —zzj)J ~M gy -(ug uuf)x -M, . -gcosd

_(AFWg+AFg1)J+Ag,J'(PK—PL) (5)
AW, ) . .
AZy - A;J :(Wz '“r)x _(WJ '“;)J + My, '(”g _HJ)J +(MEC +Mzc)g '(”g _“1)K
M, goosf-(8Fy, + AF,) + 4, (B~ P,) (6)

3.2 State change equations
Basically, the energy change in the volume can be obtained by using the energy

conservation equations. However, for the evaluation of enthalpy change in a flow it is
easier and will give the more precise calculation to use the equations of the first law of
thermodynamics concerning the state change in the flow than using the total energy
conservation equations. The state change in the flow of junction and of volume must
necessarily be considered separately. Therefore, we can classify the heat contributing
to the state change in the flow of the volume-junction model as follows.
3.2.1 Heat contributing to the state change of the two-phase flow.

We can define the heat to be distributed to the fluids in a volume and the fluids in

a junction flow, as follows.

(1) Heat distributed to the flow from Vol.I to Vol K.
- Frictional heat arisen at wall and interphase.

- Latent heat transfer caused by phase change and mixing frictional heat due to

_8_
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moving into another phase in the junction flow.

- Mixing frictional heat due to mixing of fluids from the upstream volume.
(2) Heat distributed to the fluids in Vol.K.
Heat transported by the fluids from Vol.I whose state is evaluated at the
pressure in Vol K considering the state change in the flow of junction J-1.
- Latent heat transfer caused by phase change and mixing frictional heat due to
moving into another phase in the volume.
- External heat.
3.2.2  State change in junction flow.

The state change in the flow from Vol.I to Vol.K is first evaluated for a small
pressure difference of the flow by dividing (P;—Py) into n equal parts. In a small
difference pressure of I-th AP, enthalpy change of each phase is expressed by the
first Jaw of thermodynamics as follows by reference to Eqs.(8A) and (8B) in the

previous report™,

. €}
Ahga)'—l = [A%'Pg + A7 + r%j (7)
!Og WS J-1
ap A
Ahr(,:')—l = {AQI}J: +—=7 ZEJ (8)
p.i HVI J=1

Where, the heat added to the junction flow of each phase is defined in the section 1-(1),

as follows.

: - 1
(- Adrer), = {0 (87 + 8B, )+ 80 + 7, g} o= ©)
(7)
J-1

- (Agm.’ ) AMZE -G 'AMZC)

(Wz ' AgTPS)i’i-)l - {1‘3 (AFWg + AF31)+ AQe + W, 'Aq'"g}-’“ % (10)
6
J-1

~(BG,g- AMe — C, - AM ;)
These are the same as Eqs (17) and (18) of previous report™). So, the phase change

rates Mg ;, and My ;, are evaluated in the same way.
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Where

C, = Ezlﬁ(ug“' - zl;‘x)za G = %(“u Mk )2 (11)

Agq,, = %(uzx U, )2, Aq,, = ;(ug.ff - ug,!)

The enthalpy of each phase at the inlet of volK, h,y; and hg; can be obtained
from Eqs.(7) and (8), respectively, by integrating with pressure from P; to Py.

3.2.3  State change in the volume
Enthalpy change of each phase in the volume can be expressed by using the first

law of thermodynamics with consideration of heat added to each phase as defmed in

the section 2.1-(2) of this chapter.

AP M
Ahy i = {AQTP,E + P—g+ ”'“A“/jf' AIJK (12)
Ah, :(Aqm+£~r-£{‘g—-zﬁtj (13)
’ pt’ Ml X
Where
| . AQ%,
(Ms Adreg )K - (WS B MZC)J—[ ' (hgﬁ B hg:K) Mg s (hss 7 )K AT
1 (14)
R 2
: Mﬂ{ (1~ 1)+ 2ty ) }
K
: ) AL
(Mr 'AQTPI )K = (Wr _MZE)J-I '(hz,xf _hI.K)+MZC.Jvl (hls "h.r)x +‘—£—1‘El
(15)

X

+M:c,x{(h1s _hf)'*'%(“g _”:)2} +MZC.K{(hg _hf)+%(ug “”t)z}

K

The equation of phase change rate in each phase can be derived in the same way as

presented in the previous report ",

. I AP
Muz:_'[yv—"'ysj (16)
Vs At
. 1 AP
M:C:_—[y9w+yloj (17)
Y At
Where,
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) _{1+C§ (for 10G = IQL =1) \
=

1 (for I0G = -1 or IQL = ~1)
Co=Cylr, Co=lu,~u) 12
_[EP+CP-Cy (for I0G=10L=1)
4 7—{EP (for 10L =1), 0.0 (for I0G=1)
[EP-C,-CP (for I0G =10L=1)
& _{o‘o (for I0L=1), —CP (for 10G =1)

g Milfdny 1
r a’P sat pf

M dah 1
CP=_ 2 £ —_—
r Q'P sat pg

.
AQ? AQy 1
{ Arm +C, —Cé[ ArEg +Cm}};, (for I0G =1,)
AQ%: - |1 Y
R v IR (c, +n, fhh)J - (for 10G = -1)
0.0 (for I0L = -1, for any IQG)
AQY AQ; 1
{Cé{—ﬁw”}ﬁwm};, (for IQL =1,)
AQS
Yy ;J[ 7% +C10Jl> (jor ]QLZ—].)
At r
0.0 (for 10G = -1, for any IOL)

Cp = (Wg #Mzc )H ’ (hg.Ki —hy . )+MZEJL1 (hgs - hg )K j
Cy = (WJ ~ My ),r-n : (hua =By ) +Mzc,J-1 (hk —hy )x
3.3 Derivation of momentum equations for the flow in the volume.

Momentum equations in the volume are derived to keep strict energy conservation
in the volume and are essentially the same as derived from saturated two-phase flow in
the previous report. For the general conditions of two-phase flow with non-equilibrium

states, momentum equations in the volume are expressed as follows.



&

2 Uy

1 WZC,J-l - B

{2 Uy
g i
N {i (hb AM

i=1

- B, (AFW +AF, )J_I

Z

My, —MZC)H

oz

At 2w,

- B, (AF,,,, +AF,, )H .

(W M + MZC‘

Where

ﬂ) :{1(_13_45)(%

3 ) (
g ): -
).

¢ _hgs.K'MZCJ: W, 12[
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2
Wug‘K) +1[£J}.W }

|2 Uy x

vl 0
Hes “”g.K) "‘MZCJ_l ug,i}

: 1
Aose "Mz 4 y*g
U

) g5

-AQ,, -

At
+(Mr‘E 'ui)K _(Mrrc +Mzc )K Uk +{l(ivf_%

B,)(

.?

.ugs-f—l - Bl W Jli(

ug.K “g,x ugK P

——gcosd-(Z,—~Z,)

2.K

AW, } = {*]" 0 34)(‘”1‘1 Tk )2 Uy } Wi

Uy e

i=iy

— H/J,J

- : : 1Y _&
—(M:E -1!1),\, +(M[C +MZC)K U +{%_(“__Zgi:l___s)(

J-l —WEJ U

- AM .

o

J(rJ
J

Pe

2.K

(i

J-

'ul,K

(4]

.
2! _ul,K) + My, -ug!‘}

)

J

i) " gk

)

1

U

2 .
) +MZE,J—1 Ty }

[

2.K

1

1[1..}—1 +1—34 AQ:EI _pV;,J‘-IZn:
“ix Yix Uy g =i
) ——-gcosf- (Z _Z)
U

(

AP
2

}U)
J-l

i
J—l}

it
) "
s K ZEJ-1 1./ PVI

J-1

Uk

(19)

(20)
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@) _ i
R AT
B, =W,, Z[ ZEJ B, =¥, j(%y” 1)
" . NG
B, ng IZ[ ZCJ ; By = WIJ—iZ(*A%E“J
s g -1 i=i; U |
Note ;
1, number of vapor became saturated in junction flow
1; ; number of liquid became saturated in junction flow
i ; smaller number between i,and §,

3.4 Constitutive equations.

The equations of the frictional force of wall and interphase are used by the same
ones presented in the previous report™’.

Further, condensation equation of vapor to water, induced by the temperature

difference is introduced as follows.

Quos =H 4 (T, = 1)V (22)

cond

Where, interphase area per unit volume A is calculated assuming flow pattern is
annular and the interphase heat transfer coefficient H is approximately 10 kW/m’K, in

this report. Condensation rate in Vol. K 1s

. o,
M — % cond 2’3
€K ho—h (23)
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4 Numerical solution
4.1 Procedure of numerical calculations
Numerical procedure to explicitly obtain solutions as an initial value problem is
briefly summed up as follows.

(1) Using the flow rates given at the junctions as the mitial values, A, AP, MtE
Nltc, Ah,, Ah, in the volumes after time incrementAt are calculated by using  the
solutions of simultaneous equations described in the section 2 in this chapter and
state change equations in the section 3.2. Subsequently, equilibrium or non-
equilibrium condition of each phase is determined as indicated in Fig.1.

(2) On the other hand, using the thermodynamic states in the volumes and the
flow rates at junctions as imitial values AW, ;and AW, ;, and AW, and AW, ¢ are
calculated by using Eqs.(5) and (6), and Eqs.(19) and {20) respectively.

(3) New time step values are determined by adding the increments to the old time
step values in the volume and at the junction.

{4) New time increment At is determined by the rates of states changes i volumes.

This method is described in detail in the section 4.4.
4.2 Pressure, void fraction and enthalpy
Changes of pressure and void fraction in the volume are derived as follows.
By the total differentiation of mass which is calculated by using void fraction and

density in the volume, we get

| AM, = (o) bp, + p, - ba, )V (a=g1) (24)

If we use «a, =, +Ac,, Eq.(24) expresses absolute conserved relation.
If we take p =f(P, h), then

Ap, = RAP+ R,Ah, }

Ap, = RAP + R,Ah,

(25)

Where
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RF(%] , Rzz[apg] for I0G = -1
P

P ), oh,
% =2
=| = , R—’L - [ - —
R3 {é’P Rl é}h! P for QL
dp J
R ===, =0 0G =1
| (dP R, Jor 1Q

, (26)
5&] for IOL =1

Substituting Eqgs. (12)’“( 17) into the term Ah,(a=g,l) of Egs. (25) and after rearranging,
we get
Ap, = SXI-AP +SX3- At
27)

Ap,= 5X2- AP+ SX4- At
Where

SYI=R + Ry xS
pg ngﬁ

SXZ:R3+R4[—1—V~C¥9—J
o, M,y

sxz= 2o [cm LG SJ
M y
: ¢ > (28)

Cedi

Vs

SX4=C,, +C, -MZC,K -

C, = (h —h) +C,
CE ( h)K+C
C, (h —h),+C,

il

For the calculation of these terms, it is necessary to calculate terms in the equations
of state change in junction flow and in the volume described in the section 3.2
beforehand. Substituting Eq.(27) into the term A o, of the right hand side of Eq.(24)
and substituting Egs.(1) and (2) into the left hand side of Eq.(24), and after rearranging,

we get
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SX5-AP+ p,Aa, = SX7 - At (29)
SX6-AP - pAa, = SX8- At (30)
Where
B4t

g

SXs=a. - SXI--2
V
SX6 =a - SX2+ 20
V
_yI'l *
SX7 =% -a_-SX3
V 4

Sx8 =1%o’ SX4
%

i :—l_(ys'}"ym) r Gh
Ys

Y = RHSCG _N[zc‘x + ¥

1
Yis :'—()ﬁ +y9)
Ys

Yo = RHSCL +MZC,J< ~ Y
RHSCG = Wng - Wg,,j + (Mzg _iwzc )J—l
RHSCL=W,, -W,, - (MZE ~M e )H )

The solutions of simultaneous equations (29) and (30) are gotten as follows.

1
AP:W(SXW,O, + SX8 - p, )t (32)

Adc = - (SX7 - SKX6 — SX8- SX5)A1 (33)
SxY

Where SXY = §X5- p, +8X6- p,
Then, enthalpy change of each phase Ah, and Ah, are obtained from Eqs.(12)~(15)
and phase change rates are from Eqs.(16)~(18) .

4.3 Temperatures
Now, we know the pressure and enthalpy in the volume. Then, other

thermodynamic states are determined by using the steam table as a function of
pressure and enthalpy. However, as for temperatures, we can also evaluate them as a
function of mass and enthalpy of each phase, as follows. The consistencies between
variables which are obtammed in different solution schemes are examined as

described in the section 4.5.

If we expreés the temperatures as a function of mass and enthalpy of each phase,
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then
Ta:f(Mg1 Ml: Hgs Hl)
Where H,=M,h, (a=g,]).
Then AT, = o1, AM |+ L, AM, + L. e )
oM £ M, e . oH,

g

If we take T,=f(P, h,), then

a7, :(aTgJ P aT, :[m’,} oP
oM, \aP) oM, ' M, \GP;, oM,
23 5 a3
6H, \or), oH,
4
T, [(ﬂgj oP _[ ] dh,
oP oM,
1; [a;f;j (@Dj h,
apP 2H,

Where, the terms in Eq.(35) are given as

_E?_{D_:&{]_*_ (C’;pg] }
oM VD

g P
dF _Ps . é’pl
M, VD

oF ui&(ﬁpeJ

N

GH, VDp,| dh,

GP 1P dp

- ele) |
oh, —h,

oM, M,

oh, 1

GH, M,

D=

apg 0’])0!
94 + —_—
gp’( P l *’pg(ap .

f"_—A'_'—‘\

(34)

(35)

(36)
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From the general expressions of thermodynamics, we get

-

8T Tp-1

oF h_ c,p

grPy p

oh). 1-Tp |

s (37}

dp| _—pB

5

Sp| _pre,+p

apP h_ Cp

Thus, using Eqs.(34)~(37), Egs.(1),(2),{12) and (13) we can evaluate the
temperatures changes.

4.4 Time step control.

The basic idea of tme step control is in judgment of the rates of state changes in
the volume. We take pressure and mass of each phase as judging parameters to
control time increment. New parameters are introduced as :

CR,=AP/P, CRy=AM/M,, CR=AM,;/M,, CR=(AP(n)— AP(n+1)) /AP, (AP,
is larger one of | AP(n)|and | AP(n+1)| ). Setting an upper and lower limits for
these parameters, time step is conirolled by the values of these parameters
checking whether they exceed the limits or not. The limits for parameters CR,,
CR,, CR,are set by CR,,,, and the CR,,,, and limits for parameter CR; are by
CC,.;., and CCa, These limits are given by input data for code running.

Using the maximum value of each parameter in all volumes, time step (Af) is
controlled as follows. _

(1) If one of | CR,},] CRy| and | CR, | exceeds CR,,,, At 1s multiplied by 1/2.

(2) If all of |CR1j, CR,! and | CR,|are less than CR,, and | CR, | 1s less than CC,
At 1s multiplied by 1.25.

(3) If in any volume, | CR; | or |CR,] > CR,, and | CR4| > CC,, occur

simultaneously, At is multiplied by 1/2.

(4) I CR,y, < | CR, | and {CR, | < CRpy, and | CRg| < CCyy, occur simultaneously,
and all of |CR,-2 CR;-2| and |CR,-2| are less than CR,,, ,At is

multiplied by 1.25.

Controlling method mentioned above is defined empirically as of the present.

?

It may be revised to a better one in the future.
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45 Examination method of consistencies between variables obtained by numerical
calculation

Thermodynamic states of each phase in the volume can be obtained by two

different solution schemes using basic equations and general expressions of
thermodynamic. So, we can examine the correctness of overall numerical
calculation method by comparing the state values obtained by two different
solution schemes in the calculation of the non-equilibrium two-phase flow. Further
it is also necessary to confirm no accurmulation of error occurs in mass or energy
by checking that the summation of the total mass or energy dealt with in a whole
calculation model is conserved at any time during the calculation.

First we have already obtained the state values of pressure P, void fraction o
and enthalpy of each phase h,, h; by using the equations of mass conservation and
the first law of thermodynamics of each phase, simultaneously, as described
before in this chapter.

On the other hand, mass change of each phase is directly calculated by mass
conservation equation of each phase Eq.(1) and Eq.(2).

Therefore the density of each phase p,, 0, is calculated using mass of each
phase and void fraction . Further, temperature change of each phase is obtamed
from Eq.(34) with the general expressions of thermodynamics Eq.(35)~ Eq.(37)
as a totaled effect of changes of mass and enthalpy of each phase.

Then, from the steam table as a function of P and hy or h, ,density 0,57 and
temperature Tgey 0f gas oro st and T ,py of liquid are obtained, respectively.
Saturated temperature T, of pressure P is also obtained. Thus, we can compare 0,
o, with o7, 0 ,svand T, T, with Tgpy, Tepy TESPECtively.

The specific enthalpy of each phase is obtained also from the total energy
conservation equation in the volume as follows.

The internal energy in the Volume K is defined as

Ea :(Maea)k.' (a:g’f) (38)
The change of the kinetic energy in the Volume K 1s expressed as
A i’ AW, . 1, AM
ll Za | (A7 - ak oyl 2 39
At [M" 2} (A7 -4,) AL 2T 4 39)

K
Substituting Eqs.(38) and (39) into energy conservation equations (3) and (4), we
can get AR,as a function of AW, and AM,. The term AW, is obtained from Eqs.(12) and
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(13) and the term AM, is from Egs.(1) and (2) using Egs.(19) and (20} of this report
and using Eq.(20)~Eq.(23) of the previous report'”’. The internal energy E, is obtained
by integration of every increment AE, and the specific internal energy is determined by
using e,;=E , /M ,. The specific enthalpy is therefore obtained using the relation
H.sr=e.etP/ 0,

Thus, we can compare h, and h, obtained from the relational expressions of
thermodynamic state change, with h,r and h,gr obtained from total energy
conservation equations respectively.

Further, conservation of mass and energy in the calculation of flow behavior from

volume to volume is examined as follows.

The mass and energy in the test pipe are changing due to inflow to and outflow from
the test pipe. However, the total ones contained in the test pipe and (integrated values
of outflow) — (integrated values of inflow) should be conserved at any time.

If the thermodynamic states obtained in the two different ways mentioned above
coincide with each other, and conservation of mass and energy of each phase is
confirmed through the examinations above, it will prove that the numerical calculation
method for general condition of unsteady two-phase flow with non-cquilibrium states

1s correct in evaluating the thermodynamic states.
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5. Some examples of numerical calculation results.

In order to verify the validity of numerical calculation of non-equilibrium two-
phase flow, calculations are made for each type of non-equilibrium conditions
classified in Table.1 by selecting the initial and boundary conditions.

5.1 Non-equilibrium conditions of saturated vapor and subcooled water two-phase
flow.(Case. 1)

The test pipe dimensions are about 73mm diameter and 4.1m length. The test pipe

is divided into eight sections of equal control volume and provided by boundary

junction which supply water flow to the control volume of number 1 and boundary

volume which gives the boundary condition for the flow from volume number 8

for the numerical calculation by the volume-junction model as shown in Fig.2,

B.J. 2 3 4 5 6 7 8 B.V.
Fig.2 Control volume for non-equilibrium two-phase flow.

For the initial condition, slight superheated vapor of 2.0MPa 488.3K (saturated
temperature is 485.57K) and subcooled water of 463.2K are uniformly filled with void
fraction &,=0.95 in the test pipe. At the start of calculation, subcooled water with
specific enthalpy 807.5kJ/kg (corresponds to 2.0MPa, 462.5K) is supplied to liqud
phase of Vol.1 by the flow rate of 10kg/s from Boundary Junction 1 with the pressure
of Boundary Volume, 1.5MPa. Then, unsteady non-equilibrium two-phase flow of
subcooled water and saturated vapor takes place in the test pipe with pressure
decreasing due to vapor and water discharge.

Calculated results are shown in Fig.3~Fig.11. Pressure behaviors in Fig.3 show
that decreasing pressure originated in Vol.8 is propagated upstream. Cold water
injected into Vol.1 decrease the pressure at the part less than the downstream pressure
after 0.01 sec. Vapor velocities at junctions decrease rapidly as shown in Fig.6 dueto a
reversed pressure profile along the flow. But liquid velocities at junctions continue to
increase a litfle while as shown in Fig.7 due to larger momentum in the liquid flow
than in the vapor flow. Especially the velocity V;;(2) continues to increase even after
0.02 sec. This is because the constant liquid flow rate from Boundary Junction is given

at the inlet junction to Volume 1. The velocity Vy;(1) is determined by using the flow
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area of the downstream volume. The V(1) is about 50 %/, for the initial condition,
which causes the increasing flow rate in the downstream even after the occurrence of
reversed pressure profile along the flow at 0.01 sec. The similar changes of velocities
in volumes are shown in Figs.8 and 9, too.

Temperatures of vapor are shown in Fig.4 in terms of T, Tpy and T,. It shows that
superheated vapor becomes saturated soon after the transient calculation starts due to
pressure decrease. Temperatures of liquid are shown in Fig.5 in terms of T, and T, py
which indicate the slight temperature rise by 0.2~0.3k due to condensation of

saturated vapor.

Agreements of T, and T,y are very exact and after vapor became saturated,
agreements of T, and T, are also very exact. Agreements of T, and T, are very
exact showing that liquid is always subcooled. Specific enthalpies of each phase in
some volumes are shown Fig.10 in terms of h, and b,sy, and in Fig.11 in terms of h ,
and h,gr respectively. Agreements of h, and hgsr, and of h and h, ¢ are very exact
respectively. Densities of each phase in some volumes are shown in Fig.12 in terms of
pand o, g1, and in Fig.13 in terms of o, and p, s7 respectively.

Agreements of p and o, ¢r, and of o, and o, 5 are very exact respectively.

Conservation of mass and energy of each phase is shown in Figs.14 and 15 in terms
of TOTMG, TOTML, TOTM, TOTEG, TOTEL and TOTE. These figures show very
strict conservation of total mass and total energy at any time, respectively. Numerical
results show that each value of TOTM and TOTE are 0.458747kg and 516.232k],
respectively at the start of calculation and they are 0.458747kg and 516.235k],
respectively at the end of calculation.

5.2 Non-equilibrium condition of superheated vapor and saturated water. (Case.2)
Noding of test pipe for numerical calculation is 1dentical with Fig.2 in this case, too.
For the initial condition, saturated two-phase fluids of 2.0MPa are filled with void

fraction @0.95 in the test pipe. At the start of calculation superheated vapor with

specific ‘enthalpy 3,025.0kJ/kg (corresponds to 2.0MPa, 573.2K) is supplied to vapor
phase of Vol.1 by the flow rate of 2kg/s from Boundary Junction 1 with the pressure
of Boundary Volume is 2.0MPa. Then, unsteady non-equilibrium two-phase flow of
superheated vapor and saturated water takes place in the test pipe.

Calculated results are shown in Fig. 16~Fig.28. Pressure behavior in Fig.16 show

that increasing pressure originated in Vol.1 due to injection of superheated vapor is
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propagated downstream. Then discharge flow from Vol 8 starts and it causes pressure
decrease of Vol.8 being propagated upstream. Temperatures of each phase in Vol. 4
are shown in terms of T,, Ty and T, in Fig.17, and in terms of T,, T,py and T, in
Fig.18, respectively. Vapor is going to be superheated and the liquid becomes a
subcooled state caused by the first pressure increase. After that, pressure decreases
rapidly and liquid becomes saturated. However vapor temperatures increase due to the
inflow of superheated vapor from Boundary Junction. Agreements of T, and T, and
of T, and T,y are very exact respectively. Agreements of T, and T, are also very
exact, after liquid became saturated. Vapor velocities at Junctions become uniform
thronghout the test pipe at 0.05sec. However liquid velocities at Junctions decrease a
little as shown in Figs.19 and 20 because interfacial frictional force per unit volume of
liquid decreases a little due to the increase of void fraction. Vapor velocities in
volumes change similarly to those of junctions as shown in Fig.21. Liquid velocities in
volumes are also similar to these of junctions except the velocity in Vol.1. As for the
Jiquid in Vol. 1, the acceleration force is given by only condensed vapor i Vol.1, since
the pressure difference between upstream volume is zero. So, the velocity in Vol.1
V(1) increases very slowly as shown in Fig.22. Specific enthalpies of each phase in
some volumes are shown in Fig.23 in terms of h, and hgy, and in Fig.24 in terms of b,
and h, g7 Tespectively. Agreements of h, and hyr, and of h, and h, s are very exact
respectively. Densities of each phase in some volumes are shown in Fig.25 in terms of
pgand p,sr, and in Fig.26 mn terms of o, and p, ¢v respectively. Agreements of p and
pgst, and of o, and o, ¢r are very exact respectively.

Conservation of mass and energy of each phase is shown in Figs.27 and 28
respectively. These figures show very strict conservation of total mass and total energy
at any time respectively. Numerical results show that each value of TOTM and TOTE
are 0.4479755kg and 382.2645kJ, respectively at the start of calculation and they are
0.447976kg and 382.397kJ, respectively at the end of calculation.

5.3 Non-equilibrium condition of superheated vapor and subcooled water. (case.3)

To realize a non-equilibrium condition of this type, two kind of Boundary Junction

are provided for the former test pipe with a Boundary Volume as shown in Fig.29.



JAERI—Research 97—080

Vapor 1
1 213 |4 5 6 | 7 8 9
Water 10
] 2
B.J 3 4 5 6 7 8 9 ' B.Y

Fig.29 Control volume for superheated vapor and subcooled water two-phase flow.

For the initial condition, slightly superheated vapor of 2.0MPa, 488.3K and subcooled
water 371.5K are uniformly filled with void fraction a0.95 in the test pipe. At the
start of calculation, superheated vapor with specific enthalpy 2,820kI/kg (corresponds
to 2.0MPa, 493.2K) is supplied to the vapor phase of Vol.1 by the flow rate of 3.2kg/s
from Boundary Junction 1 and subcoled water with specific enthalpy 2,110kJ/kg
(corresponds to 2.0MPa, 323.2K) 1s supplied to liquid phase of Vol.1 by the flow rate
of 10kg/s from Boundary Junction 2. Pressure of Boundary Volume is 1.5MPa 1n this
case. Then, unsteady non-equilibrium two-phase flow of superheated vapor and
subcooled water take place in the test pipe.
Calculated results are shown in Fig.30~F1g.43. Pressure behaviors in Figs. 30-1,
2 shows that increasing pressure originated in Vol.1 due to injection of superheated
vapor and subcooled water is propagated downstream. On the other hand, decreasing
pressure originated in Vol.8 due to the flowing out to Boundary Volume is propagated
upstream. Vapor temperature in Vol.4 is shown in Fig.31 in terms of T, and T, which
indicate the appearance of superheated vapor from saturated state after 0.03sec. The
temperature of each phase in Vol.1,4,8 are shown in Fig.32 in terms of T, and Ty ,
and in Fig 33 in terms of T, and T,,; respectively. These temperatures show that
vapor phase changes to superheated from saturated and liquid phase is kept subcooled.
Agreements of T, and T,y , and of T, and T,y are very exact respectively. Each
flow of vapor and liquid in the test pipe starts at the inlet and outlet simultaneously
and 1is propagated downstream and upstream respectively. Uniform flow at junctions
are attained at about 0.04sec as shown in Figs.34 and 35. The flow in volumes are
about the same as junction flow as shown in Fig.36 and 37. Specific enthalpies of each

phase in some volumes are shown in Fig.38 in terms of h, and h,sr, and m Fig.39 m

terms of b, and h,sr respectively. Agreements of h, and hygr, and of h, and h,¢r and

are very exact respectively. Densities of each phase in some volumes are shown in
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Fig.40 in terms of o, and p gy, and in Fig.41 in terms of o, and o ,¢7 respectively.

Agreements of o, and oy, and of o, and p,gr are very exact respectively.
Conservation of mass and energy of each phase is shown m Figs.42 and 43. These
figures show very strict conservation of total mass and fotal energy at any time
respectively. Numerical results show that each value of TOTM and TOTE are
0.4947715kg and 516.232kJ, respectively at the start of calculation and they are
0.494772ke and 516.235K], respectively at the end of calculation.

6. Conclusion

(1) General basic expressions of unsteady non-equilibrium two-phase flow for
numerical calculation by the volume-junction mode] are presented.

(2) Numerical method to explicitly obtain solutions for various kinds of non-
equilibrium conditions in the volume and in the junction flow are presented

(3) Verification calculations for the validity of numerical method are made for
each type of non-equilibrium conditions in the volume. The results show that
each thermodynamic states of enthalpy, density and temperature of each
phase which are obtained in the two different solution schemes coincide with
each other and no accumulation of error in mass and energy was found.

It will prove that numerical calculation method for gemeral condition of
unsteady two-phase flow with non-equilibrium states functioned correctly in

evaluating the thermodynamic state.
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Fig.40 in terms of o, and 0 ,gr, and in Fig.41 in terms of o, and o , 57 TESpECtively.

Agreements of p, and o,, and of p, and p,gp are very exact respectively.
Conservation of mass and energy of each phase is shown 1n Figs.42 and 43. These
figures show very strict conservation of total mass and fotal energy at any time
respectively. Numerical results show that each value of TOTM and TOTE are
0.4947715kg and 516.232kJ, respectively at the start of calculation and they are
0.494772kg and 516.235kJ, respectively at the end of calculation.

6. Conclusion

(1) General basic expressions of unsteady non-equilibrium two-phase flow for
numerical calculation by the volume-junction model are presented.

(2) Numerical method to explicitly obtain solutions for various kinds of non-
equilibrium conditions in the volume and in the junction flow are presented

(3) Verification calculations for the validity of numerical method are made for
each type of non-equilibrium conditions in the volume. The results show that
each thermodynamic states of enthalpy, density and temperature of each
phase which are obtained in the two different solution schemes coincide with
each other and no accumulation of error in mass and energy was found.

It will prove that numerical calculation method for gemeral condition of
unsteady two-phase flow with non-equilibrium states functioned correctly in
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Fig.40 in terms of o, and oy, and in Fig 41 in terms of o, and o , ¢y Tespectively.

Agreements of p, and p.p, and of o, and p,gr are very exact respectively.
Conservation of mass and energy of each phase is shown in Figs.42 and 43. These
figures show very strict conservation of total mass and total energy at any time
respectively. Numerical results show that each value of TOTM and TOTE are
0.4947715kg and 516.232kJ, respectively at the start of calculation and they are
0.494772kg and 516.235k], respectively at the end of calculation.
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(1) General basic expressions of unsteady non-equilibrium two-phase flow for
numerical calculation by the volume-junction model are presented.

(2) Numerical method to explicitly obtain solutions for various kinds of non-
equilibrium conditions in the volume and in the junction flow are presented

(3) Verfication calculations for the validity of numerical method are made for
each type of non-equilibrium conditions in the volume. The results show that
each thermodynamic states of enthalpy, density and temperature of each
phase which are obtained in the two different solution schemes coincide with
each other and no accumulation of error in mass and energy was found.

It will prove that numerical calculation method for general condition of
unsteady two-phase flow with non-equilibrium states functioned correctly in

evaluating the thermodynamic state.
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[NOMENCLATURE ]

Flow area
Isobaric specific heat capacity

Isochoric specific heat capacity

Hydraulic diameter

Internal energy

Specific internal energy

Frictional force acting on the fluid in a volume
Gravitational acceleration

Specific enthalpy

Spectfic enthalpies of vapor and liquid which are given from

steam table by pressure and temperature of each phase, respectively.

State flag in Volume. 1=saturated, -1=superheated or subcooled

Length of Volume
Mass

Evaporation rate due to pressure decreasing 1n a volume
Condensation rate due to pressure decreasing in a volume
Evaporation rate due to pressure decreasing in a junctron flow

Condensation rate due to pressure decreasing in a junction flow

Pressure
Heat transfer rate due to condensation of vapor to liquid by
temperature difference.

External heat added to a unit mass of gas m a volume

External heat added to a unit mass of liquid in a volume

Terms which define distribution of interphase frictional heat to gas
or liquid phase

Frictional heat added to a unit mass of gas phase in a junction flow

Frictional heat added to a unit mass of liquid phase in a junction

flow
Of Agy,, interphase frictional heat



velocities

Aqud

AG,,

AQM!

Agrp,
Agyp
AQg,
AQy,

¥

TgPU! Ty

TOTML
TOTMG

TOTM
TOTEL

TOTEG

TOTE

¥ W ¢ ow

=
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Of Aqy, interphase frictional heat

Of Agg,, frictional heat caused by phase change due to different

between phases

Of Aqg, frictional heat caused by phase change due to different
velocities between phases

Mixing frictional heat in gas phase caused by incoming fluid flow
to a volume

Mixing frictional heat in liquid phase caused by incoming flud
flow to a volume

Heat added to a unit mass of gas phase
Heat added to a unit mass of liquid phase
External heat added to gas in a volume

External heat added to liquid in 2 volume

Latent heat

Temperatures of vapor and liquid which are given from steam

table by
pressure and enthalpy of each phase, respectively.

Temperature

Time

Total mass of liquid including discharged one

Total mass of gas including discharged one
(TOTML+TOTMG)/2

Total internal energy of liquid including discharged one
Total internal energy of gas including discharged one
(TOTEL+TOTEG)/2

velocity

Specific volume

Volume

Mass flow rate

Phase change rate in a unit length of flow
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Void fraction

Coefficient of thermal expansion

Isothermal compressibility
Fraction of interphase friction heat distributed to gas phase

Angle between flow direction and vertical axis ( 8 =0 for upward

vertical flow)

Density

Densities of vapor and liquid which are given from stream table by
pressure and enthalpy of each phase, respectively.

Continuous phase

(Gas phase

Liquid phase

Saturated state of gas

Saturated state of liquid

Saturated

Time

Spacial

Effect of wall to gas

Effect of wall to liquid

Gas phase affected by liquid phase
Liquid phase affected by gas phase
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Fig.35 Liquid velocities at Junction 3,5,7,9 (case.3)
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Fig42 Total mass of vapor and liquid including discharged one. (case.3)
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Fig.43  Total energy of vapor and liquid including discharged one. (case.3)



