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Concept

> Consider a two-phase flow simulation system,
where ...

> The set of basic equations is extended by irreversible
thermodynamic laws and relationships.

> A positive entropy generation rate is inherently
ensured.

> The adaption of existing constitutive relations to this
simulation system is called adaptive modeling
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Interphase mass and heat transfer

> Traditional modeling > Otherwise, it can be shown

(Chow, Ransom, Riemke, Trapp) that the phase change
process implies energy

Evaporation (rig > 0) transfer from a lower
* temperature to a higher
h, =h, .,
9* 9, temperature.
h, =h; (RELAP5/MOD2 Manual)

Condensation (I, < 0) > Adaptive modeling
hg - hg hg = hg,sat

h' = N; o h, = N
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(Nucleate) Boiling Process

> With given wall heat transfer
(Chen's relation)

then = _hmic (Ts _Tf ) +OI:QTS _Tg) +(hmic +hmac)(Tw _Tf )

the evaporation rate is determined.

r = AW Iﬂlmic (TW _Tf)

" (g M)V
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Experimental Arrangement

Reservoir Pipe Reservoir
— — 11121314 (|5]|6]|718]9 {10
Superheated steam ,—b Saturated steam
P = 1x10%Pa Subcooled liquid P = 5x10*Pa
T, = 378K Superheated steam T, = 354.50K
ag = 10 ' P = 1.2x10Pa o = 10
T, = 310350K
f Tg = 400-405 K
ag = 0.9
Reservoir Reservoir
Subcooled liquid Saturated liquid
P = 1x105°Pa P = 6x104Pa
T, = 294.75K T, = 359.10K
ag = 0.0 ag = QD
- 8:3228



Steamn temperature (K)
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In open two-phase flow systems (1)

> Energy balance in RELAPS5 (liquid phase)

0 0 da ola.V . utoy
E(Gfpfuf)-i_a_x(afpfufvf):_pa—tf_p (0;( f) +j, "

> Mass balance (liquid phase)

0 0 m
E(Gfpf)-l_a_x(ufpfvf ) = *h
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In open two-phase flow systems (2)

> Substitution of internal energy

U = L - B +Tis

f

> Duhem-Gibbs (substitution of derivatives)

du; =T.ds +£2dpf
Ps
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In open two-phase flow systems (3)

> Entropy balance for the liquid phase

0 _ M

0 *m Tutpv
E(Gfpfsf)_l__(afpfsfvf): — ="

0X T. T.
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In open two-phase flow systems (4)

> Total entropy balance

0 0
a(afpfsr + O(gpgsg) -I-a_x(O(fpfovf ¥ O(gpgSng)

uf _IJg J 1_i ju+pv
T T,)° Tf T, )"

> The entropy source term in RELAPS is a dot product
of fluxes and forces

>
V




Entropy balance in RELAPS (1)

> Interphase mass and heat fluxes in RELAPS are
source terms in the mass and energy balance
equations

m — — i Hi
—(—I_,g) - hg _ghf* ( st g) + h; _fhf* (Tsat _Tf)
. h H. h’ H.

jusp = h;f_hi* (Tﬂ— g) +h;g—hff* (T, -T;)
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Entropy balance in RELAPS (2)

> Taylor series expansion of the forces

2-3) = Haonnon)

-1
_[;l: _iZ] ) a[hf,w (Te=T) Ny (TS _Tg)]




Entropy balance of RELAPS (3)

§ = + i—i jU+pV_ I"lf _ug jm —
V T T, T T,

(hg* _hf,sat) H;

= * (h*_hf*)_l_ > (Tsat_Tf)2
- 9 s —

B _(hg;_hg,sat)Hif-l_(hf,wt _hf*)Hig_ B 3
e
(hyw—h JH,

+ ((r?;ﬂ-hf*a)ngg (T
- 9 -

> Quadratic form

> Verification of the (mathematical) positive-
definiteness is non-trivial
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Definitions

> Fluxes are source terms in the balance equations

J=J"=3"

J, =3 = g

> Forces or affinities
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Fundamental laws

> Linear dependence of fluxes on forces

o v 1 1
J - h = _Lll[l-'ll-f _ng +L12£T _T ]
f g f g

oy - 1 1
Ju = I, = _L21 = _l"lg +L22 -
T Tg T, Tg

> Onsager’s law of reciprocity

L, =L
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modeling of interphase mass and heat transfer (

> Comparison of coefficients
1

Tﬂz (_Lllhf,sat +|—12) - (h _—h, ﬂ) H;
g ,
1 V
_Tﬂz (_Lllhg,sat +|—12) _(h _-h, Sat) ng
g,
V h
Tiz (_L12hf,91 + 22) :(h 3 _ﬁ:f SH) f
g ,
1 V [h,
_Tﬂz (_L12hg,sat Lzz) :(h _ —ff1f SHt) Hig
g ,
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modeling of interphase mass and heat transfer (

> Two systems of linear equations to determine L,
_ \% D—sat2 (hf,satHig + hg,satHif )
(hy =1y ) (Ngex =y )
VT2 (h Hg+h; Hy)
(hy =1y ) (Mg =y )

L,, (mass) =

L, (energy) - =

> Therefore:
hf* =h

f s g g,
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Entropy generation

> Entropy generation rate is a quadratic form

S |
v = ZFiJi:ZFiLika

> Second law of interphase mass and heat transfer

L11>O

L11 D—zz - L12 ["-12 > 0



HICVeloslIvIC 1THCHHuuylifiiavlos. LIUHUPYY yClitl atllt
for interphase mass and heat transt

E = + i—i ju+pv — H _l'lg jm —
V T T, T T,
_ H;q 2 Hig 2
=+ T 2(Tsat_Tf) + T Z(Tsat _Tg)
sat sat

> Quadatric form is positive-definite,
If H; and Hig are positive
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Steam temperatures

> Results ....
440,

o—e Sfandard
1 %= Modified H,_
440, ** Saturation termperature
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Interphase transfer coefficients

> ... depend on constitutive correlation modeling
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Summary

> The entropy generation rate in RELAP5 can be represented as
dot product of fluxes and affinities

> In actual two-phase flow simulation systems the second law is
not explicitly considered.

> Irreversible thermodynamics generates a basis for the second
law of thermodynamics

Irreversible thermodynamics describes interphase mass and
heat transfer in open flow systems

The horizontal flow anomaly results from an unphysical choice
of constitutive relations

Finally: h = h,,
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