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1 Thermal conduction equation in the fuel and clad

The temperature distribution in the fuel rod is given by the Fourier’s law of heat conduction, written

as
V- [KTVT(r, )]+ Q(r,t) = % [p(T)C(T) T(r, 1)] (1.1)

where

T(r,t) = temperature distribution in the fuel rod, including the clad (K)
Q(r,t) = fission power distribution in fuel (W/m?)

k(T) = thermal conductivity of the fuel and clad (W/m/K)

p(T) = density of the fuel and clad (kg/m?)

C(T) = specific heat capacity of the fuel and clad (J/K/kg).

We consider that the conduction process in the fuel rod has a radial symmetry, so that the temperature
is only a distribution of the radial coordinate r. Equation (1.1) can be rewritten as

10

o {r k(T%T(r, t)} +Q(r,t) = % [p(T)C(T) T(r,1)]. (1.2)

The THM: module is based on a constant surface discretization of the fuel rod. A change of variable

is performed on r, as
2

Alr) = % = dA=rdr (1.3)
so that Eq. (1.2) can be rewritten as
2% [A k(T)%T(A, t)} + QA1) = % [p(T)C(T) T (A,t)]. (1.4)

Equation (1.4) is discretized in A using the mesh centered finite difference (MCFD) method, based
on the low order difference relations

oT Ti1y2 — Tia oT

or ~olitt2z T izt g O g Li=Tim12
OA|,_ - DAL 9A

~ 1.
i—1/2+ A4; (15)

where we have set AA; = Aj 12 — Aj_1/2. We define I equal-size volumes in the fuel, a gap, and I.
equal-size volumes in the clad. Fuel rod interfaces are located at A; 1/, with 1 <i < T and Ay =0, as
depicted in Fig. 1.

The heat flux ®(r), expressed in W/m?, is defined as

8(r) = ~h(T) ST(r,1) = —r K(T) Ao T(A, ). (1.6)

We state the heat flux continuity condition at each point A;_; /o as ®(r;_y/2-) = ®(rj_1/2+). This

condition is written
. oT

=k o (1.7)

i—1/2+

The discretization process produces a symmetric, positive-definite and tri-diagonal linear system
with the introduction of the following time-dependent mesh-centered finite difference coefficients of unit

W/m/K:
1 i
dT' k(T
T, — T /Ti+1 @

D B 4Ai41)2 Al
i+1/2 = AA; AAiJrl o AA; + AAiJrl
k’i kz‘-i—l

(1.8)

+
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Figure 1: Definition of the regions in 1D cylindrical geometry.
dAip12ki 4Aip ) 1 T
Fiyrs = - [ arwa (1.9)
/ AA; AA; |Ti=Tipape Jr,y
dAi12kivr 4Aip) 1 /Ti“/2
Fiiyg = - dT k(T 1.10
+1/2 AAi AAipr | Tivaye — Titr Jryy, ) (1.10)
and
Gi = Hgap ri (111)

where Hgap, is the heat exchange coefficient of the gap, expressed in W/m? /K. Equations (1.8) to (1.10)
are based on a quadrature of the thermal conductivity with a linear variation of the temperature. This
procedure permits to obtain an accurate temperature distribution in the fuel with a limited number I of
equal-size volumes.

Combining Egs. (1.5) and (1.7) we obtain an expression on the interface temperatures as
AAki 1T + AA 1 kT

T 1.12
=1/2 AAiki_1 + AA; 1 k; (1.12)
and
T _ AAi-i—l k:T; + AAiki-i-lTi-i-l (1 13)
2T TN A Gkt Ak '

After substitution of Eq. (1.12) into Egs. (1.5), we obtain our first mesh-centered finite difference
relation as

or Ti—Tia

94 = 2ki- : 1.14

0A i—1/2+ Y"AAiki1 + AA_1k; ( )
Using a similar approach, we obtain a second mesh-centered finite-difference relation as

or Tip — T

9A = 2ks : 1.15

OA 410 TUAAi ks + AAiki (1.15)

Setting 1 <4 < I in Eq. (1.4) as the fuel domain and taking the derivative of heat flux term in interval
Ai71/2 <A< A’i+1/27 we obtain

2 o7 (1) oT
A A1y ki(t) 54 i+1/2t Ai1y2 ki) 94 i +Qi(t)
0
= 5 (OGO Ti(?)]. (1.16)

Substituting Eqs. (1.14) and (1.15) in Eq. (1.16), we obtain the finite difference relation for the
temperature unknowns inside the fuel rod:

Tipa(t) — Ti(1) Ti(t) — Ti-1(t)

A 34 R, A ’A A4,
ki(t) © Kipa(t) kioa(t)  ka(t)
0

+AAQi(t) = AAi& lpi(t)Ci(t) T5(t)] - (1.17)
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The corresponding tri-diagonal relations in temperature for internal points are

AAi% [pi(t)Ci(t) Ti(t)] — Di—1/2(t) Tia ()

+ [Diz12(t) + Diga2(t)] Ti(t) — Diy1y2(t) Tipr () = AAQu(t). (1.18)

Setting ¢ = I and substituting Eqgs. (1.5) and (1.15) in Eq. (1.16), we obtain the finite difference
relation between the temperatures inside the outer fuel ring (77) and at the surface of the fuel pin

(Tr41/2):

Ariayoki(t) Tr(t) — Tr-1(t)
Y 7ag Fme® -0l - e mg R

k@) T ED)

FAAQI) = DS (o0 Ti(1)]. (1.19)

The corresponding tri-diagonal relation for fuel surface temperature is

AAI% [pr()Cr(t) T1(t)] — Dr—1/2(t) Tr-1(2)
+ [Dr—1y2(t) + Ergay2(t)] Tr(t) — Erp1yo(t) Treryo(t) = AAQi(t). (1.20)

The h-gap relations link the temperature gradients at the surface of the fuel pin and at the inner clad
surface. The heat fluxes at the fuel surface (r741/2), inside the gap at r7,1 and at the inner clad surface
(r143/2) are related through

7‘1+1/2‘1’(7°1+1/27) = 7‘1+1‘1>(7°I+1) = 7‘1+3/2‘1’(7°1+3/2+)- (1-21)
Equation (1.21) is used together with the h-gap correlation, written as
O(r741) = ~HgapAT = Heap [Tr+12(t) = Tria2(t)] (1.22)

so that the left equality in Eq. (1.21) is written

oT(t r
—rri1/2 ki % = Heap —— [Tr11/2(t) — Trpsya(t)] (1.23)
I+1/2- TI+1/2
and the right equality in Eq. (1.21) is written
r oT(t
Heap ——— [Tr11/2(t) — Tryzja(t)] = —rriajokrse () : (1.24)
T14+3/2 0A I+3/2+
The position of mesh value 7741 in the gap is selected to produce a constant heat flux:
Haap 141 [Tr11/2(t) = Trisya(t)] = 2Hgaprr43y2 [Tre1(t) — Trys/a(t)]
= 2Hgap 1412 [Tr41/2(t) — Trga(t)] (1.25)
so that 5
r r
141 = M (126)
TI41/2 T T143/2
Using Egs. (1.5), we obtain
Tria/2(t) — Ti(t) r
—2rp41/2 k1 + /AAI = Hgap ﬁ [Tri1/2(t) — Tris)a(t)] (1.27)
. Tria(t) = Triasalt)
r 1+2(t) =17
Higap — (Tr1/2(t) = Trysya(t)] = —2rr43/2 ko x LA (1.28)

T143/2 AAris
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The corresponding tri-diagonal relations for fuel and inner clad surface temperatures are

—Er1)(t) Tr(t) + [Erp1y2(t) + Gria ()] Trya2(t) — Groa(t) Tris e(t) = 0 (1.29)

and
—Gri1(t) Tryap2(t) + [Gria(t) + Frisyo(t)] Trysa(t) — Frysja(t) Tria(t) = 0. (1.30)

The tri-diagonal relation for clad surface temperature is similar to Eq. (1.20). It is written

0
AAI-HC-HE 111,41 Cr 11, 41(8) Try1.41(t)] = Drgrog1y2(t) Trer, (1)

+ [Drirg12(t) + Eriogsy2(t)] Trir.11(t) = Erpggs/2(t) Toue (t) + AAr 1,1 Qr i1, 41 (1)
(1.31)

We obtained a tridiagonal linear system of order I + I. + 2 with a source term function of the external
clad surface temperature Ty,r. This system can be written

{% C(t)+ A(t)} T(t) = S1(t) + Tuuee (t)S2(t) (1.32)

where

C = diag(AAlplOl, AAQpQCQ, ey AA]p]O[,O, O, AA]+2p[+QC]+2, ey

AAr 1 1p141.41C141,11), (1.33)
Do —D3/o 0 .
—D3/2  D3jo+ Dsj —Ds/o 0
—Di_12 Dr_ajo+ Ergy2 —Ert1)2 0
A= ,
0 —FEr1)0 Erpi2+Gra —Gr1 0
0 -G Gri1+ Frysz;e —Frysp
0 —Fri3/2 '
(1.34)
T =col (T, Ta, ..., Tr, Try1y2, Tresse, Trva, Tres, - Tre41) (1.35)
S1 =col(AA1Q1, AAQ2, ..., AA1Qr, 0, 0AAr 2Qr42, ..., AA4 1. 11Q141.41) (1.36)
and
Sz = col (0, 0, ey 0, EI+IC+3/2(t)) (137)

where region I + 1 corresponds to the gap and index I + I, + 3/2 refers to the external clad surface.

The time-derivative is handled using a fully implicit temporal scheme, based on a finite-difference

relation, written as
0 C(tn)T(tn) — Ctn—1)T(tn-1)

= C(OT(®) - A (1.38)

where T'(t,,) is the temperature at time ¢, and At, is the time step size over which the temporal
derivatives of the unknowns are assumed to be constant. A variable time step size is used during the
numerical procedure for decreasing the total amount of time steps and computing time.
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Substituting Eq. (1.32) into Eq. (1.38), we obtain
C(tn)T(tn) — Ctn—1)T (tn-1)

— A (t,)T(tn) + S1(tn) + Tsurt(tn)Sa2(tn) = A7 (1.39)
Rearranging terms, our implicit scheme is finally written as
Cltn N [C(tne

T(t,) = [% + A(tn)} { [%} T(tn—1) + [S1(tn) + Tsurt(tn)S2(tn)] } (1.40)

The linear power delivered from the clad to the fluid in W/m is obtained as
huia(t) = 27 Ep g 43/2(8) [Trer () — Toure (t)] (1.41)

where the temperature in the center of mesh I + I. + 1 is a function of Tyu¢(t) written as

Trin11(t) = Bu(t) + Tount (t) Ba(d). (1.42)

Substituting Eq. (1.42) into Eq. (1.41), we obtain
Aftuia(t) = 27 [Z1(t) — Tsut (t) Za(t)] (1.43)

where Zl (t) = E]+[C+3/2(t) B1 (t) and Zg(t) = E]+[C+3/2(t) [1 — Bg(t)]

Equation (1.43) is used in transient cases. If the flow is in steady-state conditions, the linear power
¢f.iq around the clad can be obtained directly from the steady-state fission power distribution in the fuel
as

ﬁmzé r Q(r) (1.44)

fuel
where St = er2ue1 is the fuel cross section area.

The fuel effective temperature Tog can be expressed in term of the Rowlands formula, a simplified

correlation written as 5 4
Teﬂ = §Tsfuel + §Tcenter (145)

where Tgpye) is the surface-fuel temperature and Tienter is the center-pin temperature assumed to be related
to its neighbour values by a linear expression:

1
T = §(Tcenter + T3/2)' (14’6)

The mesh-limit temperature 75,5 can be computed iteratively using Eq. (1.7):

T
l / dT k(T)
T3/2

and Tienter can be obtained from Eq. (1.46) using the converged value of T3 /2

(T3)2 — T2) (1.47)

T3/2
(Th = T3y2) = [/T / dT" k(T)
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2 Thermal convection equation in the coolant

The heat exchange relation between clad and fluid for different heat transfer regimes K is a fonction
of the clad surface temperature Ty, ¢(t) and of the saturation temperature Tyat(t) of the coolant. If the
clad surface temperature is smaller than the saturation temperature of the coolant, the heat exchange is
the single-phase free convection regime (K = 0) and is described by the Dittus-Boelter correlation. In
the subcooled boiling regime (K = 1), the bulk coolant is still subcooled (Thyida(t) < Tsat(t)), while the
liquid and vapor in contact with the wall are slightly above saturation. Finally, in the saturated nucleate
boiling regime (K = 2), nucleate boiling occurs in the fluid and its thermodynamic quality z¢,(¢) is above
zero. An additional component Hyp, (t) must be added to the Dittus-Boelter thermal exchange coefficient
in cases where IC > 1. The Newton’s law of cooling is written

q// ) (t) ( )[ surf( ) Tﬂuld( )] if K= 0;
2ﬂ7:’rl'ilad - ( )[ Tount (1) — Tear(t )] + He ( )[ burf( ) - Tﬂuid(t)] it K=1, (2.1)
[”Hn (t) + He(t)] [Tours () — Tsar ()] if K=2;

where

H.(t) = Dittus-Boelter thermal exchange coefficient (W/m?/K)
Hop(t) = Forster-Zuber thermal exchange coefficient (W/m?/K).
Telad = external radius of the clad (m).

The thermal exchange coefficient H(t) and Hup(t) are function of the fluid temperature Thyia(t).
Moreover, Hyp,(t) is a function of Tyue(t

)-
Substituting Eq. (1.43) into Eq. (2.1) for £ = 1, we obtain
Tclad {%nb(t) [Tsurf( ) - sat( )] + HC( ) [ burf( ) - Tﬂuid(t)]} = Zl (t) - Tsurf(t) Z2(t) (22)
From Eq. (2.2), we obtain
Z ( ) + Tclad Hnb( ) sat( ) + Teclad Hc (t) Tﬂuid (t)

Tourte(t) = 2.3
f( ) Z2( ) + Tclad 7_[nb( ) + Tclad Hc(t) ( )
and "
Uuia(®) _ Hub(t) [Z1(F) = Za(t) Tear ()] + He(t) [21(E) — Za(t) Tania(1)] (2.4)
27T clad Z5(t) + Telad Hub () + clad He (1)
so that ) 54! Zolt)
qﬁuld 2 3
P = —H(t 2.5
27T"”Clad 8T’ﬁmd C( ) Z2 (t) + Tclad 7_[nb (t) + Teclad Hc (t) ( )
In steady-state cases, Eq. (1.44) can be used to simplify Eq. (2.3) as
Tsurf _ 2 + Hnb Tsat + Hc Tﬂuid (26)

%nb + HC

where the known heat flux delivered to coolant is ¢ = ¢ff ;q/Pn with the heated perimeter defined as
Py = 27rclaq.

If we write h = h(Thuia, p), the enthalpy of water, and consider a constant pressure process, we can

write the following relation:
oh
Col(T,p) = < ) (2.7
P

0T Huia

where C}, is the specific heat capacity of water (J/K/kg) at constant presure.

In this study, we are assuming single phase and forced convection flow regime. The mass flow equation
in the coolant is based on the following balance relation
0 0
— t)+ — t)=0 2.8
o 1) + 5-Qz, 1) (28)

where
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Q(z,t) = mass flow rate at an elevation z (kg/m?/s)

p(z,t) = coolant density as given by the IAPWS-IF97 water tables as a finction of temperature and
pressure (kg/m?®). May also be a function of the flow regime.

so that Q(z) is constant in steady-state cases, with

Q(z,t) =V (2,t) p(2,t) (2.9)

where V(z,t) is the flow velocity (m/s).

The momentum conservation relation is responsible for the variation of the pressure along the channel
as a function of mass flow rate gradient, gravity effect and coolant friction. This equation is written

0 [Q%(z,t) FQ?(z,t) B
5 [ e+ sty +o0e] =0 210

Q)+
where
p(z,t) = pressure at an elevation z (Pa)
Dy = hydraulic diameter (m)

g = gravity acceleration constant (m/s?)

f = friction parameter as given by the Miiller-Steinhagen correlation.

Note that the momentum conservation relation is currently not activated in module THM:. The
pressure p(z,t) is assumed constant along the channel.

The thermal convection equation in the coolant is based on a one-phase energy conservation relation
in energy, written as

ar [h(zv t)p(z,t)] + 82 [h(zv t)Q(Zv t)] - ﬁ qguid(zvt) =0 (2'11)

where
Gfiia(z,t) = linear power received by the fluid through clad (W/m)
h(z,t) = coolant enthalpy (J/kg)

A(z) = cross section of the coolant channel (m?).

rod+clad coolant

mesh j+1
. te
<+l T
¢17j+1
mesh j E
TQ/‘-I g
Z; 5
’ V7
mesh j-1

Figure 2: Definition of the axial mesh.

The method used to solve Egs. (2.8) to (2.11) is based on a finite volume discretization along 1D axial
meshes z;, as depicted in Fig. 2. The main unknowns are the coolant flow rates @);, the clad surface
Tsure,; and coolant Tqyiq,; temperatures at each axial mesh, as a function of time. The spatial and time
discretizations take into account the clad radius variation with axial mesh position z and time ¢. The
cross section A; and height Az; of the channel section are assumed to be constant all over a mesh j.
Equations (2.8) and (2.11) are solved in the upwind direction and Eq. (2.9) is solved in the downwind
direction.
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The integration of Eq. (2.8) over a mesh j delimited by z; and z;+1 leads to

1 /Zj+1 Zj+1
— dzp| — / dz p
Aty |/, . 2

J n J
The integration of Eq. (2.9) over a mesh j delimited by z; and z;41 leads to

+[Qj — Q1] =0. (2.12)

tn—1

1 /Zj+1 Zj+1 Q? ? 1 [ |
— dzQ —/ dzQ + | = - ——| +[Pj+1—p;
Atn 25 tn Zj tn—1 p] p-]_l a ’
o fQ?
d =0. 2.13
- /zj Z{QPDH—Fpg} (2.13)

The integration of Eq. (2.11) over a mesh j delimited by z; and z;+1 leads to

1 Zjt1 Zjt+1
s | [ deme| = [ ashe | )@ - Qs
n Zj tn Zj th—1
1 A "
- dzgll =0 (2.14)

where the terms h(z;) are expressed as

h(zj) = MThuid,j—1,Pj—1) (2.15)

and the integrals in dz are expressed as

/,Zjﬂdz hp = [MTauid,j—1,Pi—1) P(Thuid,j—1, Pj—1) + P(Tauid,j» 25) P(Tuid,j» P5)] % (2.16)
Equation (2.14) can be rewritten as
"M Thauia,j,p5) = [% " + Qj] B
x [ (— p(Tﬁ“id’gi’tpjfl)Azj Tt Qj—l) h(Thuid,j-1,Pj-1)
" (Tﬂuld,JQtig 1)Az; h(Thuid j—1, P 1)‘
% h(Tquia, g,pa /ZJ+1 dz QHuid:| (2.17)

where gf ;4 is itself a function of Thuia,j. Equation (2.17) is therefore an implicit relation in Thyiq,; that
can be solved by inverting the water function h(Thuid, j, p;)-

In steady-state conditions, the mass flow rate Q(z) is constant along the channel and Eq. (2.17)
simplifies to an expression giving the increase in enthalpy over each axial mesh:

qﬁuld Ph(P
h; = h; Azj=hj1+ = Az 2.18
J j—1 + QA_] j—1 Q 4 ( )

where

P, = heated perimeter (m)

¢ = heat flux delivered to fluid (W/m?)
Q = mass flow rate (kg/m?/s)

A; = coolant cross section area (m?)

Az; = axial mesh width (m).
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3 The flow regime model

The flow regime model of module THM: is based on legacy correlations function of flow characteristics
such as the heat flux delivered to fluid, the fluid enthalpy, the clad surface temperature, and other
thermodynamic properties of the fluid. Different flow regimes are identified along the coolant channel, as
depicted in Fig. 3.

VYV VYV VYV Y VYV VY VYV VYV VYV Y

N N KN

(x>0 X >0
—_— —

Surface temperature 7,
P P

surf

Saturation temperature T, |---— 4

)\
AT,

sub

/ N Buk liquid temperature T

Onephaseflow  Subcooled boiling = Saturated boiling
¢ D E

Figure 3: Surface and fluid bulk temperature distributions in subcooled and saturated boil-
ing.

When a heated surface exceeds the saturation temperature of the surrounding fluid, boiling can occur.
If the bulk fluid temperature is below the saturation temperature, boiling is referred to as subcooled
boiling (K = 1). If the bulk fluid temperature is equal to the saturation temperature, this is referred to
as saturated boiling (K = 2). Thermodynamic equilibrium between the liquid and the vapor phases can
only exists in saturated boiling regime where both phases are at saturation temperature. If bulk fluid
temperature is above the saturation temperature, the fluid is in superheated steam state (K = 3).

The axial point C' in the channel is the onset of nuclear boiling (ONB) where the wall temperature
rises sufficiently above the local saturation temperature so that bubbles start to form at the heated wall.
Point D is the onset of fully developed boiling (OFDB) where bubble detachment first occurs before the
bulk liquid is saturated. It is assumed that contributions to steam voidage start at OFDB so that a
single-phase free convection regime (I = 0) can be set before this point.

The thermodynamic quality ), is a characteristics of the boiling regime. It is obtained from the
overall energy balance

h(P, Tcool) - hsat,f(P)
hsat,V(P) - hsatvé(P)

(3.1)

Tgh =
where

Teool = bulk fluid temperature (K)

P = bulk fluid pressure (Pa)

h = bulk fluid enthalpy (J/kg) as obtained from the solution of the Navier-Stokes equations
hsat,e = enthalpy of the saturated liquid at pressure P (J/kg)

hsat,v = enthalpy of the saturated vapor at pressure P (J/kg).

Since the thermodynamic quality is defined in terms of the fluid enthalpy, it can have values greater than
one and less than zero. The thermodynamic quality is negative for subcooled boiling.
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The water boiling model is based on the calculation of three non-dimensional flow quantities: the flow
quality x, the slip ratio S and the void fraction « of the vapor. The flow quality x is the true flow fraction
of the vapor phase and is always between zero and one, regardless of the fluid state. The thermodynamic
quality corresponds to the flow quality only if thermodynamic equilibrium exists between the phases. We
define the flow quality as .

My + My
where
e = mass flow rate of the liquid phase (kg/s)

., = mass flow rate of the vapor phase (kg/s).

If the two phases are moving at the same speed, the corresponding void fraction is written

Z
— Pv
a=— 1o (3.3)
Pv Pe

where
pe = density of the saturated liquid at pressure P (kg/m?)

py = density of the saturated vapor at pressure P (kg/m?).

In order to characterize a two-phase flow, a slip ratio different than one is frequently introduced in
addition of void fraction. The slip ratio is defined as the ratio of the average velocity of vapor phase flow
uy to the average velocity of liquid phase flow uy. The void fraction « can be related to the slip ratio S
as follows: )

g W _ maz/Aapy _pex(l—a)

ue  ml—z)/AL—-a)pe pv(l —2)

where A is the fluid cross-section area and 1 = i, + 1, is the total mass flow rate (kg/s), so that the
void fraction is now written

(3.4)

T

_ Py
a_i—ksl_x' (3.5)
Pv Pe

Knowledge of the void fraction is required to compute the averaged density p of the saturated bulk
fluid as
p=apy+(1—a)p (3.6)
which is next substituted in Eqgs. (2.8) to (2.11).
The calculation of the flow quality in module THM: is based on a choice between two different models:

e The first model is an implementation of the Bowring model, as described in Sect. 4.1 of Mayinger

text.[ ] According to this model, heat is removed from clad by two main mechanisms. The agitation
heat flux @, is the convection mechanism on the boundary layer due to the temperature difference
between clad surface and bulk fluid. The evaporation heat flux . is related to bubble grows and is
function of the latent heat of vaporization. The increase of flow quality is only due to the evaporation
heat flux. Here, we are neglecting the heat flux due to single phase heat transfer between patches
of bubbles.

The flow quatity z; in axial mesh j is approached using a relation similar to Eq. (2.18):

0 if j is at OFDB; 37)
Tj = ) P, Ve ) . 3.7
Tj—1+ QA (oars — Trouet) Az; otherwise
with
o = —2 (3.8)

1+
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and
T = ﬁ _ Pe CZ (Tsurf - Tcool)

B Pe B Pv (hsat,v - hsat,f)

where

P, = heated perimeter (m)

¢ = heat flux delivered to fluid (W/m?)

Cy = specific heat capacity of the liquid (J/K/kg)
Q = mass flow rate (kg/m?/s)

A, = coolant cross section area (m?)

Az; = axial mesh width (m).

e The second option for computing the flow quality is a profile-fit model, as proposed in Sect. 5.2.2.2
of Ref. I’ and generally used with the Saha-Zuber correlation. The profile-fit model is based in
the assumption that the main liquid enthalpy hy along the channel is a function of the bulk fluid

enthalpy h. The proposed approximation has the form[ ]

hsat,e — he ( h —hep )
— e —eX _ 3.10
hsat,e — he,p P hsat,e — he,p (810)

where hy p is the main liquid enthalpy on the OFDB point D.
The flow quality can be approximated by the following relation

h — hy
r=-— 3.11
hsat,v - hé ( )

and is equal to the thermodynamic quality in the saturated region where hy = hgat,¢. Equation (3.10)
gives h = hy = hy,p on point D, corresponding to a flow quality equal to zero. The liquid enthalpy
he < hgat ¢ is given from Eq. (3.11) as

h—x hsat,v

he = (3.12)

1—x

and can be used to obtain the liquid temperature in the subcooled region by inverting the water
function h¢(Tauid, p)-

Evaluation of Eq. (3.10) is based on the knowledge of the thermodynamic thermodynamic quality
at OFDB, written as

hsat,e —hep — CoAlsup,p (3.13)

Tth,D = — =
hsat,v - hsat,f hsat,v - hsat,f

where
Cy = specific heat capacity of the liquid (J/K/kg)
ATy, p = degree of subcooling (Tiat — Tp) of bulk fluid at OFDB (K).

We note that both zy, and zy,, p values are negative in the subcooled region. We combine Egs. (3.10)
and (3.11) to obtain

- h—h
h — hsate + (hsat,e — he,D) €Xp <—ﬁ)

Tr =

(3.14)

h—nh '
hsat,v - hsat,f + (hsat,é - hf,D) e€xp (_ﬁ)
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Substituting Egs. (3.1) and (3.12) in Eq. (3.14), we obtain

T
Tth — Tth,D €XP (wt}th — 1)

(3.15)

xr =

T
1 — xtn,pexp (xtkﬁhD — 1)

sothat:sziflezhg,Dandleifxthzl.

Accurate calculation of the slip ratio is important to obtain correct thermo-hydraulics quantities such
as the coolant density. Assuming S = 1 leads to overprediction of the void fraction and to inexact value
of the coolant density. The drift flux model is recommended for flow regimes typical to those found in

pressurized or boiling water reactors.”| The velocity Ugy (m/s) of the vapor relative to a reference frame
moving with the coolant is given by a correlation of the form

. 009 (pe— p) "
Ucu = 1.18 {fv] (3.16)
Pe
where
o¢ = surface tension of the liquid (N/m)
g = acceleration due to gravity (9.81 m/s?)
pe = mass density of the liquid (kg/m?)
py = mass density of the vapor (kg/m?).
The drift flux model replaces Eq. (3.3) for the void fraction with the following expression:
@
o 1Pv = (3.17)
L 4 1= YGuU

where

Cy = concentration parameter that corrects for the fact that the void concentration and velocity profiles
across the channel can vary independently of one another. This parameter is taken as Cy = 1.13.

Q = mass flow rate (kg/m?/s).

As depicted in Fig. 3, OFDB occurs at an axial location where bubble detachment first occurs before
the bulk liquid is saturated. OFDB occurs if the bulk fluid enthalpy satisfies h > hgat ¢ — C¢ ATy, -
Different correlations are available to compute the degree of subcooling of bulk fluid at OFDB:

e Bowring correlates the temperature at which the bubbles detach by the simple equation[ ]

AT’sub,D = % (318)

where

n = subcooled void parameter (K m3/J)
¢ = heat flux delivered to fluid (W/m?)
v = liquid velocity (m/s)

and where the subcooled void parameter is a function of the fluid pressure P (Pa) written as

14+0.1P

=—. 3.19
1.01325 x 10° ( )

n
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e The Saha-Zuber correlation is used to calculate the temperature subcooling at OFDB in the sub-

cooled region.[ ] At low flow rates, the bubble detachment occurs at constant Nusselt number and
is thermally controlled, while at high flow rate, the bubble departure is hydrodynamically induced
at a fixed Stanton number. The Peclet number P, is defined as

_ QDnG
ke

P, (3.20)

where

Q = mass flow rate (kg/m?/s)

Dy, = hydraulic diameter (m)

Cy = specific heat capacity of the liquid (W/kg/K)
k¢ = thermal conductivity of the liquid (W/m/K).

The value P, = 70000 is the limit between thermally and hydrodynamically controlled bubble
departure. The Saha-Zuber correlation for the temperature subcooling at OFDB is written

Y .
ey i Pe > T0000;
ATy = (3.21)
© Dy .
155 &y if P, < 70000

where ¢ is the heat flux delivered to fluid (W/m?).

Knowledge of the flow regime and flow quality is required to obtain the value of the heat transfer
coefficients used in the Newton’s law of cooling (2.1). These coefficients are function of the following
non-dimensional numbers:

Nusselt number:

D
Nu = 2D (3.22)
ke
where
H = heat transfer coefficient (W/m?/K)
D;, = hydraulic diameter (m)
k¢ = thermal conductivity of the liquid (W/m/K).
liquid Reynolds number:
D
Rep = (1 —x) @ Dn (3.23)
e
where
Q = mass flow rate (kg/m?/s)
e = dynamic viscosity of the liquid (kg/m/s).
liquid Prandlt number:
C
pr =t (3.24)

ke

where

Cy = specific heat capacity of the liquid (J/K/kg).

x 0.9 e 0.5 M 0.1
—1 _ re _V
Koo = (1—33) (m) (ue) (3.25)

inverse Martinelli number:

where
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pe = mass density of the liquid (kg/m?)
py = mass density of the vapor (kg/m?)
iy = dynamic viscosity of the vapor (kg/m/s).

For fully developed (hydrodynamically and thermally) turbulent flow in a smooth circular tube, the
local Nusselt number may be obtained from the Dittus-Boelter correlation:

Nu = 0.023 Re®8pr0-4 (3.26)

so that the Dittus-Boelter expression of the heat transfer coefficient is

k
Hyp = 0.023 D—i Re%8 P (3.27)

The nucleate pool boiling correlation of Forster and Zuber is used to calculate the nucleate boiling
heat transfer coefficient H¢, and the turbulent flow correlation of Dittus-Boelter is used to calculate the
liquid-phase convective heat transfer coefficient H.. The Forster and Zuber expression of the heat transfer
coefficient is

0.790.45 ,0.49
kg Cy ™ py

2'29035(hsat,v - hsat,l)0'24p\0/24 (

He, = 0.00122 - Tt — Toat) " [Poat (Tours) — P)*7° (3.28)

where
o¢ = surface tension of the liquid (N/m)
P = bulk fluid pressure (Pa)

Piat (Tsurt) = saturation pressure as a function of temperature Ty, ¢ (Pa).

The Chen expression of the heat transfer coefficients are taking into account both the heat transfer

coefficients due to nucleate boiling as well as forced convective regimes.[ ] They are written
He = FHgp and Hup = St His (3.29)

where the two-phase multiplier F is a function of the inverse Martinelli number X;! written as

2.35 (0213 + X;1)*™° if X! > 0.100207;

F= (3.30)

0 else.

The nucleate boiling suppression factor S, is the ratio of the effective superheat to wall superheat.
It accounts for decreased boiling heat transfer because the effective superheat across the boundary layer
is less than the superheat based on wall temperature. The suppression factor is written
B 1

14253 % 10-6 (Re, F125)117

Sk, (3.31)
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