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1. INTRODUCTION

CORECOOL, Convection and Radiation Emergency Cooling, is a model
for evaluation of core heat-up transients for a fuel element and for
evaluation of the performance of the spray system. CORECOOL applies
1o the phase of a loss of coolant accident, LOCA, after the termin-
ation of the blow-down, i.e. the core is uncovered and there is press-
ure equilibrium between the vessel and the containment. The model
applies as well to nuclear reactor fuel element as to electrical
heated test elements used for simulation of a LOCA.

CORECOOL consists of two basic models, a fuel rod model and a
model for the two-phase flow in the system. The fuel rod model is a
heat conduction model, which is also applied to the channel. The
two-phase flow model is based on solution of the conservatio-
equations for mass, momentum and energy, hnd the equation of «tate.
The two phases are treated separately, and physical models and corre-
lations are developed for the interchange of mass, momentum and energy.
Thermodynamic equilibrium is not assumed, and the steam is allowed to
be superheated and the water subcooled. The coupling between the fuel
rod model and the two-phase flow model is taken into account through
a number of physical models and correlations for the heat transfer,
which includes conduction, convection and thermal radiation.

The approach of CORECOOL is to develop a model which is more based
on a sophisticated analysis of the different physical and chemical
phenomena, and not on gross system dependent empirical correlations.
This approach, besides giving a better understanding makes the model
system independent.

The independence of the system makes parametic studies and sensi-
tivity analysis possible and reduces the need for expensive exper-
iments.

CORECOOL is a further development of the model REMI/HEATCOOLI).



2. BASIT MODELS

CORECOOL models a fuel element and a corresponding part of
the primary system, which is scaled down to one fuel elexent,
cf. fig. 2.1. The model for the fusl element include the fusl
rods and the channel whereas the rest of the piimary system is
represented as a set of connected flowpaths and volumss.

The physical model contains an energy equation for the fuel
rods and the channel, and the conservation equations for the two-phase
flow in the system. The conservation equations for the two-phase
flow are written as separate equations for the two phases and
allows thermodynamic non equilibrium and consideration of counter
current flow. A number of constitutive equations such as heat trans-
fer correlations including conduction, comvection and radiation
heat transfer accounts for the ¢oupling between the energy equa-
tion for the fuel rods and the conservation equations for the two-
phase flow, cf. fig. 2.2.

2.1. The Geometrical Model

The model in CORECOOL contains a representation of the lower
plenum, one fuel element, the upper plenum, risers and separators,
the steamdome and the downcomer including the pumps. The break
may be anywhere in the downcomer region from the lower plenum to .
the steam dome. The different regions are subdivided into an ar-
bitrary number of nodec, and the regions are connected in form of
a loop, cf. fig. 2.3.

Each rod represented individually in the fuel element and the
channel is represented as a square box, cf. fig. 2.4. The fuel
rods may, however, due to symmetry be combined to a number of rod
groups for which identical behaviour are assumed. The upper and
lower tie plate and the spacers in the fuel element are only re-
presented through their loss coefficients.

The spray nozzel is placed in the top of the upper plenum,
just below the risers.

2.2, Two-Phase Flow Model, the Conservation Equations

The treatment of the two-phase flow in CORECOOL is based on
the solution of the one~dimensional equations for conservation of
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mass, momentux and energy, and the equation of state. The steam
and water phases are treated separately in order to allow counter
current flow, and the interactions beatueen the phases are con-
sidered through constitutive equations for the interfacial sass,
moRentun and energy trensfer.

Thermodynamic equilibrium is not assumed, i.e. the steam is
allowed to be superheated and the water to be subcooled.

However, dus to a priory knowledge about the flowregime some
simplificating assumptions can be made. The characteristics of
the two-phase flow during the core heat-up transient with spray
cooling are

1. The flow regimes are drop-flow and film-flow, and the void
fraction is close to unity.

2. The flow-rates are small and the Reynolds numbers are in the
order of 1000 - 3000.

3. The transient is slow and fast variations in pressure and
velocities, i.e. effects related to the velocity of sourd,
are negligible.

Based on these characteristicsg of the two-phase flow the
following assumptions can be made.

a. In the momentum equation for the steam the time derivative
is negligible.

%; (og ug) X 0.0

b. In the energy equations the time derivative of the pressure,
and the kinetic and potential energy are negligible.

£

2

} ou’ + pgz % 0.0

2.2.1. The Continuity Equations

The one-dimensional conservation equations for mass for the
stean and water’ 22:3) ore given ty

?
(o M‘) 2 - ’ M.lt + &) (2.1)

ﬂv ”10

]
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where ¢ is evaporation/condensation, and ﬁ% and ﬁﬁ. are source

terms, e.g. the spray system. Integration of equations 2.1 and
2.2 over a control volume yields, cf. fig. 2.5.

2z
Ll . (o} .
3T (@ Vol = (wﬁ)z. + Vo ) (2.3)
i
9 ( )zo )
((l=a)Vpy) = - (W + V(-¢ + m (2.%)
ot 1 1 25 1lg 1
where
V = AAz (2.5)

For the droplets, besides the mass, also the number density has
to ve conserved. The conservation of droplets, neglecting combination

and br~ak up of the droplets, is given by

) i ]

Note that evaporation/condensation does not change the con-
centration of droplets, only the mass and diameter, but a source
term is still needed. Integration of equation 2.6 over a control
volume gives

z

= wnyp = - (a, nd]z° + VR (2.7

3
b
e

The diameter of the droplets is given by

3

(1-a) = g a3 ny (2.8)

2,2.2, The Momentu: Eguations

The one-dimensional conservation equations for momentuml’z’s)

for the steam and water are given by

Feap u) = op

9
37 (c‘ Ws ug) o A Y T4 A f8

Aapgg cosd + A 018 u'+ A b18 + A Bg (2.9

- A f1

g 1

9
- 37(c1 Wl ul)-(l-a)A

e
ot

((l-a)Apl ul)

-A(1-0)p g cos® = Ag) _u'- Aby + Aél(z.lo)

1g
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u; for evaporation,#lg > Q

where u’ = i (2.11)

ug for condensation, ‘18 £0

blg is the interfacial shear, and BS and B, are source terms. The
first term on the right hand side of cquation 2.9 can be written
as

l , a2 2 2 oA da
= (cg hg ug) = GA w- (cg ps us) + cg pg us { a =t A 35}

(2.12)

Using 1 and 3 in section 2.2. we can make the approximation

321 0.0 and 32 4 0.0 in equation 2.9. (2.13)

As the model in CORECOOL consists of constant area ducts %% = 0,
and irreversible pressure drops due to area changes can be included
in f_ through a loss coefficient, (2.9) can be rewritten to

£
2 o e- e poud)-® I8 o o coss
L3R 7 g gle TR T gk
6. u+ b, +B
+ _1_5_0_1.&___8 (2.1u)
Defining
I‘ = f p8 ug dz (2.15)
we get
' -f_ + ¢ _u+b, +B
[+] 1 1l
I g§{-p cos & + —B R A i}dz (2.16)
It ‘g g & . 1

Integrating equation 2.10 over a control volume yields

? 20 P
. 3 ((l-)V e ul) z -[ ¢y LAY ullz +»v i-(l-ao %? - fl (
2.17)

=(l=qa) P, 8 cosh - 01; u'- blg + Bl§

In CORECOOL ¢y and c_ are set equal to 1, -
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2.2.3. The Energy Equations

. . . . 1,2,3
The one-dimensional conservation equations for energy *"° )

for the steam and the water are given by

) 2 '
- = - n A "y
F(GA(DS }'1g P)) E-(Wg hg) + S8 q8 qsl
30
+ A ¢lg th + A Q;'° AP Y T3 (2.18)

”ne
gl
Ja

-Ab  ho +AQI'+APSE (2.19)

- %;(Wl hi) + 8, q] +Aq

e((1-0)A(p, hy-P))

qgl is interfacial heat transfer from the  steam to the steam-water
interface, and Q: and QT are sources. Defining qgg as the inter-
facial heat transfer from the steam-water interface to the water,
the conservation of mass and energy gives, cf. fig. 2.6

[ ]
. T Qg

lg

b1

Using b in section 2.2, 2 0, and integrating over a control

volume gives

] ( ]zo
=- |W_h +S_Azq" -V Q" +

oV pg ) ghgl, *Sgf%9g 7V a1tV 4 g

1
3 %

- s - ” " -
5?((1 a)V Py hl) {wl hl]z. + s, bz q] + V qsl v ¢1g hsg
1

sV oQy (2.22)

2.2.4, Integration of the Conservation Equations

Except for the integration of I8 (cf. eq. 2.15 and 2.16), where
the explicit Euler method is used, the integration technique is the
modified Euler method with linearization of the non-linear terms.
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2.2.4.1. Integration of the Conservation Equations for the
Steam. Multiplying equation 2.3 with hg and subtracting it from

equation 2.21 we get
ah z_
= -|W ] + " -V gl +V h__ + VvV QY
oV Pg X ( e, TSt VRl Vgt Vg
1

(

z
o
+h L} -V + )h (2.23)
g\ z]z. (g * "%
1
Equation (2.23) is integrated using the modified Euler method

with liniarization. Using 3 in section 2.2, %% % 0. we get

=p (h_, P) (2.24%)
Pg pg(g. ) .
T =T P) (2.25)

g - Tg'hg
p 3p. 3h
—£ - —£
P 352 5% (2.26)
Equation 2.16 is integrated directly using the Euler method.
Let Wg ci be the steam flow at the core inlet, then combining
?
equations 2.1 and 2.15 we get
z .
W =W + ACp, +m_ ) -aA s - A 28 {4s (2.27)
8 @i 1g""g S i T .
Zei
z 3p
iy D )= -0 A 38
I, }aAif (ACg) g+ )-aA 5Th pgh at)da}dz
z . S
ci
.= 2.
WS-Cl Ep (2.28)
fax
W‘ ci is found from equation 2,28 and the steam flow rates from
4

equation 2.27. The pressure distribution is then found from (2.9)
neglecting the time derivatives.
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2.2.4.2. Integration of the Conservation Equations for the

Water. The conservation equations for the drop flow are integrated
dir2ctly using the modified Euler method with linearizations for
Pgr Ngr Yy and hd' The temperature of the droplets is given by

Tq = Td(hd) (2.29)

neglecting the dependence of pressure in the equation of state.
For the film flow the quasi steady state solution to the momen-
tum equation

Pelps - Pl 3

Wy =S & 53 (2.30)

is used, and the continuity and energy equations are integrated
using the modified Euler method with linearization.

2.3. Fuel Rod Model, the Fourier Equation

In the fuel rods axial conduction is neglected, and the one-

dimensional heat conduction equation becomesl)

2
pedm=Liizckip +qm (2.31)

Here p and c are functions of the temperature.

Making an energy balance for a control volume as shown in fig.
2.7 gives
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oT. b k. k. #" r. Az
;2 2 i i-1 i i=1
m(r.-r. _)Az p.cC. = (T, _,-T.)
i -1 ivi ot Ar, k;_,*8r; k; "i-1 2
_ y ki ki+l L 4 r. Az (T.-T. )
Briyy ky*hrg kyyy 1 74l
2 _ 2 "

+ n(ri ri_l)Az q (2.32)

If a node is next to the gas gap the gas gap heat transfer
coefficient has to be considered in the conduction heat transfer,
and similary for the cladding the surface heat flux has to be con-
sidered. For the outer fuel node, node n-1, we get

aT

: bk k L S Az
w(pl _-p? Az p c n-1 . n-2 n-l n-2 (T, _,-T__)
n-1l "n=-2 n=-1 "n-1 ot Ar - k +Ap K n-2 "n-1
» n=1 "n=2 n=2 ne-l
2n(r, _,4r )Az
~ ar I (Th-17Ty)
n=1 2 n
X *n *x
n-1 gab n

2
+ w(ri_l-rn_z)Az q" (2.33)

and for the cladding node, node n, -

oT 2n(r +r _)Az
2 2 n_ n=-1 "n -
mrp,17Tp)82 Py S =3F C ET 2 5 (The1"Tn)
n= + + n
k

n-1  Ngab Kn

2

~ 27D nel

ne1 829" + m(r -rﬁ)Az q™ (2.34)
The equations 2.32 - 2,34 are integrated using the implicit

Cranck-Nicholson scheme.

For the channel only one node is used and the analysis is a
lumped analysis. A direct explicit integration technique is used.
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3. CORRELATIONS AND PHYSICAL MODELS

A variety of correlations and physical models are used in
CORECOOL, not only in the coupling between the heat conduction
model and the two-phase flow model, but also in the models them-
selves. In the fuel-rod model, correlations and physical models
exist e.g. for the energy generation due to decay heat and the
metal-water reaction, and for the heat transfer across the gas
gap. For the two-phase flow a number of correlations exist for

the interfacial mass, momentum and energy transfer.

The correlatiohs and physical models can be arranged in two
main groups, models related to the momentum transfer and models
related to the energy generation and transfer. The momentum
transfer includes such models as interfacial shear and wall shear,
models for the formation of droplets from the spray nozzel, and
counter current flow limitation. The heat transfer consists of

conduction, convection and radiation heat transfer.

3.1. Momentum Transfer

Momentum transfer exists in a number of different ways in
CORECOOL. It exsists as shear between the wall and the two-phase-
flow, and as interfacial shear between the steam and water. Ir-
reversible pressure losses from area changes or flow restrictions
are also treated as shear, and are represented through a loss
coefficient.

The shear is important not only in the determination of the
pressure drops and the velocity distribution of the two phases,
but also for the dropletsize. It is a balance between the shear
forces and the surface tension which determines the break up of
the water from the nozzels into droplets and the size of these
droplets. The shear is also an important parameter for the counter
current flow limitation.

3,1.1, Wall Shear

The flow regimes under consideration in CORECOOL are drop
flow and filmflow. The shear betwzen a film and the wall is
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mainly viscous shear and will be treated in section 3.1.2.

For the dropflow the void fraction will generally be very
high, typically between 0.95 and 1.0, and as the interfacial shear
between the droplets and the steam is calculated separately, cf.
section 3.1.4, the wall shear is calculated as single phase fric-
tion for the steam.

The friction is calculated as, <f. equation 2.9,

c
F
£ = 4 (3.1)
g = ¥ Py uglugl 5,
where the friction factor is given by 2)
%ﬁ- for laminar flow \ (3.2)
I'4 e
Cp = g
F Y -0.25
0.0792°Reg ' for turbulent flow (3.3)
e_D Ju l
Reg: _5_1":_'8_ (3.4)

The transition between the two correlations is for numerical reasons
made at the inter section, Re_ = 1185.4, and not at the true tran-
sition which takes place at a Reynolds number just above 2000

(cf. fig. 3.1).

3.1.2. The Falling Film

The other important flow regime in CORECOOL is the film flow
regime. In this case the rods or the channel are covered with a
falling film, and the core of the flow is either dropflow or single
phase steam flow.

The film flow is mainly determined as a balance between the
gravity and the viscous shear at the wall. Shear does exist
between the film and the core of the flow, but is negligible for
the film flow. A quasi steady state approach is used in CORECOOL
given by 2)
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of(pf-o )g

o 3
Gy = - —g—k— g (3.5)

Ve

The flow rates existing during ECCS transients are such that
the Reynolds number

f T (3-‘,

is generally less than 500, where the flow is laminar and (3.5) is
valid.

3.1.3. Loss Coefficients

Irreversible pressure losses arises from area changes or flow
restrictions such as spacers, the upper tie plate etc. These press-
ure losses are calculated as a product between the dynamic head of

the steam, as the steam is the continuous phase, and a loss coef-
ficient

- 2
AP = } pg u8 CL (3.7)

Besides simple flow restrictions also the pressure drops through
the risers, steam separators, and the pump are calculated through a
loss coefficient.

3.1.4. Interfacial Shear

Interfacial shear exists between the steam flow and the film
flow, and between the droplets and the stean.

For the falling film the interfacial shear, as stated in sec-
tion 3.1.2, is negligible, and as the film velocity generally is much
smaller than the steam velocity, the film velocity may be neglected
in the calculation of the shear on the gteam. The shear on the steam
is thus calculated in the same way as the wall shear, cf. section
3.1.1,

The interfacial shear between the steam and the droplets may
be calculated through the use of a drag-coefficient



LAY
bll = -n, } p‘(u'-ud)lu.-udl % % Sp (3.0)

For a single spherical droplet in an infinite medium the drag

coefficient is given byl‘”
rq )
ird for .‘d < 0.71
C s
D, -0.25
0.8 ¢ 25.% !‘d * for hd >0.71 (3.9)
wvhere
o, d,lu_-u,l
| 4

Two phenomsna will affect this result. For large droplets, the
droplets will be distorted from the spherical shape, and the equi-
librium velocity of the droplet tend to be independent of the size?).
A typical droplet size in a fuel bundle is about 2 mm, as most of
the droplets originates from a sputtering front, and the Weber num-
ber will be around 2, which is much smaller than the critical Weber
number of 13. Accordingly the droplets will be nearly spherical, and
equation 3.9 is a good correlation for the drag. The other phenomenon
which affects the drag is the presence of other droplets. The larger
the droplet concentration is, the larger the drag will be. Wallis?’
gives the following relation for the influence of neighbour droplets

)

3.1.5. The Spray Nozzel .

A general model for the spray nozzel is difficult to make. The
way the liquid leaves the nozzel, how it breaks up into droplets
and how these droplets may break up into smaller droplets, will
depend very much on the construction of the nozzel. However, a
simple semiempirical model is made. The model contains two charac-
teristic parameters, which properly chosen describes the nozzel
very well over wide range of flow rates.

For most of the nozzels used for ECC purposes the water will
leave the nozzel either in form of a single jet or in form of a
cone. This cone is modelled as a set, Nj. of liquid jets leaving
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in all directions inside the cone, ¢f. fig. 3.7. Each of these jets
will then due to the Helmholz instabilityu)
and if the Weber number of these droplets is i .ger than 13 they

bi :¢ up into droplets,

will be unstable and break up into smaller droplets as long as the
Weber number is larger than 13. A detailed derivation is given in
appendix A.

A small sinousoudial perturbation on one of the jets leaving the
nozzel will neglecting the viscosity, grow with a growth rate given
by

2 2 We.

2pgr

J
where
2 N
[o] d.(u "\-) .

S - S R S R

Wej 5 (3.13)

Differentiating (3.12) it is easily found that the maximum growth
rate occurs for

N 3 7
Ar; = g Wes + f(ﬁ We)® + 3 (3.14)

which gives the diameter of the produced droplets
W1
a, = dj§ - 31 3 z }3 . (3.15)
gw%-+/<3w%) + 2

From equation 3.12 and 3.14% the length of the jets can be found
to

szrj ln(;gT)//gz /WE;
] g e.
§I3W°*/(§ e. )7+§Eig ITFwe2+EFl / ( 5 )!+2}

where Arj ig the initial perturbation. Comparisons with experiments

giveSS)

r.
ln(l-%) x 15,7 (3.16)
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The droplets, produced from the jets, will be deformed
due to the drag. Let P, be the pressure distribution outside the

droplet and Ps the pressure increment from the surface tension.
For a droplet to be in equilibrium the pressure inside the droplet
must be constant, i.e.

Po + Ps = constant (3.17)
Assuming the deformed droplet has the shape of an ellipsoid with

rotational symmetry, the equilibrium deformation, cf. appendix A,

is given by

5
at + a7 - 207 = minco.s, cp) (3.18)
where
d'
a = 39 (3.20)
a

Cp is given by (3.9) and dé is the thickness of the droplet in

the direction of motion. If the deformed droplet has to break up
without additional work being done, the surface energy must be main-
tained. Assuming the droplet to break up into a set of spherical
daughter-droplet, the number will be given by .

3
ln(a" 7 + /o'!-l) Ea
a

1
n 2 (R b
d iza =T
2/7a" °-1

(3.21)

These droplets may break up again if the Weber number is larger
than 13.

A droplet can at least break up into two daughter droplets, and
using a drag coefficient of 0.5 the critical Weber number can be
determined from (3.18) and (3.21) to

We_ = 13.1 | (3.22)

This is in excellent agreement with experimantlz).
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3.1.6. Counter Current Flow Limitation

Upward steam-flow will reduce the amount of spray water able to
penetrate into the fuel element. In case of very large steam flow
no liquid at all gets into the bundle. This phenomenonZ) is called
Counter Current Flow Limitation, CCFL.

CCFL will occur either at the upper tie-plate or at one of the
spacers where the cross section is smallest. However, as the steam
flow will increase up through the bundle due to the evaporation,

CCFL is most likely to occur at the upper tie plate.

A CCFL correlation for the upper tie-plate and the entrance to
the by-pass channel is incorporated in CORECOOL. CCFL is mainly given
as a balance between kinematic forces and gravity. A good correlation

is given by Wallis?’

/gz +m /gf = C (3.23)

where

i% =3 5——5-Tgﬁ--y§ : (3.24)
Jg T lg lE D, Py Pg :

. . Py 3
Iy 1 z31$33;:3;y§ (3.25)

However, for large diameters the CCFLB)

tend to be independent
of the diameter, and a better correlation is given by the Kutateladze

number.

/Rg +m /Kl =C (3.26)
where
iz \fe
NN
. - )
(o-glpg pg)
K, = s Vo4 (3.28)
L - 1/5% .
(0'3(91'93))

In fig. 3.3 is given a plot of a set of runs with CORECOOL,

3.2, Energy Generation

Energy is generated due to the decay of fission products, and the
metal-water reaction. Energy generation due to decay of fission prod-
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ucts is included ir the fuel, and n~ decay heat or gammaheating is

assumed to exist anywhere else. CORECOOL does not contain a fuel rod

failure model and thus metal-water reactions is only included at the

outside of the fuel rods. For water-rods and channel metal-water re-

actions are assumed to take place on either side.

3.2.1. Decay Heat

Energy generation from decay of fission products is calculated

as a fraction of the power of the bundle just before the accident.

The

fraction is a function cf the time.

QT = Q£ (3.29)

£(t) is based on the history of the fuel element prior to the acci-

dent. In manv cases the ANs-standard7) is used,

and

the

3.2.2. Metal-Water Reaction

At high temperatures zirconium and steam will react chemically

energy will be produceda).

Zr + 2 H 0+ Zr O

2 2 + 2 H, +

2 ¥ Qu (3.30)

6 3

Qq = 6.669°10° - 0.257°10° T . (3.31)

The reaction rate is determined by the diffusion of steam through
Zr 02 layer at the surface, and a parabolic law exists

ds _ K -AE
T * 5 PRIy (3-32)

For zirconium

3.937-107° n/s

K =z
AE = 1.905°10° J/mole
R = 8.318 J/mole °C

9)

In accordance with appendix K°° the metal-water reaction is not

assumed to be steam-limited, which is only the case for very high
temperatures, and when very small amounts of spray water is available.
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j.3. Conduction and Convection Heat Transfer

Heat transfer due to conduction or convection are important
mechanisms in the heat transfer from the fuel rods and the channel
to the two-phase flow and in the interfacial heat and mass transfer.

Conduction heat transfer is important for the heat transfer in
the droplets and the films. The steam-water interface will be at
saturation temperature, and if the liquid in the droplets or the
films is subcooled or superheated conduction heat transfer will
exist.

Convection heat transfer will be iamportant for the steam. It
will exist between the fuel rods or the channel and the steam, and
if the steam is superheated from the steam to steam-water interfaces.
Convection heat transfer will also exist as boiling heat transfer in
sputtering fronts and in the lower plenum owing to the large heat
capacity of the vessel wall and the guide tubes.

' 3.3.1. Conduction Heat Transfer in Droplets and Films

If there is a difference between the bulk temperature and the
surface temperature of a droplet or a film conduction heat transfer
will take place.

For the droplets an asymptotic solution to the heat conduction
equation is used, cf. appendix B, and the surface heat flux becomes

k

no2 2,2 & (p_
Ug =T T (Ty4-T,) (3.33)

In the case of a falling film a linear temperature profile is
assumed and the surface heat flux becomes

2 kl
” 2 o -
qlx = sf (Tf Ts) (3.34)
3.3.2. Convection Heat Transfer between Super-heated

Steam and Droplets
Due to the steam superheat there will be a temperature difference
between the steam and the interface between the steam and the droplets,
and thus also a net heat transfer. The heat transfer will be both con-
vection and radiation, the latter, however, will be considered in sec-
tion 3.4, and only convection will be treated here. Numerous corre-

lations are given in the litteraturelO)

and a good overall correlation
1g10)
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B = Nud kg nd m dd (3.35)
Nuy = 3.20 + 0.75'Reg‘5'Pr0'33 (3.36)
d, p_lu_-u_|
Re, = d g g d (3.37)
d i

The correlation 3.36 does not approach 2.0 Ior Red -+ 0, but
is the best overall fit for typical Re; around 10 .

3.3,3. Convection Heat Transfer from a Surface to Superheated Steam

The presence of droplet in a steam atmosphere has two effects
on the convection wall to steam heat transfer. The bulk steam tem-
perature will be lowered toward the saturation temperature, increas-
ing the heat transfer. And secondly the temperature profile of the
steam will be changed causing a steeper temperature gradient close to
the wall. This effect will also enhance the heat transfer. The single

phase heat transfer coefficient will be given by

1D

,3.316 + 0.895 §~  for laminar flow (3.38)
Nugs=i .
]
0.023 Re8°°8 prg'“ for turbulent flowl?Z’ (3.39)

In reference 13) Sun, Gonzalez and Tien solves the continuity
and energy equation for the temperature profile of the steam, and
if a parabolic velocity profile for the steam is assumed, one obtains

2x I (x)
Nu_ = (3.40)
g 1 (x)- = I,(x)
X
D
x = 3§l / (3.u41)
g %

However, (3.40) is derived due to the assumption that the tem-
perature profile of the steam is determined from a balance between
heat transfer from the wall and heat transfer to the droplets, and
the terms %; are neglected in the continuity and energy equations.
This is valid cnly for large droplet concentrations, for zero
droplet concentration the single phase Nusselts number for a tube
is 4,36, whereas the limiting value of (3.,40) is 6.0,

For large droplet concentration an asymptotic approximation to
(3.40) is
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Nug  2x - 1 for x + = (3.42)

An expression having this behaviour, and fulfilling (3.38) or
(3.39) for x=0 is given by

{Nu + 1)2
Nug = 2x =1+ r—h§T—T- (3.43)

Ucs + 1 + 2x

Here the auxiliary criteria of zero slope for x=0 is used, and
from (3.35), (3.41) and (3.43) it is seen that Nug increases lin-
earity with ng for small Ny

In fig. 3.4 is given a plot of (3.40) and (3.43),.

3.3.4., Convection Heat Transfer from a Surface to Falling Film

In case a surface is covered with a falling film, upstream of
the front, where nucleate boiling may occur, a constant heat transfer
coefficient may be used. The heat transfer coefficient may be set

to a'value(l4'15) of

h. = 3.0°10° - 5.0-10° w/m °C. (3.44)

£

3.3.5. Sputtering Heat Transfer )

The movement of the film front on rods and channel is determined
as a balance between heat conduction and convection. Energy is removed
from the hot unwetted part of the rods or the channel by axial and
radial conduction, and then from the wetted part by nucleate boiling
transferred to the film, cf. fig. 3.5.

Assuming a constant heat transfer coefficient for the wetted
part of the surface, the two-dimensional heat conduction problem
has been solved by many authorsls’l7’18). Andersen obtained the

following asymptotic expressions

fpee‘l‘éi’f z iBiO'ﬁ'}O: {i (3.45)
m

for Bi*8 """ < 2



Fig.3.4. Nusselts Number for a steam ~droplet
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%Pee(l.' ) §= 2 2 .pi-g™" ? (3.46)

A good overall correlation was found to

T A 1
ipee(l- .2_“_)2 = {(Bie'ﬁ)l'5 .2 %ﬁ(aifﬁ)a} 3 (3.47)
where
Pe = ¥ C‘"’kufr S (3.48)
w
. heo d
Bi = —E;—" | - (3.49)
6 = %(TQ-TS)(TQ-TO)i 3 (3.50)

2
(TO-TS)

In fig. 3.6 is shown the result of the solution to the heat con-
duction problem by a finite difference method, and in fig. 3.7 is

shown the result of a correlation of (3.47) against the data of

Bennet et al.lg)

housezo). Using a least square method the best values for hfr and .

and the low spray flow data of Duffey and Port-

To were found to

6 o

h 1.13-10% wm? °c (3.51)

fr

T

o
o Tg + 65°C (3.52)

3.3.6, Gas Gap Heat Transfer

The heat transfer across the gas gap between the fuel and the
cladding is a combination of heat transfer due to physical contact
between the fuel and the cladding, thermal conduction through the
gas, and thermal radiation. The conduction heat transfer in the gas
is a function of the composition of the gas, and the history of the
fuel.

Accordingly a general model is difficult to make, and in CORECOOL,
the heat transfer coefficient is calculated by

o
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= 830 (3.53)

3.3.7. Heat Transfer in the Lower Plenum

In the lower plenum heat is transferred from the vessel and the
guide tubes to the two phase mixture, which is assumed to exist as
a pool of water and a steam-droplet mixture above it.

Heat transfer is only to the liquid and the Rohsenow2
boiling heat transfer correlation is used

L pool

”

¢ (T -T.) (q 0.33
225 - 0.013 e / s } Pry’ (3.54)
e Wy Bgg  BPg-pg

A simple flashing correlation is included in the case the liquid
is superheated. )

cp(Ty-Tglo,

- (3.55)
g "flash

®22,flash

3.4. Radiation Heat Transfer

The model for radiation heat transfer, which is the other import-
ant heat transfer mechanism, include surface to surface radiation
and radiation to the two-phase mixture in the bundle. The surface to
surface radiation is calculated using the transport correctedzz)
radiation model extended to include a participating medium in the
enclosuwre, The model for the two-phase mixture includes emission and
absorption of thermal radiation and is based on the semi grey radi-
ation model,

3,4,1. The Basic Radiation Model

The model for radiation heat transfer is based on the following
assumptions:

1. All surfaces are grey and diffuse.
2, All surfaces emit radiation uniformly.

3. 0f the reflected radiation from a surface a fraction (1l-u)
is reflected isotropically and the rest p is reflected back-
ward toward the origin of the incident radiation.



4. The steam absorbs and emits radiation, but direct radiation

from the steam to the droplets is neglected.

5. The droplets absorb radiation, but neither emit nor reflect

radiation.
6. Uniform temperature distribution of the steam and droplets.
7. Semigrey radiation model.

The assumption of no direct radiation from the steam to the drop-
lets, and that scattering can be neglected for the droplets is con-

sistent with the optical thin limit approximationla)

» and the assump-
tion that the droplets do not emit radiation is justified by their
low temperature.

The optical thickness based on the Planck mean absorption coef-
ficient for steam and the peak value of the principal 2.7 u band for
typical ECCS transients is about 0.2 to 0.3, in which case the optical
thin limit approach gives good results. If however, the droplet con-
centration is large, the medium is not optical thin, but in that case
the steam superheat is low and the assumption of uniform temperatures
of the steam and liquid is good. Owing to the low temperatures of
either phase in this case there will be no radiation heat transfer
direct between the phases, and the model, which is derived from the
two flux model, see Appendix C, is still good. The volume fraction
of droplets for ECCS transients are typically around 0.0l. For
a typical droplet size of 1.9'10'3 m, a steam temperature of 50006,
and a pressure of 1 bar, the optical thickness for an 8X8 bundle is,
in Table 1, given for various values of the droplet concentration.

o ag a, (ag+a1) Op?ical
droplet conc. m L mt| mt Thickness
Planck mean |Peak value Planck mean|Peak value
5.107° 10.3 14.5 2.9 13.2 0.17 0.23
10”° 10.3 14.5 5.8] 16.1 0.21 0.26
2.107¢ 10.3 14.5  [11,7] 22.0 .0.29 0.34
5.10"¢ 10.3 14,5  |29.2] 39.5 0.52 0.57

Table 3.1, Typical values for the optical thickness for a fuel bundle.



The radiosity of a surface is given by, cf. fig. 3.8

Bi =€ Si + (l-ci)Hi (3.56)
where

Si =0 T1 (3.57)

H, = g Hji (3.58)

and Hji is the incident radiation coming from the direction of the
j'th surface. The isotropic part of the radiosity is given by

I = ! -—
and the anisotropic part leaving in the direction of the j'th surface
is given by

Bl.\ = p.(l-e.)H..- (3.60)

ij i 177713
The incident radiation from the direction of the j’'th surface is the
sum of the radiation leaving the j'th surface in the direction of the
i'th surface reduced by the transmissivity of the medium plus what
is emitted by the medium ’

x%(Ajsg F.. + A.B?
1

3i 5851 + € F.. S (3.61)

)Tji ‘ij 1] 8

e>
"

'Rij(al+dg)

Tij s tjl = e (3.62)
K )
= -T , 3.63
cgij a£+a‘ (1 le) (
M
H (3.6“)
S‘ 1] T‘

Rij is the beam length between surface i and surface j.
In agreement with the semigrey radiation model the absorption co-
efficients in the transmissivity, equation 3.62, is a function of

the wall temperature, i.z. the temperature of the absorbed radiation,



Bizg S +(l-€)(l-p)H

Hi= z Hjl
\ j
Bi=(l-eilu;H;;

H;; incident radiation from
surface |

Surface i

Fig. 3.8 Radiosity of a surface
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whereas the emissivity, equation 3.63, is a function of the tempera-
ture of the medium, i.e. the emitted radiation.
Inserting equation 3.61 in 3.60 gives
A

ABY. = u.(1-e){(a.BIF.. + a.B2

. it A:.F..5} (3.65)
171j i b 13131 3 Jl) J1 €

835 1138

By changing the subscripts in equation (3.65) we can eliminate
B.. and obtain

ji
- + - B. A4 E€g. .S +u.(l=-e.lt...
ng i ui(1l-gg ){(B s (1 € ) 11133 13* €83 (1 ul‘ el)tll)}Fij (3.66)
-ui(l—ei)uj(l-cj)rij

Combining equation 3.56, 3.58, 3.60 and 3.66 we obtain

(B +u (l-c )B T..)T. .4 S (1+yu. (l-c )t )
Blze.S.4(1-p,)(1-e,)] —d iij i 8ij g ] F..
i7iv i 1% 1-u (l-c.)u (1-e.)12, i]
i i 1773 j7 i)

(3.87)

This is a system of linear equation and it can be solved for the
isotropical radiosities by standard methods.
The net heat flux at surface i is then, using (3.56) and (3.59),
found to
I
Ale Si(l-ui(l-ei))-ai

Qq=A; (B;-H )= — (3.68) -
1- ei 1 uy

The net energy absorbtion in the droplets is given by

A

_ I

i h|
I 1
A, Bi+ui(l c;){BjTij’clijs ;l+uj(1 §j>Ti')} ey Fir (3.69)
1 - - - 14 1J
i 3 1l ui(l ei)uj(l ej)Tij ij
where
2y
€ 2 — (1 - T..) (3.70)
zij a2 + ag 1]

and as energy must be conserved the net interchange of energy with
the steam is given by

Q. = z Qi - Qﬂ, (3.71)



t
]
w
]

In fig. 3.9 is shown th~ electrical analog corresponding to
equation 3:67, 3.68, 3.69 and 3.71. Note that BIIGrui(l—ei)) is not
the total radiosity of surface i, but a kind of effective total radio-
sity. A rearrangement of equation 3.67 gives

I
0 = gs. _ Bi E Aiei(l ui(l Ci))
i l-ui(l-e£7 (l-ci)(l-uii

+ il‘ﬂ-?i-c.f _ l-u#%l-;-) E Ai(l-ui(l-ti))(l-uj(l-ji))tijrij
j ] ] i 1 l-ui(l—ci)u].(locj)rij
+ isg T:EééifE;TE 1 egij Ai(i::i:i::izi‘::fi(j::j)rii)rij
' i i i’¥%; 527435
R {s, _ rﬁm% L, Aiu-ui-(l-:i))(1.uj(1-:j,,ij,pii
i i 3 1] l-ui(l_ei)uj(l'cj)Tij

(3.72)

and rearrangement of equation 3.69 gives

Ai(l-ui(1-ci))(1+ui(l-c.)ti.)Fi.

B _
Q= Z il-uiul-eis = 0} )- e"i' TJ_J_J'
1

+ is -0§IZ: €

g 215855 1-p.(1- -

ij ij &ij 1 ”i<1 ci)uj(l ej)Tij

The viewfactors and the beam lengths are dependent on the geometry
only and given by the general expression527), cf. fig. 3.10

ccs B, cos B.
i 1
Y dA. dA,
L., IA. R 1

Fo. =2 21 (3.74)
i

cos B, cos B.

f i bl
Jala, T R dh; A
S Sis |
R,. = .
i3 Ai;?zj (3.75)

For elongated surfaces, as radiation in the axial direction is
neglected, (3.74) reduces to the crossed string method.
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Fig. 3.9.Electrical analcg for radiation model.



Fig.3.10. Radiation heat transfer between
two surfaces.
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3.4.2. Radiation Properties of Steam and Droplets

The interaction of thermal radiation with the steam and drplets
is based on the semigrey radiation model, and the assumption that the
medium is optical thin.

13)

For the droplets it can be shown , that,when the medium is optical

thin, scattering can be neglected and the absorption coefficient will

be given by13)
_ . 1=-a
a, = 1l.11 S— (3.76)
L dy

For absorption of thermal radiation between surface i and surface
j the mean void fraction between the void just outside surface i and
j respectively is used.

The absorption coefficient for the steam is a function of the

temperature and the pressure and varies as shown in fig. 3.1123).

A good polynomial fit is given by

4 7 10,,2 13

ag = P{5.2°107"+ -8.0°207 T+s.6-207 0 1% -1. 220" .13 (3.1

3.4,3, Anisotropical Reflection

Use of view factors and standard methods without correctionzs)

for
anisotropical reflection requires that the radiosity is constant over
the surface elements., With constant temperature for each surface el-
ement the emitted radiation from the surface will be uniform, but as
the incident radiation generally is not uniformly distributed over
the surface element neither the reflected radiation nor the radiosity
will be uniform. However, no matter how the distribution of the re-
flected radiation is,we can always split it into an isotropical part
and a non-isotropical part.

Let Ie(¢) be the distribution function of the emitted radiation

from a surface with uniform temperature, cf. fig. 3.12

27
f I,($ad =1 (3.78)
o

and Ir(¢) the distribution function of reflected radiation coming
from the direction ¢ = 0, cf. fig., 3,12
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27

f Ir(¢)d¢ =1 (3.79)
o]

Note that Ie(¢) is necessarily not a constant, e.g. large and
curved surfaces.

If the incident radiation was uniformly distributed over the
surface the reflection in the direction (¢) should be Ie(°)'

The anisotropical part of the reflected radiation is given by

Ia(¢) = 1.(¢) - Ie(¢) (3.80)

From the anisotropical reflected radiation in the direction ¢,
the flux in the direction ¢ = 0 is

Ia(¢) cos(9)

Integrating over all directions we obtain the fraction of the
reflected radiation which is anisotropical reflected backwards in the
direction opposite to the incident radiation

2m
u o= f (I.(¢) - I, (#))cos(¢)de (3.81)
o

As the tendency for diffuse surfaces is to reflect the radiation
backward toward the origin of the incident radiation, u > 0, and
similarily as at most all the radiation can be reflected backwards,
W < 1 and thus

0 cuscl (3.82)

Eks. 1: Cylindrical rod.

Owing to the symmetry it is easily seen that

1
Ie(¢) = =

The intensity of the reflected radiation in the direction of ¢
is given by

Ir 2 (1 + cos(d))k



Using (3.79) we get

1_(p) = 15 {1 + cos(¢)}

From (3.81) we get
2n
u o= %; I cosz(O)dQ = i
o
Eks. 2: Inside of a large rectangular cr cylindrical channel.

Owing to the symmetry we get

Ie(.) o

If the incident radiation is uniformly distributed over the sur-
face, then Ir s Ie and we get p = 0. However, if the source of inci-
dent radiation is close to the channel wall, and of such a nature
that the main part of the radiation hits such a small area that the
channel can be considered plane, then

icos(¢) - ; < ¢ < ;
Ir(o) ]
0 else
and we obtain
2r
TR I }cosz(o)dQ = %
o]

In table 3.2 is given a comparison of the black body radiation
calculated with an "exact” method, the transport corrected method
and the standard method with two surfaces for the outer rods for a 7
rod cluster as shown in fig. 3.13. The power distribution of the rods
was uniform and the channel kept cold. And in order to make the cal-
culation of the view factors easy the ratio of the pitch to the rod
diameter was chosen to ™~ .

As it is seen from the table the transgport corrected method gives
a significant improvement from the standard method.



Fig.3.13. 7-rod cluster
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Transport correction
€ Exact W, = 0.3 By = 3.5 Standard
B = 0 Be * 0.5
0.1 29.1 26.5 28.3 25.6
26 .4 25.2 26.3 24.8
0.3 10.8 9.50 10.6 8.81
5.96 8.33 3.00 8.03
0.5 6.59 5.91 6.57 5.45
5.20 L.,88 5.28 4L.67
0.7 4,58 4,27 4,61 4,02
3.50 3.35 3.56 3.24
0.9 3.38 : 3.30 3.39 3.22
2.51 2.47 2.53 2,44

Table 3.2. Comparison of black body radiation of center

and outer rods for a 7-rod cluster.

3.5. Two Region Steam Temperature Model

Large steam superheat will exist in a fuel bundle during a core
heat-up transient and large variations in the steam temperatures will
exist. In the central region of the bundle a steam superheat of more
than 500°C is very likely. On the other hand at the channel wall, the
steam temperature will drop to the channel temperature. Accordingly
the use of a uniform steam temperaturel) across the bundle will lead
to errors.

A typical temperature distribution is shown in Fig. 3.14. The
heat transfer from the fuel rods to the two-phase flow will be over
predicted in the central region of the bundle leading to too low
fuel temperatures, and the heat transfer will be under predicted in
the peripheral region leading to two high temperatures for the fuel.

3.5.1, The Model

The model for different steam temperatures in the two regions is
based on the following assumptions

A high uniform superheat will exist in the central region and the
temperature will drop linearily to the channel temperature across
the peripheral region,



T
‘ / Fuel temperature

Two region model

Uniform steam
' Temperature

Steam Temprature

I \-Channel Temperature

i X L L

O O OO O O

| -

O E O O O A(?’:L__Q__-—-—Central region

O E O O O OE S)/T/_ Peripheral region
0!0 0 0 010

010 0 0 0!0

O O O O O O

Fig.3.14. Two Region Steam Temperature
Model
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Because of the high steam superheat the temperature distribution

can be. found from the perfect gas law.

From conservation of mass we have

Ac pe * AP pp = At<°> (3.83)

and from conservation of energy we have

by b To + Ay pp T . A <p>T

c (3.84)
For a perfect gas the equation of state is given by
P
- = . 3.85
5 kT . ( )

Combining (3.84%) and (3.85) reduces (3.84) to an identity.
The assumption of a linear temperature drop to channel tem-
perature gives

T = 3(T_ + T.) (3.86)
W

Combination of (3.83), (3.85) and (3.86) gives

2A +Ac . 2A +AC 2 Ac 3
= —P_C - +{ (Bl -
TC zAt <T> %Tw i( 2At <T> kTw) + <T> TW rt- % (3.87).

and Tp is found from (3.84).

The two different steam temperatures are used in the calculation
of the local convection heat transfer as well as the radiation heat
transfer for the rods and the channel in the two regions.

3,6. The Equation of State

The equation of state of steam and water is represented as a set

of polynomial approximationszu) to the VDI steam table525)

i
{
f




4. EXAMPLES ON CORECOOL CALCULATIONS

In order to demonstrate the applicability of CORECOOL a calcu-
lation for a typical ECCS experiment has been made. The calculation
demonstrates the accuracy of CORECOOL, and it shows the amount of
information which can be obtained from a CORECOOL-calculation.

The experiment is an ECCS experiment made in April 1974 py
General Electric at their test facilityIS)in San Jose.

The test facility is a full length fuel element with electrical
heated stainless steel rods. The main data for the experiment are

given in table 4.1.

Initjal power, kW 250

Axial power peaking 1.3

Radial power peaking 1.1y

Fuel rod length, m 3.76

Fuel rod diameter, m 1.252°1072
Fuel rod pitch, m 1.626-10"2
Flow area in the element, m? 1.001-1072
Spray flow in fuel element, kg/s 0.156
Spray flow to by pass channel, kg/s 0.0313
Spray water temperature, °OC 39
Pressure, bar 1.0
Maximum initial rod temperature, °c 760

Table 4.1. Data for the GE-ECCS experiment.

In fig. 4.1. is shown a comparison between the calculated maxi-
mum temperature in the fuel element and the measured maximum tempera-
ture, and it is seen that the difference is about 25°¢, _ ,

Fig. 4.2 shows the calculated temperatures vs. time. The
rods were combined to 9 groups in the calculation. Group 1 is
the water rod. The groups 2, 3 and 4 are central rods, group 8
the side rods, group 9 the corner rods and group 10 is the
channel.
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As CTRECCJIL calculates the ECCS~transient for the whole fuel

.emert, the temperatures, nct cnly for the peak power level, but

ty D

or whole fuel element are known. In fig. 4.3 and 4.4 are shown the
calculated axial temperature-profiles for the center rods and the
corner rods. The temperature profiles are sunown for 0, 200, 400, 600
etc seconds after the start of the experiments, and the propagation

of the rewetting fronts are noted at the top of the rods.
The calculation also allows an analysis of the energy generation
and heat transfer in the fuel element. In table 4.2 is for the peak

power level shown an energy balance for the fuel element to the times
0, 50, 100 and 450 sec. 50 sec is the time just before the re-

wetting front at the channel passes the peak power level and 100
sec is the time, when the rewetting front has passed. 450 sec is
the time of the peék temperature. Around the sputtering front at
the channel the droplet concentration and the evaporation are
large, and the heat transfer to the two-phase flow will be large.

For the center rods and the corner rods the energy balance as
function of the time is shown in fig. 4.5 and 4.6. Here

Time sec 0 S0 100 450

Decay heat, kW/m 86.4 72.8 66.6 49.1

Total heat transfer from rods 17.0 34.9 44.0 46.2

Radiation from rods, kW/m 14.7 21.4 28.0 30.7

Convection from rods, kW/m 2.3 13.5 16.0 15.5

Stored in rods, kW/m 69.4 37.9 22.6 2.9

Radiation to channel, kW/m 14.5 15.0 25.4 - 28.1

Convection to channel, kW/m 1.3 0.9 1.1 1.5

Radiation to 2¢, kW/m 0.2 6-4 2.6 2.6 !
Convection to 2@, kW/m 1.0 12.6 14.9 14.0 ?

Table 4.2. Energy balance for the fuel element. t

JRe—_






x 10°

TC (DEG C)

-{
4
h
i A (] [l i 3. s ZRw (H)
1 2 3 49 x 10°
Tlrf- 0’ m....... 18& [] LEY‘CTHU'-Rw- 4.191 H, GRQP g

<9



- 63

A . 2

MIO+Q0=b ¢ QO~E ‘ JO+J0=C ‘ J0=L 3N ‘ € dOAO * € 3AON
Ol Ol - 0l Ol

e v v T ' — e e v O
(036) 11

4

Fig.

m™MA) O Ol x




64 -

MAD+QD=b ¢ QD=C ‘ HD+J0=2 ¢ J0=I 13D ‘6 4O ‘' € 3ION
Ol Ol . 0l ol

——r—r—r—r—t —r—r— r v —rr——r—r— ' v O
(338> 1L

4.6

Fiqg.

™M) D | ,0OLlx




QC 1is
QR 1is
QD is
QMW is

the
the
the
the

- 65 =

convection heat transfer
radiation heat transfer
decay heat

energy production from the metal-water reaction.

As the two-phase flow in the fuel element is counter current the
possibility of CCFL phenomena and flow oscillations exist. This did

not happen in this run, but in fig. 4.7 is shown a typical case of

flow oscillations in the bundle., The figure shows the steam and drop-

let velocities at the top of the fuel element.

VG is the steam velocity

VS is the droplet velocity.

. A~ e A —-
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S. DJISCUSSION AND COXCLUSICN

~ome

Cil, a model for emergency ccre spray cocling has been
The approach is not to use gross systee dependent em-

O
re %3
N
[ )
L)

53 corre.ations, but to base the model on an understanding
f <he different physical and chemical phendmena prevailing during

a ccre heat-up transient, a detailed expression of these and the
cocbirnation of these expressions, the conservation equations fcr the
Iwo-phase fiow and the fuel rod model to the computer programme CORE-

el
wwd s

This approach has proven quite successful, not only is CORECCCL
able to predict the overali behaviour of a fuel element during a core
heat up transient but also many of the individual phenomena, such as
rewetting, CCFfL etc, occuring ir the system. As the model is based
cn a medelling of the relevant individual.pheno-nna, CORECOOL is not
systex dependent and is very well suited for parametric studies for
both test facilities and nuclear power reactors. Furthermore con-
servatism, caused by lack of sophistication, in the present models
can be abandonned thus reducing the calculated peak cladding tempera-
tur..

However, some improvemen and further development of the model
are needed. A better understanding of the CCFL phenomenon and the
izportance of the droplet distribution is desirable, and the inclusion
of a fuel rod failure model is needed. .

In connection with bottom flooding the model is still applicable,
but should be used only for the part of the systex= ahnve the two-phase
ievel. Accordingly the development of a mocdel able to trace the liquid
inventory in the system and the swell of the two-phase level is needed.
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8. NCMENCLATURE

same Unit Content

A m2 Cross secticn

a m1 Absorption coefficient

a s/m2 Auxilary constant, %3

B W/m Radiusity

é kg/mzs2 Momentum source

b kg/mzs2 Interfacial shear

Bi - Biot number

c - Constant in CCFL correlation
C - Loss coefficient

c - . Correction factor in momentum equation
c J/kg Heat capacity

D m Diameter

d m Diameter

AE J/mole Activation energy

F - View factor

f kg/ms2 Friction

f - Auxilary function

G kg/m2s Specific mass flew (3.5)

G kg/ms Specific mass flocw for films
£ m/s® Acceleration of gravity

H W/m2 Incident radiation

h J/kg Enthalpy

h W/m2 °c Heat transfer coefficient

I kg/ms Integrated momentum

I - Modified Bessel function of 1, art
I W/m2 Radiation flux

3 m/s Volumetric flux

j. - Dimensionless flux

K m2/s Constant for metal-water reactions
K - Kutateladze number

k w/m °c Thermal conductivity

k m.l Wave number

L m Length

M kg Mass

m kg Mass

f kg/m35 Change of mass
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Content

Number

Number density
Number

Change of number density
Nusselt number
Fressure

Pitch

Peclet number
Prandtl number
Energy generation
Energy flux

Energy generation
Energy production.
Gas constant
Resistance in electrical analog
Radius

Feynolds number
Perimeter

Black body radiation
Thickness
Temperature

Time

Velocity

Volume

Mass flow

Weber number
Auxilary variable
Length
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kg/m3 s
rad
m3/s
rac

k]
kg/m
N/m

GREER LETTER

Content

Veid fraction

Deformation of droplet
Heat transfer coefficient
Emissivity

Wave length

Anisctropic reflection
Evaporation/condensation
Angle

Volume flow

Dimensionless temperature
Inclination

Density

Surface tension

Stefan Blotzmanns constant
Frequency

Transmissivity

Time constant

Specific volume
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SUBSCRIPTS
Name Content
c Central
ci Core inlet
D Drag
d Droplet
F Friction
b§ Film
fr Front
g Steam
g4 Steam to steam-water interface
h Hydraulic
i Indices
j Indices
L Loss
L Water
s Saturation
s Surface
Sg Saturated steam
Total
w Wall
Superscripts

n Time step
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APPENDIX A

Jet and Droplet instability

A liquid jet is basically unstable, a small perturbation on the
surface will grow, and finally cause the disintegration of the jet.

Let us consider a sinousodial perturbation as shown in fig. A.l.
The cross section of the jet is given by

A(x) = Ao(l + a cos(kx)) (A.1)
and for small perturbation, i.e. a << 1, the radius is given by

r(x) = rj(l + % cos (kx)) (A.2)

The pressure in the liquid is given by
P(x) = Ps(x) + Pg(x) (A.3)

where
Ps is the pressure contribution from the surface tension,

and P8 is the pressure arising from the velocity distribution in
the gas.

The first one is given by
P_(x) = O(afey + a2") = (1= 2(1-(xr ) Y)cos (xx)) (A.4)
s r(x) 5x7 - ry 7 j :

Assuming potential flow for the gas the first order approximation
to the velocity distribution relative to the jet is

) of
Ugy = Upll + § ke, 2 eI D05 (kx)) (A.5)
r.
Ugy = Vo § kry 52 e P T ) gin (k) (A.6)

For potential flow the pressure is given by

v 2 - S'Vu .
P8 98 u'Vu (A.7)

and for rsr, we get



Fig.A.1. Liquid jet with a sinousodial
perturbation.
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ap 2 2
3;3 = 3 p_ U, ak ry sin(kx) (A.8)
6 7

A first order approximation to the continuity and momentum equation

for the iiquid is given by

A 9

-a—t- T - H(A ul) (A.g)
au
2 3P
pl == = - 3= (A.10)

Using (A.4) and (A.8) a solution to (A.9) and (A.10) can be found

a-=a e‘"’t (A.11)
o
k a :
- Or 9 (1. 2 2 . wt
Ul = 5, m(7ij(l (krj) )+krj pg UO)51n(kxk: (A.12)
where
Wl s =tk D 2(1-(kr D2 4§ kr; Wel) (A.13)
20 13 3 i i3
L 3
2r. p Ug
Wey = -—1—0-5-—- (A.1%)

From (A.13) it is seen that the jet is only unstable for

We. e. ’
keo« d s /h vl (A.15)

and that the maximum growth rate is obtained for

o3 3 7
kry = 15 Wey * '/‘1'6' e ” + 3 (A.16)

Assuming that the jet will break up at a wave-length corresponding
to the maximum growth rate the diameter of the produced droplets will

be given by '
4 3 !
d _ { 3n §
2r, (3 (A.17)

3 7 Wej + v (E Wej)z + 2

and the length of the Jjet


http://CA.lt
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r. ine.
L. = r, 1n(-l)/1 i
S T VRN ER Jrpygie’ sade . /(ewe ) 4y :
16 "€577 e e § j*gWie 7 (tgley) *2

(A.18)

where Ar is the size of the initial perturbalion.

In fig. A.2 is given a plot of (A.17) and in fig. A.3 a plot of
(A.18).

The droplets produced by the jet may be unstable and break up inte
smaller droplets. Due to the gas flow around the droplet a pressure
distribution as shown in fig. A.4% will exist

2
AP = u (A.19)
This pressure distribution will deform the droplet until a balance
with the surface tension is obtained. Assuming the droplet has the
shape of an elipsoide with rotaticnal symmetry the shape will be given

by

2 2
S—+r Ix=l (A.20)
r r
X d
where r. is half the thickness of the droplet in the direction of
motion.
Tx
Defining a4 = - we get
Ta
X, 2 2 _ 2
(3) + ar® =, (A.21)

As the pressure increment from the surface tension is given by
_ 1 1
APS = 0(§—1-" rz) (A.22)

where Rl and R2 are ths two radii of curvature, the pressure difference

between the point (o, -—) and (ard, 0) can be evaluated to
a

S g—(u°'5 + a"2:5 1 247 (A.23)
d

For the droplet to be in equilibrium we must have

APs s 2APg (A.24)
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-AP
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Fig.A_4 .Pressure distribution around a droplet.
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or
Ol0 5 . a-2.5 _ 2a2 =} Ned
where
2
" i 2rd P ud
e =
d g

The surface area of the droplet is given by

/a In(a~1°% & /u-! :—I))
2/u-3 -1

_ 2,1
Ad = kﬂrd(fa'+

(A.25)

(A.26)

(A.27)

and if the droplet has to break up without additional work, the sur-
face area has to be maintained. Assuming the daughter droplets to be

spherical from conservation of volume and surface area the number of

produced can easily be determined to

-1.5 -3 3
n = (%_ + /3 ln(a + Ja = - 1))
a -
2/a -1

The radius of the daughter droplets is

A plot of (A.25) and (A.27) is given in fig. A.5 and A.6.

(A.28)

(A.29)

A droplet cen at least break up into two droplets and inserting

n=2 in equation A.28 gives

a'= 0.48

and using this in equation A.25 gives the critical Weber number for

droplet break up

We = 13,1 .
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APPENDIX B

Heat Transfer in a Spherical Droplet

Ir accordance with section 2 it is assumed that the temperature
at a steam-liquid interface will be the saturation temperature. A
further assumption is, that,if a droplet with the temperature T, is
intrcduced in a steam atmosphere, the saturation temperature &t the
surface will immediately be established. This is the problem to be
solved.

Subtracting Td from all temperatures we have

2
aT _ ., 3°T . 2 3T,
°°'a?'ki;f*r§?§ (B.1)

and the boundary cdnditions

T(r,0) = 0 for 0 < r < r, (B.2)
T(ro,t) = Ts for 0 ct <= (B.3)
T _ -

5?‘r=0 = 0 for 0 < t <« (B.4)
Introducing

a=g (B.S)
f(rys) = L T(r,t) (B.6)

where L indicates the Laplace transformation, we cbtain using (B.1l)
and (B.2)

2

3°f 2 af _
srz + z 37 asf = 0 (B.7)

which has the solution

-r/as

+ C2(s)e (B.8)

)
f(r,s) = & icy(s)e ”"Ei
r 1

where Cl and C2 are arbitrary functions in s.
Using the conditions (B.3) and (B.4) we obtain
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r_T' sinh(rv/as)
f(r,s) = =% (B.9)
rs sinh(rolsg)

(B.9) has the poles

sz -

i
n a

X m? Nz 0, 1, 2, oo (B.10)
o]

ard the residua

"
(=]

T; for n
res =§ 2r°sin(§— nw) (B.11)
T 2 forn = 1, 25 34 ee..
ran(-1)

Using Heaviside's expansion theorem we obtain

stn(;— n¥) _ 1 (%_ n) 2t
e 2 To )} , (B.12)

-
.
T(r,t) = T¢ {1 = 7§«
S pey ARC-DT
and it can easily be showrn that the boundary conditions (B.2), (B.3),
and (B.%) are fulfilled. Consequently (B.12) represents the correct
solution to the problem.
The heat transfer Q(t) to the surface is givern by
2 - % (;— n)2t :
- - '
Q(t) = umr. k ,—l =evr kT. [ e o (B.13)

nsl
r, 2
For t << a (;—) (B.13) becomes

r
QUT) % nri k T} YAz urr kT /a2 % (B.14)

t

r 2
and for t > a (;2) only the first term in the sum is important, and

(B.13) becomes

2
(‘e
ro

Q(t) % 8n r, K T; e

ol

(B.15)

In fig. B.1 is given a plot of equation B,13, B.1l4 and B.1S.

I e
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From (B.13) it is seen that the droplet for large t will have a
time constant of

ro ?
T = a (;—) (B.16)

3 mtTwn 0.6 seconds.

For a droplet radius of 10

Under the assumption that the droplet has a time constant given
by (B.16), the heat transfer tc the surface can be expressed by a
constant factor h, and (B.l) reduces to

g r3 c aTm = uw 2 h T (B.17)
3 o P3¢ ° Fo .} *

where Tm is the difference between the surface temperature and the
nean temperature of the droplet. It should be noted that Tm # T;.
Combining (B.16) and (B.17) we obtain

2

=

K
h =3 . (B.18)

o’



Two Flux Model for a Slab Ccntaining a Two Compcnent Mixture

Let us consider an infinite long slab as shown in Figure C.1,
arnd rmake the following assunmptions.

1. Zrnly radiation perpendicular to the slab will be considered.
2. Scattering in the twc media is neglected.

3. The components £ and g of the medium have uniform temperatures

'1'l and Tg’ aréd are unifcrmly d.stributed.

o t x fx+Ax FL
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Fig.C.1. Two Flux Model for an Infinite
Long Slab.

- - s . e + . .

Let the fiux in the positive direction be I (x) and in the negative
direztion I (x), and let a, and a‘ be the absorption coefficienrt for
the two components of the media.

The absorption in the two components in a small slab 4x will then

be
T = + - 3
94 ' ~al(T1)(I (x) + I (x))ax (C.1)
a1, = -ascrg)u’(x) + I7(x))bx (C.2)

and the total absorption will be



-90-
81 = -(a, + ag)(I’(x) + I7(x))ax (C.3)

The emissicn from the two components in either direction in the
srall slab will be

2Bt(T1)Ax and ZBS(T‘)Ax
ané the total emission will be
2B Ax = Z(Bl + Bg)Ax (C.u%)
Due to the symmetry around the mid-plane of the slab we have
I (x) = I*(L-x) (c.5)

We are now able to make an integro-differential equation for 1t

x
+ - -(a,+a )x I -(ag+a_)(x-t)
I'(x) = BH e Lt g ’o (Bl(Tf)OB‘(T‘))e L %g dt (C.6)

This equation can be integrated to give

~(a,+a_)x
+ . -(a *a_)x l-e L 4
I (x) = B" e L g O(Bl(Tl)+B‘(T‘)) ‘l"‘ (C.?)
Let us consider the case of thermodynamic equilibrium, i.e. Tl =
T =T .
w

In that case there is no net energy exchange and we have that
ansorption equals emission, and as this is true for both components
we get

» -
2 BL(Tl) al(Tl)(I (x)+I (x)) (C.8)

2 B (T)
g &

agcrs)<1’<x)+1‘<x)) (C.9)
from which we get
I'(x) + I7(x) = ennst. (C.10)

On the other hand as there is no net energy transfer across any
plane in the slab we have
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I(x) -1 (x) =23 (C.il)
And combining (C.8), (C.10) and (C.1ll) we get

I(x) = I7(x) = B, (C.12)

At the wall again we have no net transfer, i.e.

= e M
0z 1= (0 T, - B) (C.13)

and we get
L -
I'(x) =1 (x) =¢ T

Combining this with (C.8) and (C.9) and using that T, = Te* T
for thermodynamic equilibrium we get

Bl(Ti) (C.14)

"

T)o T
al( l)

(C.15)
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Having found an expression for Bl and Bg we are now able to solve
the general case where T, # T‘ # T, and inserting (C.1%) and (C.15
in (C.7) we get

4 4
alaTl+a oT

- -(a,+ R
') = B, e (3 vag)x s (1-e~(21*a)x, (C.16)

The incident radiation to the wall is
I17(e) = 1) (C.17)
and using that

u -
v €, Tw + (1 - ew) I (o) (C.18)

we get

8
4 - L -(a,+a )L
B, = ‘w“Tu"l"u’iaw e (@radl . 1 = R £ (1-¢"%%y )E (C.19)



Defining
v = e (3gra L (c.20)
2
€ (l1-1) ‘1“: (C.21)
a
€ = (l-1) —K (C.22)
g a,ta
Lt g
S =arT® (C.23)
W W
S, =g T® (C.24)
g 29T, .
u
S = T C.25
e ° %% _ ( )
we get
B“ =€, Sw + (l-c") {Bwt * e, S‘ + ;‘ Sz} (C.26)
which can be rewritten to
tH
I:E: (S“—Bw) * cl(S‘-Bw) * c‘(s‘—a') =0 (C.27)

The net heat transfer to the { component per area unit of the wall

is )
L L
I*(x) a, dx - ™ a
X “ X “ g t 4

[»)

o
[, ]
"
o——

a, a_L
sy & §, . 1
(BU-S‘)C‘*(S‘ S‘) T‘—’-}‘—(l W } (C.28)

And similar for the net heat transfer to the g component we get

a a_ L
- - - L - 1=t
Qg z (Bw S‘)t‘ + (S‘ o‘) -ir’-é‘—{ 1 w (C.29)
Defining
i a, a L 1-1 }-1
Rl.( = a"a‘ (1 - W) (C.30)



Fig.C.2_Electrical Analog.

It should be noted that the assumption of a unifcrm temperature
of the two media can generally only be made in the optically thin
lizit. In this case ng reduces to

R-% = i(ﬂgL)(l‘L) + o(Lz) (C.31)
Accordingly if the optical thin assumption, which is a first order

approximation, is made, the direct interchange between the two compo-
nents as a second order term can be neglected.
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