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Abstract

A parametric thermohydraulic study for an Advanced Pressurized
Light Water Reactor (APWR) with a tight fuel rod lattice has
been performed. The APWR improves the uranium utilisation. The
APWR core should be placed in a modern German PWR plant. Within
this study about 200 different reactors have been calculated.
The tightening of the fuel rod lattice implies a decrease of
the net electrical output of the plant, which is greater for
the heterogeneous reactor than for the homogeneous reactor.
APWR cores mean higher core pressure drops and higher water
velocities in the core region. The cores tend to be shorter

and the number of fuel rods to be higher than for the PWR. At
the higher fuel rod pitch to diameter ratios (p/d) the DNB
limitation is more stringent than the limitation on the fuel
rod linear rating given by the necessity of reflooding after

a reactor accident. The contrary is true for the lower p/d
ratios. Subcooled boiling in the highest rated coolant channels

occurs for the most of the calculated reactors.




Eine parametrische thermohydraulische Untersuchung eines
Fortgeschrittenen Druckwasser-Reaktors mit einer engen

Brennstabteilung

Zusammenfassung

Eine parametrische thermohydraulische Untersuchung filir einen
Fortgeschrittenen Druckwasser-Reaktor (FDWR) mit einer engen
Brennstabteilung wurde durchgefiithrt. Der FDWR verbessert die
Uranausnutzung., Der FDWR-Kern sollte in einem modernen deutschen
DWR von 1300 MWe eingebaut werden. Im Rahmen dieser Studie wurden
etwa 200 Reaktoren berechnet. Das Engermachen der Brennstabteilung
bedeutet eine Abnahme der elektrischen Nettoleistung des Kraft-
werks, Diese Abnahme ist groBer fiir einen heterogenen Reaktor

als fiir einen homogenen Reaktor. FDWR=Kerne verlangen grdBere
Druckverluste im Kern und hShere Wassergeschwindigkeiten im Kern-
bereich. Die Kerne sind klirzer und die Zahl der Brennst&be hoher
als beim DWR. Die Begrenzung durch die kritische Heizfldchenbe-
lastung ist bei hOheren Brennstabteilungen maBgebender als die
der Brennstableistung, welche durch die Notwendigkeit des Reak-
torflutens nach einem Reaktorunfall bedingt wird. Das Gegenteil
tritt bei niedrigeren Brennstabteilungen ein. Unterkiihltes

Sieden in den hdchstbelasteten Kilihlkandlen findet bei den meisten

berechneten Reaktoren statt.




A Parametric Thermohydraulic Study of an Advanced
Pressurized Light Water Reactor with a Tight
Fuel Rod Lattice

by

M. Dalle Donne and W. Hame

1. Introduction

Recently the Karlsruhe Nuclear Research Center and Kraftwerk
Union, in collaboration with the Technical University of Braun-
schwelg, have started an investigation on the possibility of
increasing the conversion ratio of a Pressurized Light Water
Reactor in order to improve the uranium utilisation /1,2/.

The fuel element is based on UOZ—PuO2 fuel, where the plutonium
vector for the fresh fuel is given by the fuel discharged from
a Light Water Reactor. Two types of cores have been
considered: a modular core formed by hexagonal fuel elements
containing an external blanket with lower enrichment and an
internal seed with higher enrichment /3/ and a homogeneous core

where all the rods in the core have the same diameter /2/.




The results of preliminary parametric thermohydraulic
calculations for these two types of core configurations
have been published /4/. However these calculations have
been performed with a very simple computer program. Since
then, the computer code has been rewritten and considerably
improved. In the present paper we shall give a description
of how the calculations are performed, of the assumptions
used in the calculations and detailed information on the

results obtained.

2, Main Assumptions for the Thermohydraulic Calculations

For both alternatives mentioned in the introduction the

water volume fraction in the core must be considerably

smaller than in a PWR, thus the neutron spectrum becomes
harder and the conversion ratio higher. As a consequence

the pressure drop across the core is increased. The main
boundary condition is that this high converting core should

be placed in a modern PWR plant of German design, with only
some changes of the main components such as the pressure
vessel lid, possibly the primary circuit water pumps and

some pressure vessel internals. In our calculations we

assume that the primary circuit water pumps should be the

same as those used in the PWR, thus, to compensate for the
higher hydraulic resistance of the core, the water flow is
reduced. This might imply a decrease of the reactor thermal
output, which can be partly compensated by an increase of

the coolant temperature rise across the core. This essentially
means a decrease of the water temperature at the core inlet,
because to avoid boiling the core outlet water temperature cannot
be increased. A decrease of the water . temperature at core
inlet means of course a corresponding decrease of the tempera-
ture of the water at the outlet of the heat exchangers on the
primary circuit side. As a consequence of this, the boiling

temperature and pressure of the water of the secondary circuit




nust be decreased because we mantain the same heat exchangers

as in the PWR., The turbine gets the same steam volume flow as
for the PWR, but with a less dense working fluid; thus one can
assume with a good approximation that the turbine power de-
decreasesproportionallyto‘the steam pressure, Furthermore the
thermodynamic efficiency decreases slightly due to the de-
crease of the boiling temperature. Thus the smaller coolant
volume fraction in the reactor core leads to

a decrease of the net electrical power of the plant. The present
paper investigates this functional dependence for a large

modern PWR of German design.

3, Plant Operating Conditions at Lower Power

If K is the ratio of the turbine pressure for the Advanced
Pressurized Light Water Reactor (APWR) case to the turbine

pressure for the PWR case, one can write:

pS=KpSO (1)

and for the reasons discussed in section 2 the reactor

thermal output is reduced by the same ratio:

0=kK0o (2)

T = £_(py) (3)

where fS is the saturation function for water.
The average enthalpy of the water at the core outlet is

obtained as a function of temperature and pressure:

H, = f(Tz,pz'o) (4)
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(because we keep the pressure constant at the core outlet:
Fé =P, O) and the average enthalpy at core inlet is given
[
by:

- -9 )
H, = H 5 (5)

where M is the total mass flow of water in the primary circuit.

The core inlet pressure drop is given by:

4
P, = Py * AP, ) (6)

(ApC = core pressure drop) and the core inlet water tempera-

ture can be obtained from
T = f(H1lp1) (7)

The heat transfer characteristics of a typical PWR of 1300 MwWe
of KWU design may be described by the following equations

/5/:

2 1
T, = T_ + ——————m (8)
1 s ey -1
KF(T,-T.,)
2 1
y = e (9)
Q+N
KFo
RF = — o 24 M_\0.8 (10)
0.584+0,18K™"° + 0,24 T

where N is the power required to pump the water in the primary
circuit and KF is the average total heat transfer coefficient
times the total surface of the heat exchangers, as a function
of water mass flow at the primary circuit and of the steam

pressure at the secondary circuit.

The water temperature at the outlet of the hot channel is

given by:

+)Fbr the calculation of p, we neglect the small difference between

Ape (1 :
clusive of the reversible pressur

(55) below)

rreversible or friction core pressure drop) and APtot in-
e drops as well (see eq.(52) to




OP(TZ—T1) (11)

where FAH is the hot channel factor for the water enthalpy rise

in the core (it includes the radial form factor of the power

distribution as well). For the present study we assume

Fog = 1.6 as in a PWR /5/. Op is an overpower factor.
Calculations for nominal reactor operation are made with
OP = 1, however a PWR, and thus an APWR, must be able to

operate with an overpower, usually of 12% (OP = 1.12).

In a normal PWRone allows a small amount of vapor in the hot
channels. However in the present design we will be more
conservative, especially because smaller coolant channels,
due to the tight fuel rod lattice, could favour flow
instabjilities between various channels in parallel, and we
shall require that the temperature TZH is equal to the satu~

ration temperature at the core outlet pressure:
T2H = fs(pz) (12)
The water density at reactor core inlet may be calculated from

p1,o = f(p1,o’ T1,o) (13)

pq = f(p1,T1) (14)

while the average water density in the core results from

= £ T1,o + T2,o) 1
Pav, o Pav, o’ 2 (15)
T1+T2
| +p
where Py = 1e0 5 2.9 (17)
P1+P2 (18)




In a German PWR of the 1300 MWe class there are 4 main pumps
in parallel in the primary water circuit, thus the water volume

flow at each pump is:

_ M
vV = ZET (19)
where we have assumed that the water density at the pumps is
equal to the water density at the core inlet {pressure and

temperature are practically the same).

The total pressure head of the standard pumps for the German
1300 MWe PWR, given in a graph of reference /5/ as a function
of water volume flow, has been fitted with the following

analytical expression:

Hp = 111.678 + 22.244 V - 4.0524v2 (20)

For the APWR only the hydraulic resistance of the core changes,
while the rest of the primary circuit remains the same as in the
PWR. Thus the pressure head available for the core is given

by:

2 X p
M 1,0 av,0
H =H, - H e L L (21)
< T R,© <Mo P1 X Pay
where HR o is the pressure head required by the rest of the
[

circuit,

Finally, the pressure drop available for the core is given

by:
_ -5
Apc = 9,80665x10 chp1 (22)

The power of the four primary circuit water pumps N, which

appears in equation (9), is a function of M:

N =N — (23)




We have solved the system of 23 equations with 24 variables

(T1 IT2 'TZH’TS'p1 IpSIApc’HIHZ ,Q,K,M,Y,KF,D,] rO’p1 ’pav,o’pav’
pav,o’pav’V’HT'Hc’N)' The constant values used in the equations
(symbols with the subscript‘oﬂ are those of a modern German
PWR of the 1300 MWe class. These values are shown in Table I.
and they have been obtained either from the open literature

or from Ref. /5/. The thermodynamic and physical properties
used in the present calculations have been obtained from

Ref. /6/.

The system of 23 equations in 24 variables has one degree of
freedom and allows the establishment of a relationship between Q and

Ap ¢ if we reduce the total reactor thermal output we can

c
allow a higher pressure drop for the core. Of course for each

pair of wvalues of Q and Apc,all the other wvariables (in

particular 'I‘1 and T2) are fixed., We would like to recall here
that the pressure at core outlet is fixed (p2=p2’o), this of
course being a condition imposed by the fact that we want to

use the standard reactor pressure vessel of the 1300 MWe PWR.

For each value of AP, the plant net electrical power is calcu-

'lated consgsidering the variations in TS,Q and N:

T, + 273,16 = T

Q (Q+N) -N (24)

el,net = 1,0

T+ 273,16
S

where Nel,o is the total electrical power required for internal
uge in the plant (inclusive of the electrical power N required
by the primary pumps; in this we neglect the small variations
of N relative to the considerably greater value of Nel,o)’

To is an equivalent reject heat temperature calculated in such
a way that equation (24) is satisfied by the values of the

variables for the reference PWR (see Table I).




4, Homogeneous Reactor: Pressure Drop Calculations

In the homogeneous reactor all the fuel rods have the same
diameter., Due to the fact that the amount of moderator (water)
in the core should be as low as possible in a APWR, to increase
the average energy of the neutrons and thus the fuel conversion
ratio, the fuel rod lattice is very tight. For minimum distances
between the fuel rods of less than 1 mm the practical use of
grid spacers becomes difficult because the crosspieces of the
grid would be too thin and the grid too weak /7/. Furthermore,
with tight lattices the solidity of the grid (ratio of the
cross section area of the grid to the cross section area of

the coolant channel without grid) becomes too high and the
pressure drop caused by the grid is excessively high. Thus for
the homogeneous reactor core we propose to use sgpacers formed
by six integral spiral ribs per rod. This type of spacer has
been suggested in the past for other types of reactors (see

for instance Ref. /8/) and tubes of stainless steel with inte-
gral spiral ribs have been manufactured in the sizes suitable
for nuclear fuel rods. It is not clear at this stage if these

tubes may be manufactured in zircaloy.

The fuel rods in a PWR are usually arranged in a sguare array.
For an APWR, the triangular rod array is preferred because the
minimum distance between the rods is greater for a given water
fraction and rod diameter. Indeed this minimum distance is

given for a square array by

— 1T .

and for a triangular array by

p-d = dljf —— - 1 (26)
2/3(1=q)




where p is the pitch of rods, d the rod diameter and o is the
water fraction of the unit cell in the array (square or
triangular). The calculations are performed for various values
of p and d. The thickness of the integral spiral ribs is re-~

lated to the minimum distance between the rods:
b = Ko(p—d) (27)
Experience suggests spiral ribs with a thickness equal to %

of the rib height, thus KO = %,
values of b less than 0,4 mm, we have taken b = 0.4 mm which

however if equation (27) gives

is the smallest thickness of integral spiral pins, to our

knowledge, so far manufactured.

The area of the unit cell is given by:

_ p/3
A, = gz_ (28)

the cell water flow area:

ﬂdz

g 1.5(p-d)b (29)

A=A -
C

and the hydraulic diameter of the coolant channel:

dh - wd R (30)
— + 3(p-d)
The average rod linear power rating should be chosen on the
base of considerations of the possibility of reflooding the
core after a Loss of Coolant Accident (LOCA). Indeed the hydrau-
lic resistance of a APWR core is considerably higher than that
of a PWR core and the time required to flood the core after a
LOCA may be higher, (an advantage for the APWR is the fact that
the core, being shorter, is also lower than in the case of the
PWR: cf. Ref. /1/ and /3/) . To avoid an unduly high increase
of the cladding temperature during the time between the LOCA
and the quenching action of the flooding water, a reduction of

the average fuel rod linear rating may be required. This rating




for a modern German 1300 MWe PWR is qL=2.08><1O4 W/m /2/.
Preliminary LOCA and reflooding calculations performed at
KWU with a computer code tested for a PWR /2/ have shown
that this linear rating should be decreased with decreasing
values of p/d; i.e. for p/d = 1.1 and 1.2'qL values

of 1.6 x 10 w/m and 1.8 x 10*
suggested /5/. The p/d value for the 1300 MWe PWR is

p/d = 1.43 (for an equivalent triangular array, i.e. for

W/m respectively have been

a triangular array with the same o). The calculation of qr,

has been thus performed with the following equation:
p p\? 2
q, = [—372.27 + 744.11 3" 236.57 g 10 (31)

which fits the three values given above.
The useful total cross section area of the core (that is the

area occupied by the fuel rods and the relative water cooling

channels) is given by:

where K1 is a correction factor which takes account of the

area occupied by the interspace between fuel elements and by
the control and tie rods and their relative cooling water. A
detailed design of the fuel element of a particular homogeneous
core performed in collaboration with Kraftwerk Union has shown
that K1=Oa92 /2/ and for the present parametric calculations

we shall assume this value of K, independently of the variations
Qf p and d. Deq is the equivalent diameter of the core
(=diameter of the circle which has the same cross section area
as the actual core). The inner diameter of the core barrel in a
pressure vessel of the 1300 MWe German PWR is 4.21 m, however

Deq must be considerably smaller for the following reasons:
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- space between the core barrel inner surface and the outer
elements is necessary for the charge and discharge operations

- the outer row should be made of shield elements to protect
the dore barrel walls from the neutrons coming from the APWR
core, which has of course a harder spectrum than the PWR

~ even with relatively small hexagonal fuel elements the maxi-
mum outer diameter of the actual core is always greater than Deq'

The detailed design performed for the homogeneous reactor

of Ref. /2/ shows that a core with Deq = 3,733 m may be

contained in the core barrel of the 1300 MWe PWR. We have

assumed this value for the present calculations.
We can then obtain the total number of fuel rods:

n_ = —. (33)

and the core active length:

= 2 (34)
Dmdy,

C

The total length of the fuel rods is given by LC plus the
length of the fission gas plenum and of the end pieces. If we
allow the same maximum fission gas pressure as in the PWR

fuel rods, the fuel rod total length is given by:

L =1 4 51000 0.48

R c 33300 3,90 L, + 0.02 = 1.1885 L, +0.02 (35)

It

where 51000 Mwd/t discharge burn-up forseen for the APWR /2/

33300 MwWd/t

discharge burn-up for the PWR fuel

0.48 m = length of the plenum for the PWR rods
3.90m = PWR core active height
0.02 m = length of the endpieces




If M is the total water mass flow in the primary circuit, the
mass flow of water which actually cools the fuel rods is

("useful mass flow"):

2n_A
M =M T (36)

u T 2
2nTA + (1 K1)K2 T Deq

where K2 is fraction of the "non-useful" cross section area
(interface between fuel elements, control and tie rods)
occupied by flowing water. In the present calculation we
assume K2 = 0,5. In equation (36) the assumption is implicit
that the water velocity and density are the same in the
"useful" and "non-useful" cross section areas of the core.
This is a good approximation because the interspace between
the fuel elements in very small and the outer diameter of the
tie rods and of the control rods is not very different from

the fuel rod diameter.

The average water enthalpy and temperature at the outlet

of the coolant channels may be then calculated:

_ Q
qu—H1+M—* (37)
u
Tyy = E(HyyrP)) (38)

and subsequently the average properties of the water in the

coolant channels:

P1¥P,
Pav © 73 (39)
T, +T
_ 71 "2u
Tav = 73— (40)

Pav ~ p(pav’Tav) ' (41)
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n = n(p ) (42)

T
av av'’! av

\)aV - nav/pav (43)

The average water velocity is:

Mu
U = oxreme (44)
2nTApav

and. the Reynolds number:

udh

Re = ~—= (45)
Vav

The pressure drop for a cluster of rods with spiral spacers
may be calculated with the correlation of Ref,/9/. This
correlation was obtained from experiments with spiral wires,
however subsequent experiments /10,11/ have shown that it is
valid for integral spiral ribs as well for p/d > 1.125. Recent
experiments /12/ have shown that this correlation is valid
down to p/d > 1.03, at least for spiral ribs with relatively
high axial pitches (H/d > 37). These high axial pitches are
relevant for the present calculations, because for the APWR

it is necessary to reduce the core pressure drop as much as

possible. For the present calculations we have chosen H/d=50,

Following Ref./9/ a new Reynolds number is defined:

Re' = Re-JF (46)

with 0.5 3 2.16
=[B ' (p/d)
F (d) + [7.6 W] (47)

and the friction factor for the flow of water in the cluster

of rods with integral spiral ribs is:
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0.17 4

A =0.1317 F X C Re'" for Re' > 1.9 X 10 (48)
A = FXC [0.1317 re' 017, 2, —3.2x1o'i]
for 2x10 < Re'<1.9x10%  (49)
C is a correction factor which allows the applica-
tion of equations (48) and (49) down to 1<p/d<1.03:
c=1 for p/d>1,03 (50)
p/d-1

C=1.,6-¢ 0.05873 for 1 < p/d < 1,03 (51)

Equation (51) has been obtained by interpolation between the values
of equations (48) (49) down to p/d=1.03 and the experimental
values available for p/d=1 (for a resumé of the data at p/d=1

see for instanceRef./13/).

The irreversible core pressure drop may thus be calculated:

2
AL o u _
pp = | Ko+ —= |2 107> (52)
I dh 2

where KI is the inlet pressure drop coefficient. It takes
account of the acceleration and losses at the bundle inlet.
In the present calculation we assume KI=1.2 and neglect the
pressure recovery at the core outlet. This value is suggested

by experiments with rod bundles (see for instance Ref./14/).

By means of equations (27) to (52) we obtain a value of Ap
for each pair of values p and d, and by putting Apg
(pressure drop available for the core) equal to Ap”(pressure
drop caused by the required flow of water through the chosen
core characterized by p and d), we obtain for each chosen
geometry of the core (p,d) a certain value of Q, i.e. the
amount of heat we can extract from the core, and of course

the net electrical output of the plant as well (eq.(24)).

+) We consider here only the irreversible pressure drop component
of the total core pressure drop, because it is only this compo-
nent which goes into the calculation of the pumping power. The
elevation and acceleration pressure drops are recovered in the

Other parts of the primary water circuit,
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We may also calculate the reversible core pressure drop due
to the acceleration caused by the change in temperature

(Apacc.
difference (Apel )¢

) and the core pressure drop due to the elevation

_ -5 2 2,1 1
Apacc =10 P av u (3; ET) (53)
_ -5
Apel = 9,80665x10 LR P av (54)
and AP o= AP + ApacC + Apel (55)

This value is of interest for the fuel element mechanical design,

Finally the ratio between area occupied by the water (moderator)

and the fuel rods is calculated:

. T 2
VM ~ ZHTA + (1—K1)K2 T Deq
V. ~ rd# (56)
F 2

This value is of interest for the neutronic calculations.

5. Heterogeneous Reactor: Pressure Drop Calculations

In the heterogeneous reactor the fuel elements are made up

of two portions:

~ The "seed" with a higher fissile enrichment {in our case
plutonium) and thus a higher power density. The high power
density requires the use of fuel rods of small diameter
(the number of rods per unit volume increases) because the
maximum fuel rod temperature and thus the rod linear rating
are independent of the fuel rod diameter. Furthermore cooling
reguirements require larger coolant channels i.e. relatively
high values of p/d (p/d > 1.2). These high values of p/d
dictate the choice of the spacers, which have to be grid
spacers placed in discrete positions along the length of

the fuel rods.
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= The "blanket" with a lower fissile enrichment and thus a
lower power density. The lower power density allows the
use of bigger fuel rod diameters. The cooling requirements
are not so stringent as in the seed case, thus the coolant
channels may be relatively smaller (lower values of p/d).
This dictates the choice of the spacers, which, as in the

case of the homogeneous reactor, are integral spiral ribs.

While the function of the seed is mainly that of producing power
and fission neutrons, the function of the blanket is mainly
that of converting fertile into fissile material and thus of
increasing the overall core conversion ratio. In each fuel
element the seed is placed in the center, while the blanket
surrounds the seed (see for instance Ref./3/). This type of fuel
element configuration is similar to that of the Shippingport
Light Water Breeder Reactor (LWBR) /15/, however there is a
basic difference, While in the LWBR the reactor control is
obtained by the movement of the seed in axial direction, in

the present design we have preferred a non-movable seed and
blanket and operate the reactor control and shut-down with the
usual system of movable neutron absorbing rods., The use of a
LWBR type of fuel element would cause a decrease of the plant
net electrical power of about 40%, if one uses only two fuel
element enrichments (one for the seed and one for the blanket)
plus an axial blanket with depleted wuranium /16/. To obtain
about the same plant power with the boundary conditions of

the present study, and a movable seed, requires the use of a
fuel element with 18 different enrichments in seed and blanket
and the adoption of a movable seed shorter in axial direction
than the blanket, so that during the total fuel element life
the seed is always surrounded by the blanket /17/.

The flow of the cooling in the core is divided into two parts:
one for the cooling of the seed and one for the blanket. The
optimum thermohydraulic design of the fuel element requires
that the water temperature rise across the seed and the blanket
is the same when the flow of cooling water in the two parts

of the fuel element 1s such that the pressure drop is the
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same, without the use of any extra flow orificing device in seed

and blanket.

Two other boundary conditions are required to define the geometry

of the heterogeneous fuel element:

-~ the ratio between the seed and the blanket volume in the fuel

element
- the ratio between the volumetric power density in the seed and

in the blanket.

These two parameters have an effect not only on the core thermal output,
but on the conversion ratio and fuel inventory as well. Improve-
ments in conversion ratio require large blanket volumes with

lower power densities in the blanket (lower fissile enrichment

in the blanket), while to increase the core thermal output it

is necessary to decrease the blanket volume and increase the

power density in the blanket as well. It is clear that in practice
a reasonable compromise between these two requirements is required.
For the present calculations we shall adopt the values used in the
core of the LWBR /15/ and in the design suggested by A. Radkowsky
/17/, i.e. volume ratio between seed and blanket equal to 0.5,

and power density ratio between seed and blanket equal to 2.

This means that the thermal output of the seed and of the blanket

are the same.

5.1 Pressure drop_calculations in the_seed

et e ey ek e e S e s e W W W i G ko DR e SRR Y i ) Y e S i 2D i D B R R

The "useful" total area of the seed (that is the area occupied

by the seed rods and the relative water cooling channels) is:

D2 (57)

™
Kos 7 eq

Apg = Ky
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where K1 is the volume splitting between seed and blanket (in

our case Kq = %: see previous section); KZS takes account of the
useful area in the seed, i.e. total area minus area occupied by
the interspace between seed and blanket and by the control and

tie rods in the seed and relative cooling water.

The useful total area of the blanket is

D2

- (58)

Apg = (1—K1) K

S E]

2B

where KZB takes account of the interspace between fuel elements
and of the tie rods in the blanket (the control and shut-down
rods are all in the seed). A detailed design of the fuel element
of a heterogeneous reactor performed in collaboration with Kraft-
werk Union has shown that K25=K2B=O.88 /3/. Deq is of course
the same as in the case of the homogeneous reactor i.e.
D =3.733 m,

eq
The calculations are performed by choosing as the two variable
parameters the volume power density in the seed,qu,and the outer
diameter of the seed fuel rod,ds.
The area of the unit seed cell is:

9ns
cs 29,4 (59)

where dr,g is the average fuel rod linear rating in the seed. The

seed rod pitch is thus (triangular rod array):

_ ,4 '
pS = {——?ACS (60)

and dr,g May be calculated from equation (31) as a function of

Pg/dg.
The blanket volumetric power density is:
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= K (61)

9y B 3 9yvg

where K3 is the power splitting factor between seed and blanket

(in our case Ky = 0.5; see previous section)
The total number of seed rods in the case is given by:

A

TS
S 27, g

and the core active length:

L = Q (63)
Ang 9yg * Apg 9yB

The fuel rod total length is calculated with equation (35) as in

the case of the homogeneous reactor.

The area available for the flowing water in the seed unit cell
is:
_ T L2
Ag = Bog - g dg (64)

and the hydraulic diameter of the coolant channel

dns = Tag (65)

If we assume that the fractional area available for the flowing
water and the water average velocity are the

same in the "useful" and "not useful" region of the seed (the
detailed design of fuel element /3/ has shown that this is
possible) the average water enthalpy at the outlet of the seed

coolant channels is:
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The average water temperature at the outlet of the seed coolant
channels T2uS and the average properties of the water in the
seed coolant channels may be calculated with equations similar
to equations (38) to (43). Thé average water velocity in the

seed is:

a4 = drs x Lg (67)

while the seed coolant channel Reynolds number is given by

Re, = —— (68)

In the seed we do not use integral spiral ribs, but rather spacer
grids in discrete axial positions of the fuel elements. The
friction factor may be calculated with the correlation wvalid for
the one-phase turbulent flow of a fluid in a regqular triangular

array of rods:

A= A C (69)

where ATS is the friction factor for the flow inside a tube

(Prandtl-Nikuradse relationship):

1

A = —
R lg(ReS/TEE)—O.S]V?

(70)

and C_, is correction factor which takes account of the bundle

S
geometrys
pS/dS - 1
T 0.0265
Cq =|1-e ¥ 11.036+0.054 (pg/dg-1) (71) /18/
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The irreversible pressure drop in the seed is given by:
2

L o u
3 R - 2, Tavg g -5
APS— (KI+>\S 3 ,,+ nG.CV ) — 10 (72)
hg
where N is the number of spacer grids, given by:
L L =L
nG = LC <+ E c + 1 (73)
Sc SR

where Lg, is the grid axial spacing in the active core region

and L ig the axial grid spacing in the plenum region of the

SR
seed rods. The present calculations have been performed with
Lge = 0.15 m and LSR = 0,20 m, which appear to be reasonable

from a practical design point of view /19/. e is the solidity
of the spacer grid, i.e. the ratio of the cross section area

of the grid to the cross section area of the coolant channel

without grid. e is mainly a function of the minimum distance

between the rods (pS—dS). From practical grid designs /19/

the following empirical relation is obtained:
e = 0,6957 - 162.8 (pS—dS) (74)

Equation (74) is of course valid for small (pS-dé values (from

1 to a few millimeter). Pg and dS must be given in meters in
eq.(74) . The factor KI in equation (72) is chosen equal to 1.2
as in the calculations for the homogeneous reactor, while(%7,the
modified drag coefficient of the grid, is chosen equal to 7.
Reference /20/ suggests that for a well-made spark-eroded grid
with smooth edges it is possible to achieve at high Reynolds

numbers the favourable value Cv=7.
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5.2 Pressure drop calculations in_ the blanket
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The area of the unit blanket cell is given by:

g9
- _LB (75)

cB ZqVB

1l

with 95 average rod linear rating in the blanket (qLB is not

yet known at this stage of the calculation; it is

calculated by iteration: see the end of this section

beyond eq. (80))

qu = volumetric power density in the blanket, from eq. (61)

The blanket rod pitch is:

_ {4 '
Pp = T_{‘AcB (76)

and the total number of blanket rods in the core:

A
ng = 213 (77)
cB
(ATB from eq. (58))

The calculation now proceeds by iteration because the diameter
of the blanket rods dB is not yet known., Assuming a first

iteration value for dB’ we calculate AB (cell water flow area
in the blanket) and th (hydraulic diameter of the coolant ‘
channel) with equations similar to equations (27) to (29) and

(30) because here, as in the homogeneous reactor, we have inte-

gral spiral rib spacers.

The average water enthalpy at the outlet of the blanket coolant

channels is calculated with an equation similar to Eg. (66):
2—H

1
2uB 1 K (78)

2B




The water temperatures, pressures and average physical properties
are calculated with equations similar to Egs. (38) to (43). The
average water velocity in the blanket is:

qLBch

“B T T oayp BpX (HyupHy) (79)

The Reynolds number ReB, the friction factor AB and the irrever-
sible pressure drop in the blanket ApB are calculated with the
same method used for the homogeneous reactor (eqgs.(45) to (52)).
The iteration is stopped when the chosen dB is such that the

pressure drop in seed and blanket are the same:

bp_ = bpy (80)
The determination of dB allows the calculation of pB/dB and thus
of dr,p @s a function of pB/dB from equation (31). dp Can then
be used in equation (75) and this closes the second iteration

loop.

The total core pressure drop is calculated with equations similar
to equations (53) to (55). Finally the ratio between area occupied

by the water (moderator) and the fuel (seed and blanket) rods is

calculated:
2 2
_ 2{3 [ps\ “_ _ _ 23 fpp\ _ |7 2
v, 2n A +2nghAgt [Kl(l Kog) (= (HE) D+(-K) (1K, p) (= (3}') 1:\ % Peq
V. yi A
F Trds ’ITdB
"sE t R (81)

By means of equations (57) to (80) we obtain a value of ApS=ApB
for each pair of values of A, and ds,and by putting Apé
(pressure drop avaiable for the core: see section 3) equal to

Aps = ApB (pressure drop caused by the required flow of water
through the chosen core characterized by qu, ds and the condition
that the average water enthalpy rise in seed and blanket are the
same: the values of H, and H, used in egs.(66) and (78) are the
same), we obtain for each chosen case of heterogeneous core (dS,

qu) a certain value of Q and of the net electrical output of

the plant (Eqg.(24)).
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6. Critical Heat Flux Calculations

With the choice of two parameters (p and d for the hoﬁogeneous
cores; q_g and dS for the hetérogeneous ones) we have now
completely defined the reactor core (geometry, flow, temperature
and pressure conditions). This was done in sections 3, 4 and 5 based
not only on hydraulic considerations (pressure drop calculations),
but also on heat transfer considerations. That is, we considered
the limitation of the rod linear rating as a functionof p/d (Eq. (31))
and the-timitation of the water temperature at the outlet of the hot
channel equal to the water saturation temperature at core outlet
pressure (Eqg.(11)). However there are two further heat transfer considerations:
~ The maximum heat flux at the surface of the fuel rods, also under
overperpower conditions, should always be lower than the local
critical heat flux
- The nominal fuel rod surface temperature should be such that
no subcooled boiling occurs over too large a portion of the coolant
channels.
The first condition is self explaining. The second is due to the
requirement of avoiding excessive formation of vapor in the coolant channels
between the fuel rods, even in narrow regions near the fuel rod
surface, This to avoid flow instability phenomena due to local
decrease of coolant density and the resulting increase of the pres-

sure drop (Ledinegg instability, see for instance Ref. /20/).

In the present section we will deal with the first requirement,
while the second will be treated in the next section.

We can assume as a good approximation a chopped cosine axial
power distribution in the core, Thus the water axial temperature

distribution in the hot coolant channel is:

T, =T sin B
_ 2u 1 L'c
Tyg(X) = FypOp —53— (1 + ""'Tf.: ) (82)
sin =75
C

where OP=1 for nominal operating conditions, and OP=1.12 for
power plant overpower conditions. x is the axial distance of the

considered section measured from the core center, We are here




L
interested only in positive values of x (between O and —% )

because only in this portion of the core could a critical
flux occur,Lé (core extrapolated length) may be calculated

once the axial power form factor Y4y is known:

1 ZLé ﬂLC
— = e 5in ) (83)
Pax  "bg c

¥ ox is calculated from the neutronic core calculations., For
the present study we have assumed a constant value of ?ax’

obtained for a homogeneous APWR /2/, i.e. Pox = 1.43,

The pressure distribution along the cooling channels is assumed

to be linear:

p1+p2 X
p(x) = 5 - (p1—p2) “ﬂ‘;‘ (84)

The hot spot heat flux distribution at the surface of the fuel

rods is:
qL mTX
thS(X) = FqOP ?a cos T—Tg (85)

where Fq is the hot channel factor for the heat flux at the
fuel rod surface (it includes the product of the radial form
factor times the axial form factor). For the present study

we assume Fq=2.1 like in a PWR /5/.

In the literature one can find many critical heat flux correla-
tions for rod clusters. For the present study we have used as

a reference correlation the critical heat flux correlation of
Dalle Donne and Hame /22/ which was developed especially for

the APWR application. Calculations were performed using the
Shippingport /23/, the WSC-2 /24/ and the B&W-VPI&SU /25/
correlations as well. The results reported here refer only to the
correlation of Ref,/22/. Comparison with the other correlations

will be only shortly discussed in the conclusions of the present

paper.
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The calculations of the critical heat flux are performed as

follows /22/:

3

GB = 0,73735x10 pavu (86)
th= 39,37 dh (87)
B = 0.25 thGB (88)
-3
p, = 14.504x10 p (x) (89)
F1 - p 0.982 e1.17(1—pr) (90)
r
F2 - p 0.841 e1.424(1—pr) (91)
r
_ 1.851 1.241(1-p.)
F3 = P, e r (92)
_ -4
Hng = 4,299x10 Hfg(p(x)) (93)
where Hfg(p(x)) is the latent heat of vaporisation at the

pressure p(x). Subscript B means that the parameters are given
in British Thermal Units, while the quantities without subscript
B are given in SI(Metric) Units with the exception of the pressures

which are given in bars (105Pa).

1.763xBx1 F

ngx 1
A= (94)
149,157 FZGBth
6.507 F G._d
hB
wh
in X + sin —
v U (ES + xX)cos 1¥ (o6)
p 72 L

—_ - . 1. 2 = T =
V= 3.1 - 1.15 G +.0.,1188 G - 2.5 exp(~Gp) (97)




for clusters with grid spacers (seed of heterogeneous reactor).
For clusters with integral spiral rib spacers (homogeneous
reactor and blanket of heterogeneous reactor)the following expres-
sion holds

F0.915

517
%h

V = 1-0.2589 + 2.75 exp(-4Gy)-3exp(-3Gy)| (98)

{0.25+O.1 GB

where F may be obtained from eq. (47)

B Y-1
C =C'V [1 * T (99)
B
_ -3
AHS1B = 0.4299x10 ~AHg4 (100)

where AHgq is the enthalpy difference between the enthalpy of
saturated water at the core inlet pressure p; and the enthalpy

H, of the water at core inlet. AH is often called "inlet

1 S1
subcooling",
Le
Z = 39,37 5 + X (101)
6 A+B AHSTB

(x) = 3.155%x10 (102)

®cur SENAY

Calculations ?re performed for 20 different values of x in the
interval O to 53 (upper part of the core)., The minimum value of

the ratio ¢CHF(X)/¢HS(X) is the "Departure from Nucleate Boiling
Ratio' (DNBR).

Calculations are performed also to take account of the deformation
in the axial heat flux distribution caused by the insertion of

the control rods. In this case a method which holds with a good
approximation is to still consider a chopped cosine axial power
distribution, however for a shorter core length, which corresponds
to the region of the core below the inserted control rods /26/:

Ll =14 - L (103)

_ _ 104)
LCR Lc Lo (




#

Ref. /26/ suggests that LO=O.1 L:. This is the value we will
assume in the present study. The resulting hot spot heat flux

distribution at the surface of the fuel rods is:

_ X
dnscr = FoOpFer €08 7 (105)
cR
'ITLC
with ! sin T
FCR T, mL (106)
CR sin
]
2LCR

while the temperature and pressure distributions in the hot

coolant channels are:

C (1 4 —SR (107)

Tyg (X) = Ty + F, 00 ===

p(x) = —5= = (p,-p,) T— (108)

7. Fuel Rod Surface Temperature Calculations

In the present section we describe the method used to calculate
the nominal fuel rod surface temperature,
The nominal water temperature axial distribution in the highest

rated coolant channels is:

. TX
T2u‘T1 sin EZ—
- 109
TN(x) T1+W}ad Op 5 (1 + T ) ( )
sin
ZLé

According to C. Broeders Lo should be considerably higher, possibly
up to 0.4 Lo, This of course would reduce the DNBR too much, If the
preliminary assessment of C. Broeders will be confirmed by subsequent
more exact calculations, the major part of reactivity variations due
to burn up has to be compensated by burnable poison in the fuel,
such as instance gadolinium oxide,
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where Praa is the radial power form factor, Wrad depends on the
radial neutron flux distribution and on the fuel enrichment in

the various radial zones of the reactor. In the PWR for instance

a three-cycle fuel management is normally used: the fresh fuel

is introduced in the reactor in the outer region of the core and
then after % of the total burn-up moved successively into two further
internal regions of the core. This has the advantage of reducing
considerably ?rad' For the present study we assume Wrad=1.34,
the same as for the German PWR of the 1300 MWe class /27/, be-

cause we envisage the use of the same fuel cycle system for the APWR.

The pressure distribution p(x) is given by equation (84).
Equations (84) and (109) and the relationships of Ref./6/ allow

the calculation of the water physical properties in the nominal highest

rated coolant channels:

p o= u(TN(X),p(X)) (110)
cy = ¢p(TN(X),p(X)) (111)
k = k(T (x),p(x)) (112)

The heat transfer coefficient between fuel rod wall and cooling

water is given by:

d d

o = 0.0211 l‘--[wo.ozos(—E - 1)] (1-e  0:02) g0:85.0.4 143y /28
h

where the Reynolds and Prandtl numbers are calculated as:

p_.ud

Re =_§‘J.ﬁ.__ll (113)
uc

Py =-E-P- (114)

The nominal heat flux distribution at the surface of the fuel

rods in the highest rated channels is:




qL X

d)N(x) = ‘?ax ‘?rad OP -3 cos T (115)

and the fuel rod wall temperature:

o _(x)

T (%) = T (x) + Na (116)

In the presence of subcooled boiling the wall temperature is given

by:

] 0-25 - Bx)
TWB=TS(p(x))+25 [¢N(x)x1o‘] e 02 (117) /29/

If TW(X) is less than T __(x) for any value of x,then local

WB
boiling does not occur.

8. Calculation Results

8.1 Homogeneous reactors

Tables II to X show the results of the calculations for the
homogeneous reactors. The calculations have been performed for

the following cases:

= 0.85 cm, d= 0.78 + 0.82 cm (Table IT)

= 0.90 cm, d= 0,78 % 0.87 cm (Table III)
= 0.95 cm, d= 0.78 + 0.93 cm (Table IV)

= 1,00 cm, d= 0.78 + 0.98 cm (Table V)
1.05 cm, d= 0,82 1.03 cm (Table VI)

= 1,10 cm, d= 0.88 1.07 cm (Table VII)
= 1.15 ¢cm, d= 0,94 1.10 cm (Table VIII)
= 1.20 cm, d= 0.96 1.14 cm (Table IX)

= 1,25 ¢cm, d= 1.03 1.09 cm (Table X).

oje  sfe ofs ofe
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Altogether 97 reactors. The symbols in the Tables are the same
as those used in the text and explained in the List of Symbols.
DNBR is the ratio between the critical heat flux and the hot
channel heat flux at the axial point where this ratio is a
minimum. Four values of DNBR are shown in the tables, namely
for the case with and without inserted control rods and in
nominal reactor power conditions (overpower factor = 1.00) and

for an overpower factor of 1,12,

VM/VF is the ratio between the area occupied by the water (moderator)
and by the fuel rods, and "CELL" is the same value for a single

unit cell around a fuel rod.

X (BOIL) is the axial distance from the core center where subcooled
boiling starts to occur in the highest rated channels. Two values
of X(BOIL) are shown, for 0,=1.00 and 0,=1.12 respectively. The
value O indicates that subcooled boiling occurs starting at the
core center or below {(that is for negative values of x). The

stars indicate that no subcooled boiling occurs in the considered

highest rated channels.

Figures 1 to 17 show the results of the calculations in diagram-
matic form. Comparing these figures with the corresponding data
of the standard German PWR of 1300 MWe (Table I) one can observe
that for the parameters of the APWR:

- The rod linear power is always lower than that for the PWR value
(208 W/cm); the reason for this is the smaller p/d ratio and
the boundary condition due to reflooding (Eq. (31)).

- Nevertheless the core power density is higher than in the PWR
case (102 W/cm3) and it increases with decreasing fuel rod
diameters.

- The water mass flow rate is lower than the:PWR value (18800 kg/s) .

- The water velocity is higher than for the PWR (4.5 m/s)

- The core height is lower than for the PWR (390 cm)

- Core pressuredrops are higher than for the PWR (1.4 bar)
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- Inlet and outlet water temperatures are lower than the PWR
values.Variationst1T1are considerably larger than in Ty.

- The primary water pumping power is never higher than 18.8 MW,
This means at most about 10% more than the nominal PWR-pumping
power (17 MW). Due to the fact that the primary circuit water
pumps can operate at powers 25% higher than the nominal values,
this 10% overpower is considered acceptable,

The net electrical plant power decreases rapidly with d.

The DNBR (departure from nucleate boiling ratio = ratio between

critical heat flux and heat flux in the hot channel) is the
smallest in the case of inserted control rods and overpower
factor equal to 1,12. In this case the DNBR values for more
than half of the investigated reactors (for low p and d values)
are less than 1.3. Generally for PWR's the DNBR should be
greater or equal to 1.3 /27/ and we assume the same safety
margin for the APWR, although the standard deviation o of the
used critical heat flux correlation is only 6.2% in the case
of integral spiral rib spacers /22/, and five time ¢ would
correspond to a confidence limit of more than 99.99%, while

a confidence limit of 95% is considered sufficient in this case.
/27/.

- The water to fuel rod volume ratio VM/VF is an important
parameter for the neutronic calculations: the conversion
ratio is higher for lower values of VM/VF’ Fig.15 shows
that this parameter decreases with increasing fuel rod diameter
d. Of course for a constant d value, VM/VF decreases with de-
creasing values of the fuel rod pitch p.

- Figures 16 and 17 show that for almost all the calculated reac-
tors subcooled (or local) boiling occurs in the highest rated
channels over a considerable length of the upper part of the
core. This length is of course greater in the case of an overpower
factor equal to 1.12. Subcooled boiling is normally allowed in
a PWR, even to a greater extent than we have allowed here for
the calculated APWR's., Indeed even saturated boiling is allowed
at the outlet of the hot channels in the PWR's /27/ while in the
present study for the APWR it is not (see eq.(12)). However, as
discussed in section 6, even the very small amount of vapor

at the fuel rod wall caused by subcooled boiling could possibly




produce flow instabilities for very narrow coolant channels
in parallel. In our opinion this point can be clarified only

by out-of-pile experiments with tight lattice rod bundles.
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Tables XI to XVII show the results of the calculations for the
heterogeneous reactors. The calculations have been performed

for the following cases:

dg = 1.00 cm qyq = 128 + 148 W/cm® (Table XI)

dg = 0.95 cm q,q = 140 + 164 W/cm3 (Table XII)
dS = 0,90 cm dyg = 148 + 182 W/cm3 (Table XIITI)
dS = 0,85 cm dyg = 160 + 206 W/cm3 (Table XIV)
dS = 0,80 cm dyg = 180 + 228 W/cm3 (Table XV)

dS = 0,75 cm dyg = 204 = 272 W/cm3 {(Table XVI)
ds = 0,70 cm d,g = 228 + 288 W/cm3 (Table XVII)

Altogether 101 reactors. For each calculated reactor the first

four DNBR values are for the seed (without and with insertion

of the control rods) and the second four values for the blanket.
Figures 18 to 46 show the results of the calculations in dia-
grammatic form. The comparison of these values with the correspon-
ding data of the standard German PWR of 1300 MWe results in
conclusions qualitatively similar to those for the homogeneous reactors
(see Section 8.1), here we shall discuss only the special ‘features

of the results for the heterogeneous reactors.

- The pitch to diameter ratios of the fuel rods are always
higher for the seed than for the blanket (Figures 21 and 22).

- Contrary to the case of the homogeneous reactors, the heterogeneous
reactors can, in certain cases, be even higher than the PWR

(Fig.25).
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- The DNBR's are always greater than 1.3 in the seed
(Figures 34 to 37), however, for certain reactors, they can be
lower than 1.3 in the blanket especially for the 12% overpower
factor case (Figures 40 and 41). Although the power density
in the blanket is only half that in the seed, the DNBR's are
lower in the blanket because the fuel rod cluster is much

tighter.

9, Conclusions

Based on the present parametric thermohydraulic study of Advanced
Pressurized Light Water Reactors both homogeneous and heteroge-

neous with control rods, we conclude the following:

1. It possible to place either a homogeneous or a heterogeneous
APWR core inside the reactor vessel of a modern German 1300 MWe

PWR.

2, There are however limitations caused by the size of the yeactor
vessel, of the heat exchangers and of the turbines, and by the
power of the primary circuit water pumps. A tigher fuel rod
lattice in the core offers the benefit of a smaller water
to fuel rod volume ratio VM/VF and thus a higher conversion
ra*tio, This must be paid for by a decrease of the net electrical
output of the plant. The decrease is however different for
the homogeneous and the heterogeneous type of APWR. Fig.47
shows the ratio VM/VF versus the net electrical output of
the plant for all the calculated reactors of the present
study; for the same VM/VF ratio the decrease of power is
greater for the heterogeneous reactors than for the homogeneous
reactors, For instance for VM/VF = 0.3, Qel.net = 1027 MWe
and 1130 MWe for the heterogeneous and the homogeneous reactors
respectively, which means a decrease of 21% and 13% from the

PWR power (1300 MWe for VM/VF = 1,25),




The APWR reactors require higher water velocities (5 to 9.5m/s)
than for the PWR case (4.5 m/s). These higher velocities

could possibly cause vibration and/or corrosion and erosion
problems in the core. Velocities of this order have been

achieved in the KWU reactor of Atucha in Argentina.

The pressure drop across the core is higher in the APWR's than
in the PWR (up to 9 bar as against 1.4 bar). This implies the

necessity of a redesign of the core hodd-down system.

The APWR cores tend to be shorter than in the PWR case, with the
exception of some heterogeneous reactors. This has the advantage
of making the reflooding of the reactor after a LOCA easier.
However the hydraulic resistances of the APWR cores are always
higher than that of the PWR, and this probably outweighs

the advantage given by the shorter core.

The number of fuel rods is generally higher than for the PWR
o = 46413) especially for the reactors with low VM/VF values.
This means higher fuel cycle costs for the APWR.,

(n

The DNB {or the critical heat flux) has been calculated in the
present study with the correlation suggested in Ref. /22/. This
correlation was developed especially for tight lattice rod
bundles and takes account of the effect on DNB of the spiral
integral rib spacers, which is not taken into account by other
correlations. The DNB predicted by the Shippingport correlation
/23/ would be higher and those predicted by the Edlund /25/

and WSC2 /24/ correlations would be lower than the DNB pre-
dicted by correlation of Ref. /21/.

The DNB ratio for about half of the homogeneous reactors is
smaller than 1.3. This is true for the reactors with small
fuel rod diameters and pitches (Fig.14). These reactors have
generally high values of VM/VF' i.e. relatively large values
of p/d. This means that at high p/d ratios the DNB ratio
limitation is more stringent than the limitation on the fuel

rod linear rating given by the reflooding (eq.(31)). On the
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contrary at low p/d values the condition DNBR > 1.3 is less
stringent than the boundary condition given by equation (31).
This emphasizes ‘the importance of the limitation given by Eg. (31)
for the design of a APWR énd demongtrates that further work

should be performed in this area.

The DNB ratio for some of the heterogeneous reactors is
smaller than 1.3 in the blanket (Fig.41). In the seed of all
the calculated reactors the DNBratio is greater than 1.3. Also

"here the blanket DNBR is smaller than 1.3 for reactors with relatively

high VM/VF ratios and the same considerations made for the
homogeneous reactors are valid for the blankets of the

heterogeneous reactors as well.

For most of the calculated reactors subcooled (local) boiling
occurs in the highest rated coolant channels. The extent of the
axial region where subcooled boiling occurs is generally lower
than in the PWR case, because we have imposed the condition that no
saturation boiling should occur, not even at outlet of the

hot channels. However, due to the fact that the coolant

channels are considerably smallexr than in the PWR, even this
small amount of vapor at the wall could possibly cause flow
instabilities of the Ledinegg type. Also in this area further

work is required.
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List of Symbols

s e e e e e e e e e O e Yt e € s

A = cell water flow area (m2)

AC = cross section area of the unit cell of the fuel rod
array (m2)

A = useful total cross section area of the core (area

occupied by fuel rods and relative water cooling
channels) (mz)

b = thickness of the integral spiral ribs (m)

d = fuel rod diameter (m)

d = hydraulic diameter of the coolant channel (m)

Deq = equivalent diameter of the core = diameter of the circle
which has the same cross section area of the actual

core (m)
axial pitch of the integral spiral ribs (m)

fas
Il

= core active length (m)
= core extrapolated length (m)
= fuel rod total length (m)

= ghortening of the core active length due to insertion

[ e R N
C W a-Q

of the control rods (m)

= core active length with inserted control rods (m)

Q
oy

! = core extrapolated length with inserted control rods (m)

Q
s,

= gpacer grid axial spacing in the active core region (m)

0
Q

= sgpacer grid axial spacing in fission gas plenum region (m)

0
oyl

= total number of fuel rods in the blanket
= number of spacer grids along the length of the fuel rods
= total number of fuel rods in the seed

= total number of fuel rods

o B 8 5 5 B
H o®n QW
f

= fuel rod pitch (m)

ratio between area occupied by the water (moderator)

<
=
~
<
=
Il

and the fuel rods,
X = axjial distance of the considered section measured from

the core center (m)
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a = water fraction of the unit cell of the fuel rod arvay
(in the tables indicated as "CELL")

€ = spacer grid solidity = ratio of the cross section area
of the grid to the cross section area of the coolant

channel

Water Physical Properties

water specific heat (J/kg°C)

c =

° = water thermal conductivity (J/msOC)

H1 = average water enthalpy at the inlet of the reactor
(J/kg)

H2 = average water enthalpy at the outlet oflthe reactor
(J/kg)

H2u = average water enthalpy at the outlet of the fuel rod
coolant channels (J/kg)

AHS1 = difference between the enthalpy of the saturated water

' at the core inlet pressure Py and the enthalpy H1 of

the water at core inlet (J/kg)

P = water density (kg/m3)

n = water dynamic viscosity (kg/ms)

v = water kinematic viscosity (mz/s)

Temperatures

T1 = water temperature at reactor inlet (OC) (

T2 = average water temperature at reactor outlet (°c)

TO = equivalent reject heat temperature (eq. (24)) (OC)

T2u = average water temperature at the outlet of the fuel
rod coolant channels (OC)

T2H = water temperature at the outlet of the hot coolant
channels (OC)

Ts = steam saturation temperature at the turbine pressure
P (°c)

TN = nominal water temperature in the most rated coolant

channels (OC)




HS
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fuel rod wall temperature in the most rated coolant
channels without boiling (OC)

fuel rod wall temperature in the most rated coolant
channels with subcooled boiling (OC)

water temperature in the hot coolant channels (OC)

Other Physical Parameters

pressure head available for the core (m)

total pressure head of the primary circuit water
pumps (m)

HT - Hc = pressure head available for the rest of
the primary circuit (m)

average total heat transfer coefficient times the
total surface of the heat exchangers (w/°C)

total water mass flow in the primary circuit (kg/s)
useful total water mass flow = mass flow of water
which actually cools the fuel rods (kg/s)

power required to pump the water in the primary
circuit (W)

total electrical power for internal use in the
plant (inclusive of N) (W)

water pressure (bar)

water pressure at reactor inlet (bar)

water pressure at reactor outlet (bar)

steam saturation pressure at the turbine (bar)
average water pressure in the core (bar)

reactor thermal output (W)

= net electrical power of the plant (W)

average fuel rod linear rating (W/m)

average volume power density (W/m3)

average water velocity (m/s)

water volume flow for each pump in the primary circuit (m3/s)
convective heat transfer coefficient between fuel

rod wall and cooling water (W/m2 e

critical heat flux at the surface of the fuel rods

(W/m?)




Ap
Apc
Ap

acc

Apel

Aptot
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hot spot heat flux at the surface of the fuel
rods (W/mz)

hot spot heat flux at the surface of the fuel
rods with inserted control rods (W/mz)

nominal heat flux at the surface of the fuel rods
in the most rated coolant channels (W/m2)
friction pressure drop caused by the required
flow of water through the core (bar)

irreversible pressure drop available for the core
(bar)

core pressure drop due to the acceleration caused
by the change of water temperature (bar)

core pressure drop due to the elevation difference
(bar)

total core pressure drop (bar)

Dimensionless Parameters

friction factor correction number for low p/d
values (eq.(50) and (51))

friction factor correction number for bundle
geometry (eq.(71))

modified drag coefficient of the spacer grid
departure from nucleate boiling ratio = minimum
ratio between critical heat flux and heat flux in
the hot channel

friction factor correction number for spiral ribs
(eq. (47))

hot channel factor for the enthalpy rise in the
core

hot channel factor for the heat flux at the fuel
rod surface

ratio of the turbine pressure for the APWR case
to the turbine pressure for the PWR reference case
inlet pressure drop coefficient

power plant overpower factor




Pr
Re
Re'

Pax
$rad

Subscripts-

N = 0 n w
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Prandtl number
Reynolds number
modified Reynolds number (eq. (46))

axial power

distribution form factor

radial power distribution form factor

friction factor

friction factor for flow in a tube

average

relative to
relative to
relative to
at the core

at the core

the blanket

the seed

the reference 1300 MWe PWR
inlet

outlet
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Table I: Parameters of the reference PWR

Qel,net,o = 1300 MWe

" Q = 3765 MW
o)
N = 17 MWe
)
Nel,O = 54 MWe
T = 291.14%

1,0
_ o
Tz,o = 326.16 °C
T = 280.31°¢
S,0

T, = 355.32 K
P10 = 159.65 bar
P20 = 158.26 bar
pS,o = 64.5 bar
M, = 18800 kg/s
KF = 155.927 Mw/°cC
HT,o = 89.6 m
HR,o = 70.6 m
FAH = 1.6
F = 2.1
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Table I1
HOMOGENEOUS CORE
P= 0.850CM N = 160925
D P/D QL Qv M U LG DP DPT Ti T2 K Q NP QEL QR DNBR  VM/VF CELL X(BOIL.)
C - W/CM W/CCM KG/S M/S CM BAR BAR C C - MW MW - - - - CM
RPN W HHH SRR RERERERRHEER RN REERBERE R REF R HF RN ERR AR RE AR R LR R R SRR BRERER BB RRERTFE BRI REERS RS R S Y RSB EE N6
0.780 1.090 157.7 252.0 16364, 8.6 139. 4.57 4.76 285.2 323.6 0.936 3525. 18.75 1197. 0.921 1.47 1.43 0.349 0.309 u2, 1
OPF = 1.12 1.32 1.28 2k,
0.790 1.076 154.5 246.9 15770. 8.8 139. 5.22 5.42 283.7 323.0 0.920 3465. 18.78 1171. 0.901 1.48 1.44 0.317 0.277 u5, 2
OPF = 1.12 1.33 1.28 28.
0.800 1.062 151.3 241.8 15052. 9.1 139. 5.96 6.17 281.7 322.2 0.900 3388. 18.66 1138. 0.876 1.49 7T.44 0.287 0.245 u5, 3
OPF = 1.12 1.33 1.29 28.
0.810 1.049 148.1 236.7 14185, 9.2 138. 6.77 6.99 279.2 321.3 0.874 3291. 18.32 1097. 0.84l 1.48 71.44 0.258 0.214 B, 13
OPF = 1.12 1.33 1.28 28.
0.820 1.037 144.9 231.5 13152. 9.3 136. 7.64 7.87 275.9 320.1 0.841 3167. 17.65 1044, 0.803 1.47 1.42 0.230 0.185 37. 5
OPF = 1.12 1.31 1.26 24,
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Table IIT
HOMOGENEOUS CORE
P= 0.900 CM N = 143541
D P/D aL Qv M U LC DP DPT Tl T2 K Q NP QEL QR DNBR  VM/VF GCELL X(BOIL.)
C - W/CM W/CCM KG/S M/S CM BAR BAR c c - M MW MW - - - - CM
HEWNBRRHEEREHRRRRRHEREERERRAEH R ERRER R EEER B LR RR R R F SRR R R RS R N RSB SERH R R R SRR E BN ERAF IR R EF R R R AR EEE LR RS RS
0.780 1.154 171.4 244.3 17898. 7.3 149, 2.71 2.89 288.9 324.9 0.975 3670. 18.09 1259. 0.969 1.43 1.39 0.502 0.468 30. 6
OPF = 1.12 1.27 1.24 19.
0.800 1.125 165.4 235.9 17348. 7.8 152. 3.41 3.60 287.6 324.5 0.961 3620. 18.43 1238. 0.952 1.46 1.43 0.432 0.396 y2, 7
OPF = 1.12 1.31 1.27 23.
0.810 1.111 162.5 231.6 16991. 6.1 154. 3.84 4.04 286.8 324.1 0.952 3586. 18.58 1223. 0.941 1.48 1.44 0.400 0.361  46. 8
OPF = 1,12 1.32 1.29 27.
0.820 1.098 159.5 227.3 16565. 8.3 155, 4.34 4L.54 285.7 323.7 0.941 3545, 18.71 1206. 0.927 1.50 1.46 0.368 0.328 = 50. 9
OPF = 1.12 1.34 1.30 27.
0.830 1.08L4 156.4 223.0 16054. 8.6 156. 4.91 5.12 284.4 323.3 0.928 3494, 18.78 1184. 0.910 1.51 1.47 0.337 0.296 51. . 10
OPF = 1.12 1.35 1.31 31.
0.840 1.071 153.4 218.7 15442. 8.8 156. 5.56 5.78 282.8 322.6 0.911 3430. 18.75 1156. 0.890 1.52 1.48 0.308 0.266 51. 11
OPF = 1.12 1.36 1.32 31.
0.850 1.059 150.4 214.4 14711. 9.0 155. 6.29 6.51 280.7 321.9 0.890 3351. 18.55 1122. 0.863 1.52 1.48 0.279 0.236 50. 12
OPF = 1.12 1.36 1.32 31.
0.860 1.047 147.4 210.7 13843. 9.2 154, 7.07 7.31 278.1 320.9 0.863 3251. 18.13 1080. 0.831 1.52 1.47 0.252 0.208 46. 13
OPF = 1.12 1.35 1.31 31.

0.870 1.034 144.3 205.8 12826. 9.2 151. 7.89 8.13 274.8 319.7 0.830 3126. 17.39 1027. 0.790 1.50 1.45 0.225 0.180 Li. 14
OPF = 1.12 1.34 1.30 26.
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0.

0

0

o

0

o

0

D
CM

.800

.820

.840

.850

.860

.870

.880

.890

.900

.910

.920
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HOMOGENEOUS CORE

P= 0.950 CM N = 128829

P/D QL Qv M U LC DP

1.187

1.159

1.131

1.118

1.105

1.092

1.080

1.067

1.056

1.044

1.033

W/CM W/CCM KG/S

177.8

172.3

166.7

163.9

161.0

158.2

155.3

152.5

149.6

146.7

143.9

227.4

220.4

213.3

209.7

206.0

202.4

198.7

195.1

191.4

187.7

184.1

780 1.218 183.1 234.3 18556.

18285.

17920.

17419.

17100.

16723.

16276.

15746.

15119.

14381.

13517.

12518.

M/S CM BAR

6.4 158. 1.84

6.8

7.2

1.7

7.9

8.

2

8.4

8.6

8.

8

9.0

S.

9.

1

1

162. 2.20
165. 2.68
169. 3.32
170. 3.71
172. 4.16
173. 4.67
173. 5.25
173. 5.89
172. 6.60
176. 7.35

167. 8.12

DPT
BAR

2.01

2.38

2.87

3.52

3.92

L.37

L.89

5.47

6.12

6.84

7.59

8.37

Table IV
T1 T2 K
c c -

290.4 325.5 0.990

289.8

289.0

287.8

287.1

286.1

285.0

283.6

281.9

279.8

277.1

273.8

325.3
3250
324.5
324.2
323.9
323.5
323.0
322.3
321.5
320.5

319.3

OPF =

0.984
OPF =

0.975
OPF =

0.963
OPF =

0.955
OPF =
0.946
OPF =

0.934
OPF =

0.920
OPF =

0.902
OPF =

0.880
OPF =

0.853
OPF =

0.820
OPF =

Q
MW

3728.
1.12

3704.
1.12

3672.
1.12

3626.
1.12

3596.
1.12

3560.
1.12

3516.
1.12

3462.
1.12

3396.
1.12

3314,
1.12

3212.
1.12

3086.
1.12

NP QEL
MW MW

17.52 1284.

17.77 1274,

18.07 1260.

18.39 1241.

18.54 1228.

18.67 1212.

18.76 1193.

18.78 1170,

18.68 1142,

18.42 1106.

17.92 1063.

17.12 1010.

0.

0.

0.

0.

0.

0.

0.

0.

QR

988

980

.969

.954

.94y

.932

918

900

878

851

818

T

PAGE

DNBR

1.36
1.21

1.40
1.25

1.4k
1.28

1.48
1.32

1.49
1.33

1.51
1.35

1.53
1.36

1.54
1.37

1.55
1.38

1.55
1.38

1.54
1.38

1.52
1.36

1.33
1.19

1.37
1.22

1.47
1.26

1.44
1.29

1.46
1.30

1.48

1.32

1.49
1.33

1.50
1.34

1.51
1.35

1.51
1.35

1.50
1.34

1.48
1.32

3

VM/VF CELL X(BOIL.)
- - CM

0.664

0.587

0.515

0.448

0.416

0.385

0.356

0.327

0.299

0.273

0.247

0.221

0.636

0.555

0.480

0.410 |

0.377

0.346

0.315

0.285

0.256

0.229

0.202

0.176

16.
8.

24,
12.

37.
21.

L6.
25.

51.
30.

56.
34,

60.
35.

61.
35.

61.
35.

56.
34,

55.
34,

50.
33.

15

16

17

18

19

20

21

22

23

24

25
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HOMOGENEOUS CORE

P= 0.950 CM N = 128829
D P/D QL Qv M U LC DP DPT m T2 K Q NP QEL QR DNBR VM/VF CELL X(BOIL.)
CM - W/CM W/CCM KG/S M/S CM BAR BAR C C - MW MW MW - - - - CM

RHHRWHBHE R R R ERHERHARRRHARREREAREREHHEH B RERERBEREE R SRR AR RN RRH R R R R R EHBRRHEFERRRFRRE RN R R U R B R R A AR R R R AR BB R BB EA SR RH IR R B RN R B RR S

0.930 1.022 141.0 180.4 11714, 9.4 164. 8.67 8.93 270.9 318.2 0.791 2978. 16.33 964. 0.742 1.50 1.46 0.197 0.151 1. 27
OPF = 1.12 1.34 1.30 25.
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0.800

0.820

0.840

0.860

0.880

0.890

0.900

0.910

0.920

0.930
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HOMOGENEOUS CORE

P= 1.000CM N = 116268
P/D QL Qv M U LC DP DPT
- W/CM W/CCM KG/S M/S CM BAR BAR

0.780 1.282 192.9 222.7 18884. 5.8 167. 1.38 1.55

1.250 188.2 217.3 18732. 6.0 171. 1.59 1.77
1.220 183.4 211.7 18535. 6.4 175. 1.86 2.05
1.190 178.3 205.9 18277. 6.7 179. 2.21 2.40
1.163 173.1 199.9 17935. 7.1 182. 2.66 2.86
1.136 167.8 193.8 17475. 7.5 186. 3.25 3.u6
1.124 165.1 190.7 17186. 7.8 188. 3.61 3.82
1.111 162.5 187.6 168u48. 8.0 189. L4.071 4.23
1.099 159.8 184.5 16u452. 8.2 19Q. L.yt 4.70
1.087 157.0 181.3 15987. 8.4 191. 4.99 5.22
1.075 154.3 178.2 15442. 8.6 191. 5.56 5.81
1.064 151.6 175.1 14805. 8.8 191. 6.20 6.45

0.940

Table V
T1 T2 K
C -

291.1 325.8 0.998

290.8

290.3

289.8

289.0

287.9

287.3

286.4

285.4

284.3

282.8

281.0

325.6

325.5

325.3

325.0

324.6

324.3

324.0

323.6

323.2

322.6

322.0

OPF =

0.994
OPF =

0.990
OPF =

0.984
OPF =

0.976
OPF =

0.965
OPF =

0.957
OPF =

6.949
OPF =

0.939
OPF =

0.926
OPF =

0.911
OPF =

0.893
OPF =

Q
MW

3756.
1.12

3743.
1.12

3726.
1.12

3704L.
1.12

3673.
1.12

3631.
1.12

3604.
1.12

3572.
1.12

3534,
1.12

3487.
1.12

3430.
1.12

3361.
1.12

NP QEL QR
Mw MW -

17.17 1296. 0.997
17.34 1291, 0.993
17.54 1284. 0.987
17.78 1274. 0.980
18.06 1261. 0.970
18.36 1243. 0.956
18.50 1231. 0.947
18.63 1217. 0.936
18.73 1201. 0.924
18.78 1181. 0.908
18.75 1156. 0.890

18.59 1127. 0.867

PAGE

DNBR

1.28
1.15

1.32
1.18

1.36
1.22

1.40
1.25

1.44
1.29

1.48
1.32

1.50
1.34

1.52
1.36

1.53
1.37

1.55
1.38

1.56
1.39

1.57
1.40

1.26
1.13

1.30
1.16

1.34
1.20

1.38
1.23

1.42
1.27

1.45
1.30

1.47
1.31

1.49
1.33

1.50
1.34

1.52
1.35

1.53
1.36

1.53
1.37

5

VYM/VF CELL X(BOIL.)
- - CM

0.836

0.750

0.670

0.596

0.527

0.462

0.431

0.402

0.373

0.345

0.318

0.292

0.812

0.723

0.640

0.563

0.491

0.424

0.392

0.361

0.332

0.303

0.275

0.248

0.

9.
i,

17.
9.

31.
18.

L1,
23.

56.
28.

61.
33.

66.
38.

67.
38.

72.
38.

67.
43.

67.
43.

28

29

30

31

32

33

34

35

36

37

38

39
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HOMOGENEOUS CORE
P= 1.000CM N = 116268

D P/D QL Qv M
Cl - W/CM W/CCM KG/S

0.950 1.053 148.9 171.9 14063.
0.960 1.042 146.1 168.8 13206.

0.980 1.020 140.7 162.5 11510.

U LC DP DPT T1 T2 K
M/S CM BAR BAR C C -

8.9 189. 6.88 7.14 278.8 321.2 0.870
OPF =

9.0 187. 7.60 7.86 276.1 320.1 0.843
OPF =

9.3 180. 8.80 9.07 270.1 317.9 0.783
PF =

Q
MW

3277.
1.12

3174.
1.12

2949,
1.12

NP
MW

MW

18.26 1091. 0.839 1.57

1.40

17.70 1047. 0.805 1.56

16.11

1.39

952. 0.732 1.52
1.36

QEL QR DNBR

PAGE 6

1.53 0.266 0.222
1.37

1.52 0.242 0.196
1.36

1.48 0.195 0.148
1.32

66.
43,

61.
37.

45,
27.

VM/VF CELL X(BOIL.)
- - CM

HHEAHAEHEEHF AR RERRRFERRERRERRHFRERREHAR RS HH R R R RREER U H N R RE R AT LR EERR R SR AR R AR H B R RN SRR E R XA R AR AR AR R R E S SRR R R RSN RS

Lo

41

L2
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Table VI
HOMOGENEOUS CORE
P= 1.050CM N = 105459
D P/D QL Qv M U LC DP DPT TI T2 K Q NP QEL QR DNBR  VM/VF CELL X(BOIL.)
CM - W/CM W/CCM KG/S M/S CM BAR BAR c c - MW MW MW - - - - CM

HHRERRHERA R R R RRHFREREREREEREHRH LR R R RN LR R AR AR AR R EERERAERERRHEREHEH R RR AR R H AR U R R R R R AR R U R RSB B R RR SR L H R R F R R RR SRR RE R R E

0.820 1.280 192.7 201.8 18854. 5.7 185. 1.42 1.61 291.0 325.7 0.997 3753. 17.20 1295. 0.996 1.29 1.27 0.834 0.808 5. y3

OPF = 1.12 1.15 1.13 0.
0.840 1.250 188.2 197.1 18705. 6.0 188. 1.63 1.82 290.7 325.6 0.993 3740. 17.36 1290. 0.992 1.33 1.31 0.752 0.723 4. Ly
OPF = 1.12 1.19 1.17 5.
0.860 1.221 183.6 192.3 18514. 6.3 192. 1.89 2.09 290.3 325.5 0.989 3724. 17.56 1283. 0.987 1.37 1.35 0.676 0.644 24, u5
OPF = 1.12 1.22 1.20 14,
0.880 1.193 178.8 187.3 18267. 6.7 196. 2.23 2.43 289.7 325.3 0.983 3703. 17.79 1274. 0.980 1.41 1.38 0.605 0.570 34. ho
OPF = 1.12 1.26 1.24 20.
0.900 1.167 173.9 182.1 17945. 7.0 200. 2.65 2.86 289.0 325.0 0.976 3674. 18.05 1261. 0.970 1.45 1.42 0.538 0.501 50. L7
OPF = 1.12 1.29 1.27 25.
0.920 1.141 168.8 176.8 17519. 7.4 204, 3.19 3.42 288.0 324.6 0.966 3635. 18.33 1245. 0.957 1.48 1.u46 0.475 0.436 61. Lg
OPF = 1.12 1.32 1.30 36.

0.930 1.129 166.3 174.2 17255. 7.6 206. 3.52 3.75 287.4 324.4 0.959 3611. 18.47 1234, 0.949 1.50 1.48 0.445 0.406 67. Lo
OPF = 1.12 1.34 1.32 36.

0.940 1.117 163.7 171.5 16949. 7.8 207. 3.89 4.13 286.7 324.1 0.951 3582. 18.60 1222. 0.940 1.52 1.49 0.417 0.376 73. 50
OPF = 1.12 1.36 1.33 L.

0.950 1.105 161.2 168.8 16594. 8.0 209. 4.31 4.55 285.8 323.8 0.942 3548. 18.71 1207. 0.928 1.54 1.51 0.389 0.347 78. 51
. OPF = 1.12 1.37 1.35 L2,

0.960 1.094 158.6 166.1 16181. 8.2 210. 4.77 5.02 284.8 323.4 0.931 3507. 18.77 1189. 0.915 1.55 1.52 0.362 0.319 79. 52
OPF = 1.12 1.38 1.36 L7.

0.970 1.082 156.0 163.4 15701. 8.4 210. 5.29 5.55 283.5 322.9 0.918 3457. 18.77 1168. 0.899 1.56 1.54 0.335 0.292 79. 53
OPF = 1.12 1.0 1.37 b7.

0.980 1.071 153.4 160.7 15144, 8.6 210. 5.87 6.13 282.0 322.3 0.903 3398. 18.69 1143. 0.879 1.57 1.55 0.310 0.266 9. 54
OPF = 1.12 1.41 1.38 b7,
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HOMOGENEOUS CORE

P= 1.050CM N = 105459
D P/D QL Qv M U LC DP DPT T1 T2 K Q NP QEL QR DNBR VM/VF CELL X(BOIL.)
CM - W/CM W/CCM KG/S M/S CM BAR BAR C Cc - MW MW MW - - - - CM

R S H R R R W H R B e M H R A I e R M R R R W W B e B e N M R M

0.990 1.061 150.8 158.0 14499. 8.7 209. 6.49 6.75 280.1 321.6 0.884 3327. 18.47 1112. 0.856 1.58 1.55 0.285 0.240 73. 55

OPF = 1.12 1.41 1.38 7.
1.000 1.050 148.2 155.2 13757. 8.8 207. 7.15 7.42 277.9 320.8 0.861 3241, 18.08 1075. 0.827 1.58 1.55 0.261 0.216 73. 56
OPF = 1.12 1.4%1 1.38 L7.
1.010 1.040 145.6 152.5 12910. 8.9 204. 7.83 8.10 275.1 319.8 0.833 3137. 17.46 1031. 0.793 1.58 1.54 0.238 0.192 66. 57
OPF = 1.12 1.41 1.38 h1i.

1.030 1.019 140.4 147.1 11318. 9.2 197. 8.91 9.20 269.4 317.6 0.776 2922. 15.90 941, 0.724 1.54 1.50 0.193 0.146 L9, 58
OPF = 1.12 1.37 1.34 35.
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Table VII
HOMOGENEOUS CORE
P= 1.100 CM N = 96089
D P/D QL Qv M U LC DP DPT TI T2 K Q NP QEL
CM - W/CM W/CCM KG/S M/S CM BAR BAR c c - MW MW MW
HUBHEHEHRRRREHH R AR ERARRREREHERBF R RN SRR ERER SRR AR R RS SRR RS W R BN B AR R AR AR HBHERR RN E BRI AR HEU R R ETRENSEERE
0.880 1.250 188.2 179.6 18678. 6.0 207. 1.67 1.87 290.6 325.6 0.993 3738. 17.39 1289.
OPF = 1.12
0.900 1.222 183.8 175.4 18492. 6.3 211. 1.92 2.14 290.2 325.4 0.989 3722. 17.58 1282.
OPF = 1.12
0.920 1.196 179.2 171.0 18255. 6.6 215. 2.24k 2.46 289.7 325.2 0.983 3702. 17.80 1273.
OPF = 1.12
0.940 1.170 174.5 166.6 17951. 6.9 219. 2.64 2.87 289.0 325.0 0.976 3675. 18.05 1261.
OPF = 1.12
0.960 1.146 169.8 162.0 17553. 7.3 223. 3.15 3.39 288.1 32L.6 0.966 3639. 18.31 1246.
OPF = 1.12
0.980 1.122 164.9 157.4 17031. 7.7 227. 3.79 L.04 286.9 324.2 0.953 3590. 18.57 1225.
OPF = 1.12
0.990 1.111 162.5 155.0 16709. 7.9 228. 4.17 4.43 286.1 323.9 0&9u5 3559. 18.68 1212.
OPF = 1.12
1.000 1.100 160.0 152.7 16338. 8.1 229. 4.60 4.86 285.2 323.5 0.936 3522. 18.75 1196.
OPF = 1.1
1.010 1.089 157.5 150.3 15911. 8.2 230. 5.07 5.34 284.1 323.1 0.924 3479. 18.78 1177.
OPF = 1.12
1.020 1.078 155.7 148.0 15418. 8.4 230. 5.59 5.86 282.7 322.6 0.910 3428. 18.74 1155.
OPF = 1.12
1.030 1.068 152.6 1L45.6 14851. 8.6 230. 6.15 6.43 281.1 322.0 0.894 3366. 18.60 1129.
OPF = 1.12
1.040 1.058 150.1 143.3 14203. 8.7 228. 6.76 7.04 279.2 321.3 0.875 3293. 18.33 1098.
OPF = 1.12

QR

0.991
0.986
0.979
0.970
0.958
0.942
0.932
0.920
0.906
0.889
0.868

0.84h

PAGE

DNBR

1.33
1.19

1.37
1.22

1.41
1.26

1.4
1.29

1.48
1.32

1.52
1.35

1.53
1.37

1.55
1.38

1.56
1.40

1.58
1.41

1.59
1.42

1.59
1.42

9

VM/VF CELL X(BOIL.)
- - CM

1.31 0.754 0.723

1.17

1.35
1.20

1.39
1.24

1.42
1.27

1.46
1.30

1.49
1.33

1.51
1.35

1.53
1.36

1.54
1.37

1.55
1.38

1.56
1.39

1.56
1.40

0.681

0.612

0.548

0.487

0.431

0.403

0.377

0.351

0.326

0.302

0.279

0.647

0.576

0.510

0.448

0.389

0.361

0.334

0.308

0.282

0.258

0.234

21.
10.

32.
16.

43,
21.

55.
33.

T2.
39.

85.
45.

91.
46.

92.
52.

92.
52.

92,
52.

86.
52.

80.
51.

59

60

61

62

63

64

65

66

67

68

69

— GG —




--- LSTO01 ~--- 25.10.82 -

HOMOGENEOUS

P= 1.100 CM N =

D P/D QL Qv M
- W/CM W/CCM KG/S

-- 04.01.54
CORE
96089
u LC DP DPT T1 T2 K
M/S CM BAR BAR C C -

Q
MW

NP QEL QR DNBR

MW MW -

PAGE 10

VM/VF CELL X(BOIL.)
- - cM

HEHHERAEEHHE RN AR A ERRRBEHHERA IR R A HHERE R R E RN LU R AR R AR A RS R AR HEHA TR RN HH B R A EFRER A SRR HE R AR RRR R LB R R AR BB BEERERR

1.050 1.048 147.6 140.9 13464,

1.060 1.038 145.2 138.5 12629.

1.070 1.028 142.7 136.2 11767.

8.8 226. 7.39 7.68 276.9 320.4 0.851 3205.

OPF =

8.8 222, 8.04 8.33 274.2 319.4 0.823 3100.

OPF =

8.8 218. 8.64 8.93 271.1 318.3 0.793 2985.

OPF =

1.12

1.12

1.12

17.88 1060. 0.816 1.59
1.42

17.22 1016. 0.781 1.59
1.42

16.39 967. 0.744 1.57
1.40

1.56 0.256 0.210
.40

1.56 0.234 0.187
1.39

1.54 0.212 0.165
.37

79.
51.

72.

by, .

65.
LN

71

712

73
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Table VIII
HOMOGENEOUS CORE
P= 1.150 CM N = 87915
D P/D QL Qv M U Lc DP DPT Ti T2 K Q NP QEL QR DNBR  VM/VF CELL X(BOIL.)
c - W/CM W/CCM KG/S M/S CM BAR BAR c c - MW MW MW - - - - cM

HHRRUHERAEHRFHEARLEREREHRRHR AR RAF U R U AR R AR BN R R R R SRR R LR E AR BEE R R R AR E XL R R R AR AR ER R R R R R R R RE R R RS H R SRR

0.940 1.223 184.0 160.7 18470. 6.2 230. 1.95 2.18 290.2 325.4 0.988 3720. 17.60 1281. 0.986 1.36 1.35 0.686 0.650 34, T4

OPF = 1.12 1.22 1.20 17.

0.960 1.198 179.6 156.8 182L2. 6.5 234. 2.26 2.49 289.7 325.2 0.983 3700. 17.81 1273. 0.979 1.40 1.38 0.620 0.582 L7. 75
OPF = 1.12 1.25 1.24 29.

0.980 1.173 175.2 152.9 17952. 6.9 239. 2.64 2.88 289.0 325.0 0.976 3675. 18.05 1262. 0.970 1.44 1.42 0.557 0.518 66. 76
OPF = 1.12 1.28 1.27 36.

1.000 1.150 170.6 148.9 17580. 7.2 243. 3.12 3.37 288.2 324.7 0.967 3641. 18.30 1247. 0.959 1.48 1.46 0.499 0.458 79. 77
OPF = 1.12 1.32 1.30 L42.

1.020 1.127 166.0 144.9 17098. 7.6 246. 3.71 3.98 287.0 324.2 0.955 3596. 18.54 1228. 0.944 1.571 1.49 0.L443 0.402 ###** 78
OPF = 1.12 1.35 1.33 49.

1.040 1.106 161.3 140.8 16468. 7.9 249. L.45 L.73 285.5 323.7 0.939 3535. 18.73 1207. 0.924 1.54 1.52 0.391 0.34g #*##x 79
OPF = 1.12 1.38 1.36 56.

1.060 1.085 156.6 136.7 15643. 8.2 251. 5.36 5.64 283.3 322.8 0.917 3u451. 18.77 1165. 0.897 1.57 1.55 0.342 0.298 107. 80
OPF = 1.12 1.40 1.38 56.

1.080 1.065 151.8 132.6 14566. 8.5 250. 6.42 6.72 280.3 321.7 0.886 3335. 18.50 1115. 0.858 1.59 1.57 0.295 0.250 94, 81
OPF = 1.12 .42 1.40 56.

1.090 1.055 149.5 130.5 13916. 8.6 2u8. 7.01 7.31 278.4 321.0 0.866 3260. 18.17 1083. 0.833 1.60 1.57 0.273 0.227 93. 82
: OPF = 1.12 1.43 1.1 56.

1.100 1.045 147.1 128.4 13182. 8.7 245. 7.62 7.92 276.0 320.1 0.842 3171. 17.68 1046. 0.80L4 1.60 1.57 0.251 0.205 86. 83
OPF = 1.12 1.43 1.40 55.
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Table IX
HOMOGENEOUS CORE
P= 1.200CM N = 80742
D P/D QL Qv M U LC Dp DPT T1 T2 K Q NP QEL QR DNBR VM/VF CELL X(BOIL.)
- W/CM W/CCM KG/S M/S CM BAR BAR C C - MW MW MW - - - - CM

HHRHEHHHEFHFHEH R AR RRRERRRRERRRERRRERHREREEFHRERAHERR TR EH R AR R AR R R AR R RR AR RER R RS R E R R AR R R R RS H R R W W H R

0.960 1.250 188.2 150.9 18624, 5.9 246. 1.74 1.98 290.5 325.5 0.992 3734. 17.45 1287. 0.990 1.32 1.371 0.758 0.723 31. 84
OPF = 1.12 1.18 1.17 18.

0.980 1.224 184.2 147.7 18448. 6.2 250. 1.98 2.23 290.71 325.4 0.988 3718. 17.62 1280. 0.985 1.36 1.35 0.690 0.653 hh, 85

OPF = 1.12 1.21 1.20 25.
1.000 1.200 180.0 144.3 18228. 6.5 255. 2.28 2.53 289.7 325.2 0.983 3699. 17.82 1272. 0.979 1.40 1.38 0.626 0.588 57. 86
OPF = 1.12 1.25 1.23 32.
1.020 1.176 175.7 140.9 17951. 6.8 259. 2.64 2.90 289.0 325.0 0.976 3675. 18.05 1262. 0.970 1.43 1.42 0.566 0.526 71. 87
OPF = 1.12 1.28 1.26 39.

1.040 1.154 171.4 137.4 17601. 7.1 263. 3.09 3.36 288.2 324.7 0.968 3643. 18.29 1248. 0.960 1.47 1.45 0.509 0.468 92. 88
OPF = 1.12 1.31 1.30 L6.

1.060 1.132 166.9 133.9 17152. 7.4 267. 3.65 3.92 287.2 324.3 0.957 3601. 18.52 1230. 0.946 1.50 1.48 0.456 0.413 #*x¥# ~ gg
OPF = 1.12 1.34 1.33 53.

1.080 1.111 162.5 130.3 16575. 7.8 270. L4.33 L.62 285.8 323.8 0.942 35L6. 18.71 1206. 0.928 1.53 1.52 0.405 0.361 ###¥k 90
OPF = 1.12 1.37 1.35 61.

1.100 1.091 157.9 126.7 15829. 8.1 272. 5.16 5.46 283.8 323.0 0.922 3471. 18.78 1174. 0.903 1.56 1.55 0.357 0.312 ##xex 91
OPF = 1.12 1.40 1.38 61.

1.120 1.071 153.4 123.0 14867. 8.4 272. 6.14 6.45 281.2 322.0 0.895 3368. 18.61 1130. 0.869 1.59 1.57 0.311 0.266 109. 92
OPF = 1.12 1.42 1.40 68.

1.140 1.053 148.9 119.4 13639. 8.6 268. 7.25 7.56 277.5 320.7 0.857 3227. 18.00 1069. 0.823 1.60 1.58 0.268 0.222 101. 23
OPF = 1.12 T.43 1,41 60.
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HOMOGENEOUS

P= 1.250CM N =
D P/D QL Qv M
CM - W/CM W/CCM KG/S

HUHHREHFRHHF R RS R HRE R AR E R RFRHARERR RN R E R LR RN R BB AR R RE R ERERREEER R LR EER R R AR AR R E LR SRR B R RS F R AR R R AF R R R ES

1.030 1.214 182.4 134.8 18324.

1.050 1.190 178.3 131.8 18088.

1.070 1.168 174.2 128.7 17792.

1.090 1.147 169.9 125.6 17419.

0L.01.54
Table X
CORE
7412
U LC DP DPT Ti T2 K Q
M/S CM BAR BAR c c - MW

6.3 273.

6.6 278.

6.9 282.

7.2 287.

2.15 2.41 289.9 325.3 0.985 3708.

OPF = 1.12
2.46 2.74 289.3 325.1 0.979 3687.
OPF = 1.12

2.85 3.13 288.7 324.8 0.972 3660.
OPF = 1.12

3.32 3.61 287.8 324.5 0.963 3626.
OPF = 1.12

NP QEL QR
MW MW -

17.74 1276. 0.981
17.94 1267. 0.974
18.16 1255. 0.966

18.39 1241. 0.954

PAGE

DNBR

1.37
1.22

1.41
1.26

1.44
1.29

1.48
1.32

1.36
1.21

1.39
1.24

1.43
1.27

1.46
1.30

13

VM/VF CELL X(BOIL.)
- - CM

0.663 0.624 61,

34.
0.603 0.563 76.
L2,
6.546 0.505 92.
L9,

0.493 0.450 **¥x#

9l

95

96

97
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Table XTI
HETEROGENEOUS CORE
DS = 1.000 CM
Qvs PS PS/DS QLS NS NT LC us M DP
QvB PB DB PB/DB QLB NB UB DPT
W/CCM  CM CM - Ww/cM - - CM  M/S KG/S BAR

HHEHEHFREHEEHAERE AU R R EHER RN URE R RHER R R R A ER SR REHBERE R R REH SRR E RN AR R R H AR R RS FHEH R RS H R R EFHRER R RN E RN R R

128. 1.345 1.345 200.6 20482 44261 450.0 7.08 18223, 2.28
6L. 1.766 1.521 1.161 172.8 23779 5.78 2.69
130. 1.329 1.329 198.8 20995 45798 439.9 7.13 17919. 2.68
65. 1.729 1.519 1.139 168.3 24803 6.12 3.09
132, 1.312 1.312 196.8 21534 47382 L29.1 7.16 17537. 3.17
66. 1.694 1.515 1.118 163.9 25848 6.47 3.57
134, 1.295 1.295 194.6 22704 48939 418.2 7.18 17119. 3.69
67. 1.662 1.509 1.101 160.3 26835 6.80 L.08
136. 1.278 1.278 192.3 22708 50529 406.8 7.20 16642. 4,25
68. 1.632 1.503 1.087 156.9 27821 7.11 L.eh
138. 1.260 1.260 189.7 23352 52090 394.8 7.20 16102. 4.86
69. 1.606 1.495 1.075 154.2 28738 7.40 5.24
140. 1.242 1.242 187.0 24041 53696 382.2 7.19 15494, 5,51
70. 1.581 1.487 1.064 151.6 29655 7.66 5.88
142, 1.223 1.223 183.9 24786 55411 367.8 7.12 14732. 6.27
71. 1.556 1.478 1.053 148.9 30625 7.92 6.63

T1 K Q NP QEL
T2
C - MW MW MW
289.6 0.982 3699. 17.83 1272.
OPF = 1.12
325.2
OPF = 1.12
289.0 0.975 3672. 18.07 1260.
OPF = 1.12
325.0
OPF = 1.12
288.1 0.966 3637. 18.32 1245.
OPF = 1.12
324.6
OPF = 1.12
287.1 0.956 3598. 18.53 1229.
OPF = 1.12
324.3
OPF = 1.12
285.9 0.943 3552. 18.69 1209.
OPF = 1.12
323.8
OPF = 1.12
284.6 0.929 3499. 18.78 1186.
OPF = 1.12
323.3
OPF = 1.12
282.9 0.913 3436. 18.75 1159.
OPF = 1.12
322.7
OPF = 1.12
280.8 0.891 3353. 18.56 1123.
OPF = 1.12
321.9
OPF = 1.12

PAGE

1.
1.
1.
1.

1.
1.
1.
1.

[ S S

[ S S §

1

1.
1.
1.
1.

1.
1.
1.
1.

1.
1.
1.

14

DNBR

54
37
45
29

55
39
50
34

.57
.ho
.56
.39

.59
.42
.60
.43

.60
1.
1.
1.

43
65
L7

62
45
69
51

65
L7
72
54

67
49
76

1.53
1.37
1.44
1.29

1.55
1.38
1.50
1.34

1.56
1.40
1.55
1.38

[ QY R ¥
o s s a

itk dh —h
=
I

- e b
[«))
o]

1.66
1.75

1.57 1.56

VM/VF CELL X({BOIL.)

0.746

0.679

0.618

0.566

0.519

0.477

0.439

0.400

0.657 45.
23

Fia.8, 2.2

90.

0.602 55.
22.
HHHHH

99.
0.552 64.
32

HHHHH

107.

0.508 63.
L2

REHEH
115.

0.468 71.
L1,

HHERH
122.

0.432 89.
49,

HHEHH
118.

0.398 96.
57.

HHE

124,

0.364 101.
55.

L2228

120.

1
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HETEROGENEOUS CORE

DS = 1.000 CM

Qvs PS PS/DS QLS NS  NT I us M DP TI K Q NP QEL DNBR  VM/VF CELL X(BOIL.)
QVB PE DB PB/DB QLB  NB uB DPT T2
W/CCM CM CM -  W/CM - - CM M/S KG/S BAR C - MA MW MW - - -
HHHFRBRREERRFRRFH R SR B R R R R R H R RERE R R R H R R W R H R R R F RN R AR R R R R R ER RN R R AR RSB R LA ERFERBEER AR E WS H R RN H W HHH
144, 1.203 1.203 180.6 25598 57103 354.0 7.11 14033. 6.91 278.7 0.869 3273. 18.24 1089. 1.69 1.68 0.366 0.334 124, 9
OPF = 1.12 1.51 1.50 62.
72. 1.534 1.469 1.044 146.7 31505 8.10 7.26 321.1 1.79 1.78 HHH R
OPF = 1.12 1.60 1.58 115.
146. 1.183 1.183 176.9 26495 58950 337.8 7.04 13152. 7.64 275.9 0.841 3167. 17.65 1044, 1.71 1.71 0.331 0.301##*%% 1g
OPF = 1.12 1.53 1.52 68.
73. 1.511 1.461 1.035 144.4 32455 8.26 7.99 320.1 1.82 1.80 #HHAH
OPF = 1.12 1.63 1.61 ‘ 110.
148, 1.161 1.161 172.8 27503 60976 320.9 7.01 12245. 8.32 272.8 0.810 3050. 16.87 995. 1.74 1.73 0.295 0.268***** 11
OPF = 1.12 1.55 1.54 72.
74. 1.488 1.452 1.025 141.9 33473 8.51 8.65 318.9 1.85 1.83 HH A

OPF = 1.12 1.65 1.63 104.

— 19—
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Table XII
HETEROGENEOUS CORE
DS = 0.950 CM
Qvs PS PS/DS QLS NS  NT iC  Us M pP T1 K Q NP QEL DNBR  VM/VF CELL X(BOIL.)
QVB PB DB PB/DB QLB  NB uB DPT T2
W/CCM CM-  CM - W/eM o - - CM M/S KG/S BAR C - MW MW MW - - -
*******************************-D(-***********************************************************************'H--H-*************************f

140. 1.291 1.359 202.0 22246 48113 412.5 6.98 18325. 2.15 289.9 0.985 3708. 17.74 1276. 1.54 1.54 0.770 0.678 31. 12
OPF = 1.12 1.38 1.37 10.
70. 1.693 1.452 1.166 173.8 25867 5.74 2.53 325.3 1.45 1.44 AR
OPF = 1.12 1.30 1.29 82.

m2, 1.277 1.344 200.5 22737 49621 404.2 7.03 18071. 2.49 289.3 0.979 3685. 17.96 1266. 1.56 1.55 0.707 0.628 30. 13
OPF = 1.12 1.39 1.39 10.
71. 1.661 1.450 1.145 169.6 26884 6.04 2.86 325.1 1.50 1.49 AR
OPF = 1.12 1.34 1.33 91.

14, 1.263 1.329 198.8 23251 51095 395.9 7.07 17798. 2.84 288.7 0.972 3661. 18.16 1256. 1.57 1.57 0.655 0.58% 40. 14
' OPF = 1.12 1.40 1.40 20,
72. 1.632 1.447 1.128 166.0 27844 6.32 3.21 324.9 1.54 1.53 RARHRF
0PF = 1.12 1.38 1.37 99.

146. 1.248 1.314 197.0 23789 52626 387.2 7.10 17459. 3.27 287.9 0.964 3630. 18.37 1242. 1.58 1.58 0.605 0.543 48. 15
OPF = 1.12 1.42 1.41 19.
73. 1.603 1.443 1.111 162.5 28837 6.63 3.63 324.6 1.59 1.58 R
OPF = 1.12 1.42 1.41 97.

150. 1.219 1.283 193.0 24948 55686 369.1 7.14 16674. 4.21 286.0 0.944 3555. 18.69 1210. 1.62 1.61 0.520 0.471 55. 16
OPF = 1.12 1.44 1.4y 28.
75. 1.553 1.431 1.085 156.7 30738 7.18 b.57 323.8 1.66 1.65 wHAEHH
0PF = 1.12 1.48 1.47 111,

152, 1.204 1.267 190.8 25576 57129 360.5 7.18 16295. L4.65 285.1 0.934 3518. 18.76 1194. 1.63 1.63 0.488 0.442 63. 17
0PF = 1.12 - 1.46 1.545 36.
76. 1.533 1.424 1.077 154.7 31553 7.40 5.00 323.5 1.69 1.68 HHRHH
OPF = 1.12 1.51 1.50 108.

154, 1.189 1.251 188.4 26244 58667 350.9 7.20 15822. 5.17 283.8 0.922 3470. 18.78 1173. 1.65 1.65 0.454 0.413 70. 18
OPF = 1.12 1.47 1.47 ul,
77. 1.512 1.417 1.068 152.5 32423 7.63 5.51 323.0 1.72 1.70 #EEE
0PF = 1.12 1.54 1.52 105.

158. 1.156 1.217 183.0 27723 61964 329.3 7.17 14623. 6.37 280.5 0.887 3341. 18.52 1118. 1.6% 1.68 0.389 0.354 91. 19
OPF = 1.12 1.51 1.50 49,
79. 1.471 1.402 1.050 148.1 34241 8.06 6.70 321.8 1.78 1.76 B
OPF = 1.12 1.59 1.57 107.




VM/VF CELL X(BOIL.)

0.358 0.327 103.
5

HHHHH

103.
0.328 0.29g#####
61

BREHE
99.
0.294 0.267*#%#%

HHEHE

20

21

22
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HETEROGENEOUS CORE
DS = 0.950 CM
Qvs PS PS/DS QLS NS NT LC us M DP T1 K Q NP QEL DNBR
QVB PB DB PB/DB QLB NB uB DPT T2
W/CCM CM’ CM - - - CM M/S KG/S BAR C - MW MW MW -
HA R R I H AR R R R H R SRR S H SR B O S A6 T B M 0B 00 3 B B0 R0 B B S 0 000 B 0 A S 0 0 S 3 0 T 30 33 S0 3 B I B B 3
160. 1.139 1.199 179.9 28554 63693 317.8 7.15 13958. 6.97 278.5 0.867 3264. 18.20 1086. 1.71 1.70
OPF = 1.12 1.53 1.52
80. 1.453 1.394 1.04L2 146.2 35139 8.23 7.30 321.0 1.80 1.78
OPF = 1.12 1.61 1.59
162. 1.122 1.181 176.5 29465 65523 305.1 7.12 13206. 7.60 276.1 0.843 3174. 17.70 1047. "1.73 1.72
OPF = 1.12 1.54 1.54
81. 1.434 1.387 1.034 144.2 36058 8.37 7.92 320.1 1.83 1.81
OPF = 1.12 1.63 1.61
164, 1.103 1.161 172.7 30480 67600 290.9 7.08 12345. 8.24 273.2 0.874 3063. 16.96 1000. 1.75 1.74
OPF = 1.12 1.56 1.55
82. 1.413 1.379 1.025 141.8 37120 8.63 8.56 319.0 1.85 1.83
OPF = 1.12 1.65 1.63

95.
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Table XIII

HETEROGENEOUS CORE

DS = 0.900 CM

Qs Ps PS/DS QLS NS  NT L us M P T1 K Q NP QEL
QvB  PB DB PB/DB QLB  NB uB DPT T2
W/CCM CM  OM -  W/CM - - CM  M/S KG/S BAR C - MW MW MW
*******************************************-K-***-K-********'H-%*******************'ﬁ****************************************************ﬁ*
148. 1.270 1.411 206.7 22990 L8491 394.8 6.72 13840. 1.44 291.0 0.997 3752. 17.22 1295.
OPF = 1.12
74. 1.705 1.378 1.238 186.3 25501 5.01 1.80 325.7
OPF = 1.12
150. 1.258 1.398 205.6 23417 149901 388.4 6.78 18708. 1.63 290.7 0.994 3741. 17.36 1290.
OPF = 1.12
75. 1.673 1.382 1.211 181.8 26L484 5.25 1.98 325.6
OPF = 1.12
152, 1.246 1.385 204.5 23859 51287 382.0 6.83 18565. 1.82 290.4 0.990 3728. 17.51 1285.
: OPF = 1.12
76. 1.644 1.384 1.188 177.9 27428 5.48 2.17 325.5
OPF = 1.12
154, 1.235 1.372 203.3 24316 52727 375.5 6.88 18387. 2.07 290.0 0.986 3713. 17.68 1278.
OPF = 1.12
77. 1.615 1.384 1.167 174.0 28411 5.73 2.41 325.3
OPF = 1.12
156. 1.223 1.359 202.0 24789 54178 368.9 6.92 18181. 2.34 289.6 0.981 3695. 17.86 1270.
= 1.12
78. 1.588 1.382 1.149 170.4 29389 6.00 2.68 325.2
OPF = 1.12
158. 1.211 1.345 200.7 25280 55578 362.4 6.97 17973. 2.61 289.1 0.977 3677. 18.03 1262.
OPF = 1.12
79. 1.564 1.379 1.134 167.4 30298 6.23 2.95 325.0
OPF = 1.12
160. 1.199 1.332 199.2 25790 56981 355.9 7.02 17746. 2.91 288.6 0.971 3656. 18.19 1254.
OPF = 1.12
80. 1.542 1.375 1.121 164.7 31191 6.46 3.24 324.8
OPF = 1.12
162. 1.187 1.319 197.6 26322 58389 349.3 7.06 17497. 3.22 288.0 0.965 3633. 18.35 1244,
OPF = 1.12
81. 1.521 1.370 1.110 162.2 32067 6.69 3.55 324.6
OPF = 1.12

PAGE

8

DNBR

VM/VF CELL X(BOIL.)

1.52 0.992 0.858 0.
0

1.52

1.36 1.35
1.32 1.31
1.18 1.17
1.53 1.53
1.37 1.36
1.37 1.36
1.22 1.22
1.54 1.54
1.38 1.37
1.41 1.41
1.26 1.26
1.55 1.55
1.39 1.38
1.46 1.45
1.30 1.30
1.56 1.56
1.40 1.39
1.50 1.49
1.34 1.33
1.57 1.57
1.41 1.40
1.54 1.53
1.37 1.36
1.59 1.58
1.42 1.1
1.57 1.56
1.40 1.39
1.60 1.59
1.43 1.42
1.60 1.59
1.43 1.42

0.913

0.847

0.785

0.730

0.684

0.643

0.605

79.
39.

0.796 0.
0.
97.
Lo,

0.743 10.
0.

115.

57.

0.694 9.

W

66.
0.649 18.

HHHHR

4.
0.611 18.

HHHAH

82.
0.577 27.

HHREHR
80.

0.545 35.
17.
HREHR

87.

23

24

25

26

27

28

29

30

—_ 9 —
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HETEROGENEOQGUS CORE

DS = 0.900 CM

Qvs PS PS/DS QLS NS NT LC us M DP T1 K Q NP QEL DNBR  VM/VF CELL X(BOIL.)
QvBe PB DB PB/DB QLB NB uB DPT T2
W/CCM  CM CM - W/CM - - CM  M/S KG/S BAR ¢ - MW MW MW - - - CM
HRFHHHEHHRE R R RN RFF S H R B R R R AR R R R IR RS E SRR R R B H AR H R TR R XA F AR LSRR FRRE R H U R B F AR RLR BB RET R EE BRI R E R R H R RN H RS R
166. 1.162 1.291 194.1 27457 61316 335.5 7.13 16882. 3.97 286.5 0.950 3575. 18.62 1219. 1.63 1.62 0.534 0.484 42, 31
OPF = 1.12 1.45 1.45 25.
83. 1.480 1.359 1.088 157.4 33859 7.16 4.30 324.0 : 1.66 1.65 HHHHE
OPF = 1.12 1.48 1.47 92.
168. 1.149 1.277 192.2 28066 62816 328.0 7.14 16494. 4. 42 285.6 0.940 3538. 18.73 1203. 1.64 1.63 0.501 0.455 U49. 32
OPF = 1.12 1.46 1.46 25.
84. 1.461 1.354 1.079 155.2 34750 7.40 4.74 323.7 1.69 1.68 R
OPF = 1.12 1.51 1.50 , 98.
170. 1.136 1.263 190.1 28707 64279 320.8 7.17 16133. 4.83 284.6 0.930 3502. 18.77 1187. 1.65 1.65 0.472 0.430 56. 33
0PF = 1.12 1.48 1.47 32.
85. 1.444 1.347 1.071 153.4 35572 7.59 5.15 323.3 1.71 1.70 R
OPF = 1.12 1.53 1.52 96.
172. 1.123 1.248 187.9 29384 65857 312.7 7.17 15660. 5.34 283.4 0.917 3453, 18.77 1166. 1.67 1.66 0.4h2 0.403 63. 34
OPF = 1.12 1.49 1.49 31.
86. 1.426 1.341 1.063 151.4 36473 7.81 5.65 322.9 1.74 1.72 AR
OPF = 1.12 1.55 1.54 ok, .
174, 1.110 1.233 185.6 30104 67409 304.9 7.20 15220. 5.79 282.2 0.905 3407. 18.70 1146. 1.69 1.68 0.415 0.379 69. 35
OPF = 1.12 1.51 1.50 38.
87. 1.#10 1.335 1.056 149.7 37305 7.99 6.10 322.4 1.76 1.74 FH R
OPF = 1.12 1.57 1.56 91.
176. 1.096 1.218 183.0 30872 69098 295.8 7.17 145639. 6.36 280.5 0.888 3343. 18.53 1119. 1.70 1.70 0.386 0.353 74. 36
OPF = 1.12 1.52 1.51 4l
88. 1.393 1.328 1.048 147.8 38226 8.18 6.66 321.8 1.79 1.76 EhHRE
OPF = 1.12 1.59 1.58 96.
178. 1.081 1.202 180.3 31698 70782 287.0 7.18 14096. 6.85 278.9 0.871 3281. 18.27 1092. 1.72 1.71 0.360 0.329 79. 37
OPF = 1.12 1.54 1.53 43,
89. 1.377 1.322 1.042 146.2 39084 8.32 7.15 321.2 1.80 1.78 AR
OPF = 1.12 1.61 1.59 93.
182. 1.051 1.167 174.0 33576 74593 265.8 7.12 12575. 8.01 274.3 0.825 3106. 17.26 1018. 1.76 1.75 0.303 0.277#####% 33
OPF = 1.12 1.57 1.56 53.
91. 1.344 1.309 1.027 142.5 41017 8.65 8.30 319.5 1.84 1.82 : HHE R
OPF = 1.12 1.65 1.62 86.

— g9 —
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Table XIV
HETEROGENEOUS CORE
DS = 0.850 CM
Qvs PS PS/DS QLS NS NT LC us M pP T1 K Q NP QEL DNBR  VM/VF CELL X(BOiL.)
QVvB PB DB PB/DB QLB NB UB DPT T2
W/CCM  CM’ CM - w/cM - - CM M/S KG/S BAR C - MW MW MW - - -
****************************************-)(-*****************************************************************************************’*

160. 1.228 1.445 209.0 24578 51155 366.7 6.54 19021. 1.19 291.4 1.001 3767. 17.00 1301. 1.52 1.51 1.145 0.981 0. 39
OPF = 1,12 1.36 1.35 c.
©80. 1.670 1.300 1.285 193.3 26577 .70 1.52 325.9 1.25 1.25 T
OPF = 1.12 1.12 1.11 18.

165. 1.204 1.416 207.1 25581 54474 353.8 6.66 18793. 1.51 290.9 0.995 3748. 17.27 1293. "1.54 1.53 0.953 0.830 0. 40
OPF = 1,12 1.37 1.37 0.
83. 1.602 1.314 1.219 183.3 28893 5.18 1.83 325.7 1.37 1.36 71.
OPF = 1,12 1.22 1.21 by,

170. 1.179 1.387 204.7 26657 57849 340.9 6.78 18u482. 1.94 290.2 0.988 3721. 17.59 1282. 1.56 1.55 0.812 0.718 0. 41
' OPF = 1.12 1.39 1.39 .
85. 1.542 1.315 1.173 175.0 31192 5.69 2.25 325.4 1.46 1.45 102.
OPF = 1.12 1.30 1.29 60.

176. 1.149 1.352 201.4 28060 61953 325.4 6.90 17983. 2.50 289.1 0.977 3678. 18.02 1263. 1.59 1.58 0.682 0.612 8. Uu2
OPF = 1.12 1.42 1.11 0.
88. 1.479 1.308 1.131 166.7 33893 6.31 2.91 325.0 1.56 1.54 Fians
OPF = 1.12 1.39 1.38 73.

180. 1.129 1.328 198.7 29077 64771 315.0 6.98 17579. 3.12 288.2 0.367 3641. 18.30 1247. 1.3; 1.80 0.612 0.552 16. 43
OPF = 1.12 1. 1.43 .
0. 1.441 1.300 1.109 161.9 35694 6.72 3.42 324.7 1.61 1.60 HEHHE
OPF = 1.12 1.44 1.43 79.

182. 1.119 1.316 197.3 29613 66130 309.6 7.01 17326. 3.43 287.6 0.?61 3618. 18.k4 1237. 1.32 1.3; 0.580 0.526 23. Uuu
OPF = 1.12 1.45 1, .
91. 1.425 1.295 1.100 160.0 36517 6.93 3.73 324.4 1.64 1.62 HH
OPF = 1.12 1.46 1.45 77.

184, 1.108 1.304 195.8 30171 67488 304.L 7.06 17104, 3.71 287.1 0.955 3597. 18.54 1228. 1.63 1.62 0.553 0.502 23. us5
OPF = 1.12 1.46 1.45 .
92. 1.470 1.290 1.092 158.3 37317 7.11 4.00 325.2 1.66 1.64 S
OPF = 1.12 1.48 1.47 84.

186. 1.098 1.292 194.2 30751 68924 298.8 7.08 16805. L.06 286.3 0.948 3568. 18.65 1216. 1.6& 1.64 0.524 0.478 30. 46
OPF = 1,12 1.47 1.46 15.
93. 1.394 1.285 1.084 156.4 38173 7.32 4.36 324.0 1.68 1.66 HhaRE
OPF = 1.12 1.50 1.49 82.
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HETEROGENEOGUS CORE

DS = 0.850 CM

Qvs PS PS/DS QLS NS NT LC us M DP T1 K Q NP QEL DNBR YM/VF CELL X{(BOIL.})
QVB PB DB PB/DB QLB NB us DPT T2
W/CCM CM ~ CM - W/CM - - CM M/S KG/S BAR C - MW MW MW - - - CM
HEARREFRB R AR R R FEHRH LR AR AR R F R LSRR R B R B S H R R R TR ERRER RSN RSB R R H R R LR RS R RS ERH R R E TR AR AR ERR R HERE R R EHE RN RN RNEE
188. 1.087 1.279 192.5 31357 70389 292.9 7.10 16476. u.uh 285.5 0.939 3536. 18.73 1202. 1.66 1.65 0.496 0.453 37. 47
OPF = 1.12 1.48 1.47 15.
94, 1.378 1.280 1.077 15L.6 39032 7.52 L. 74 323.7 1.70 1.69 HRRER
OPF = 1.12 1.52 1.51 81.
190. 1.076 1.266 190.7 31991 71797 287.5 7.14 16192. Uu.76 284.8 0.932 3508. 18.77 1190. T.67 1.66 0.473 0.432 43. 48
OPF = 1.12 1.49 1.48 22.
95. 1.365 1.275 1.071 153.2 39806 7.68 5.05 323.4 1.72 1.70 HH
OPF = 1.12 1.54 1.52 86.
192. 1.065 1.253 188.8 32656 73333 281.3 7.15 15802. 5.19 283.8 0.921 3468. 18.78 1173. 1.68 1.67 0.447 0.409 42. 49
OPF = 1.12 1.50 1.49 21.
96. 1.350 1.269 1.064 151.5 40677 7.87 5.47 323.0 1.74 1.72 R
OPF = 1,12 1.56 1.54 8.
194, 1.054 1.240 186.7 33357 74818 275.6 7.20 15467. 5.54 282.9 0.912 3433, 18.75 1158. 1.70 1.69 0.424 0.388 u8. 50
OPF = 1.12 1.51 1.51 28.
97. 1.337 1.264 1.058 150.2 L1461 8.02 5.82 322.7 1.76 1.74 HH
OPF = 1.12 1.57 1.55 83.
196. 1.043 1.227 184.5 34099 76450 268.8 7.19 15002. 6.071 281.6 0.898 3383. 18.65 1136. 1.71 1.70 0.399 0.366 54. 51
OPF = 1.12 1.53 1.52 34,
98. 1.323 1.258 1.051 148.6 42351 8.19 6.29 322.2 1.78 1.75 HRAEH
OPF = 1.12 1.59 1.57 81.
198. 1.031 1.213 182.2 34886 78077 262.2 7.22 14559. 6.43 280.3 0.885 3334. 18.49 1115. 1.72 1.71 0.376 0.345 59. 52
OPF = 1.12 1.54 1.53 33.
99. 1.310 1.253 1.046 147.2 43191 8.33 6.71 321.7 1.79 1.77 HHERK
OPF = 1.12 1.60 1.58 85.
200. 1.019 1.198 179.7 35728 79806 254.9 7.22 14034. 6.91 278.7 0.869 3273. 18.24 1089. 1.74 1.73 0.353 0.323 64. 53
OPF = 1.12 1.55 1.54 38.
100. 1.297 1.247 1.040 145.7 Luo78 8.u6 7.18 321.1 1.81 1.78 R
OPF = 1.12 1.61 1.59 83.
202. 1.006 1.183 177.0 36635 81558 247.8 7.25 13533. 7.34 277.2 0.854 3214. 17.93 1064. 1.75 1.74 0.33171 0.302 74. 54
OPF = 1.12 1.57 1.55 3,
101, 1.285 1.242 1.035 144.4 4un923 8.57 7.61 320.5 1.82 1.79 #R AR

OPF = 1.12 1.62 1.60 81.
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HETEROGENEOUS CORE

DS = 0.850 CM

Qvs PS PS/DS QLS NS NT LIC Us M DP T1 K Q NP QEL DNBR  VM/VF CELL X(BOIL.)
QVB PB DB PB/DB QLB  NB uB DPT T2
W/CCM CM  CM -  W/CM - - CM M/S KG/S BAR C - MW MW MW - - -
BeH S KRR I A H N H R H R HHH R R R R A R R M R R W H A R E RN R I I W A B W 2 R 3 S S SR I I S R W N
204. 0.993 1.168 174.1 37621 83442 240.0 7.29 12970. 7.78 275.3 0.835 3144. 17.51 1034, 1.77 1.76 0.307 0.280 84. 55
OPF = 1.12 1.58 1.57 B2,
102. 1.272 1.236 1.029 142.9 45821 8.69 8.05 319.8 1.83 1.80 IR
OPF = 1.12 1.63 1.61 78.
206. 0.979 1.151 170.9 38707 85656 231.4 7.32 12326. 8.26 273.1 0.813 3061. 16.95 999. 1.78 1.77 0.279 0.254****% 56
OPF = 1.12 1.59 1.58 bé.
103. 1.257 1.231 1.021 140.9 46949 9.04 8.52 319.0 1.85 1.81 i

OPF = 1.12 1.65 1.62 . 69.
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Table Xv
HETEROGENEOUS CORE
DS = 0.800 CM
Qvs PS PS/DS QLS NS NT LC uUs M DP T1 K Q NP QEL DNBR  VM/VF CELL X{BOIL.)
QvB PB DB PB/DB QLB NB uB DPT T2
W/CCM CM CM - W/CM - - CM M/S KG/S BAR C - MW MW MW - - - CM
B T R R R g S L R T R R BT R T S L S 20
180. 1.158 1.448 209.2 27625 58277 325.5 6.50 18959. 1.28 291.2 0.999 3762. 17.08 1299. 1.54 1.53 1.066 0.923 0. 57
OPF = 1.12 1.37 1.37 0.
90. 1.555 1.2h2 1.252 188.5 30652 4.92 1.57 325.8 1.32 1.31 L1,
OPF = 1.12 1.18 1.17 24,
184, 1.142 1.428 207.9 28414 60816 317.3 6.58 18800. 1.50 290.9 0.996 3749. 17.26 1293. 1.55 1.54 0.949 0.831 0. 58
OPF = 1.12 1.38 1.38 0.
92. 1.513 1.247 1.213 182.3 32402 5.24 1.79 325.7 1.39 1.38 63.
OPF = 1.12 1.24 1.23 i 32.
188. 1.126 1.407 206.4 29242 63445 309.1 6.66 18595. 1.78 290.5 0.9971 3731. 17.48 1286. 1.56 1.56 0.849 0.752 0. 59
OPF = 1.12 1.40 1.39 0.
94, 1.472 1.247 1.180 176.5 34203 5.60 2.07 325.5 1.45 1.44 77.
OPF = 1.12 1.30 1.29 bh6.
192, 1.110 1.387 204.7 30113 66005 301.1 6.74 18371. 2.09 290.0 0.986 3712. 17.70 1277. 1.58 1.57 0.771 0.689 0. 60
OPF = 1.12 1.47 1.40 0.
96. 1.437 1.244 1.156 171.7 35892 5.93 2.37 325.3 1.51 1.49 98.
OPF = 1.12 1.35 1.33 53.
186. 1.093 1.366 202.8 31031 68678 292.9 6.81 18081. 2.u47 289.3 0.979 3686. 17.95 1266. 1.60 1.59 0.699 0.630 0. 61
OPF = 1.12 1.42 1.42 0.
98. 1.403 1.239 1.133 167.1 37647 6.30 2.75 325.1 1.56 1.55 wRRER
OPF = 1.12 1.39 1.38 59.
200. 1.076 1.345 200.6 32003 71365 284.9 6.89 17780. 2.86 288.6 0.972 3659. 18.17 1255. 1.61 1.61 0.639 0.578 7. 62
OPF = 1.12 1.4 7.43 -
100. 1.372 1.232 1.114 163.1 39362 6.63 3.14 324.8 1.61 1.59 wEKEH
OPF = 1.12 1.44 1.42 64.
204. 1.059 1.324 198.2 33036 73916 277.0 6.97 17439. 3.29 287.9 0.964 3628. 18.38 1241. 1.63 1.62 0.589 0.535 14. 63
OPF = 1.12 1.46 1.45 0.
102. 1.347 1.223 1.101 160.2 L0880 6.95 3.57 324.5 1.64 1.62 PR
OPF = 1.12 1.47 1.45 69.
208. 1.042 1.303 195.6 34140 76674 268.5 7.03 16985. 3.85 286.8 0.952 3585. 18.59 1223. 1.35 1.8H 0.538 0.492 20. 64
OPF = 1.12 1.47 1.47 .
104, 1.320 1.215 1.087 157.0 42534 7.31 b.12 324.1 1.68 1.66 HRREH
OPF = 1.12 1.50 1.48 Tn.
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--- LST002 ~-- 25.,10.82 --- 04.01.54
HETEROGENEOUS CORE
DS = 0.800 CM
Qvs PS PS/DS QLS NS NT LC us M DP
QvB PB DB PB/DB QLB NB UB DPT
W/CCM CM- CM - - - CM M/S KG/S BAR
212. 1.024 1.280 192.7 35327 79405 260.2 7.11 16532. 4.38
106. 1.297 1.206 1.076 154.4 L4078 7.61 .64
216. 1.006 1.258 189.4 36612 82250 251.6 7.19 16012. 4.96
108. 1.275 1.196 1.065 151.9 45638 7.90 5.22
220. 0.987 1.234 185.8 38019 85246 242.6 7.27 15409. 5.60
110. 1.253 1.187 1.055 149.6 47227 8.17 5.86
224, 0.968 1.210 181.7 39579 88570 231.9 7.28 14568. 6.42
112. 1.230 1.178 1.04k 146.8 48991 8.46 6.68
228. 0.947 1.184 177.1 41339 92035 220.8 7.34 13690. 7.20
114. 1.209 1.169 1.035 144.4 50696 8.68 7.45

T1
T2

285.7

323.7

284.3
323.2

282.7
322.6

280.3
321.7

277.7
320.7

K

0.941
OPF =

OPF =

0.927
OPF =

OPF =

0.910
OPF =

OPF =

0.886
OPF =

OPF =

0.859
OPF =

OPF =

qQ NP QEL
MW MW MW
3541. 18.72 1204.
1.12

1.12

3489. 18.78 1182.
1.12

1.12

3427. 18.74 1155.
1.12

1.12

3335. 18.50 1116.
1.12

1.12

3233. 18.03 1072.
1.12

1.12

PAGE 24

1.
1.
1.
1.

1.
1.
1.
1.

1.
1.
1.
1.

1
1
1
1

1
1
1
1

DNBR

67
49
71
53

69
51
I
55

72
53
76
57

.74
.55
.79
.60

.76
.57
.81
.61

1.66
1.48
1.69
1.51

1.68
1.50
1.71
1.53

1.71
1.52
1.74
1.55

1.73
1.54
1.76
1.57

1.75
1.56
1.77
1.58

VM/VF CELL X(BOIL.)

0.495 0.453 26.
13.

L2 2 22

72.

6.454 0.416 31.
19.

HHRgH

75.

0.474 0.379 42.
24

FHHAH
73.

0.371 0.339 4us.
29.

HHERAH

70.

0.331 0.302 61.
33.
HHHHH

66.

65

66

67

68

69
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Table XVI
HETEROGENEOUS CORE
DS = 0.750 CM
Qvs PS PS/DS QLS NS NT LC us M DP T1 K Q NP QEL DNBR  VM/VF CELL X(BOiL.})
QvB PB DB PB/DB QLB NB UB DPT T2
W/CCM CM  CM - w/CM - - cM  M/S KG/S BAR € - MW MW MW - - -
***************-)(--K-***************************-H-*************************************************************************************’*
204. 1.089 1.452 209.4 31277 66828 286.8 6.45 18891. 1.37 291.1 0.998 3756, 17.16 1297. 1.55 1.55 1.001 0.877 0. 70
OPF = 1.12 1.39 1.38 .
102. 1.44h 1,179 1.225 184.2 35551 5.15 1.64 325.8 1.38 1.37 L3,
OPF = 1.12 1.23 1.22 22.
208. 1.075 1.434 208.3 32058 69332 280.3 6.51 18740. 1.58 290.8 0.994 3743. 17.33 1291. 1.56 1.56 0.910 0.806 0. 71
OPF = 1.12 1.40 1.39 0.
104. 1.410 1.180 1.195 179.1 37274 5. Ll 1.85 325.6 1.43 1.42 56.
OPF = 1.12 1.28 1.27 28.
212. 1.062 1.416 207.0 32872 71737 274.0 6.59 18587. 1.79 290.4 0.991 3730. 17.49 1286. 1.28 1.27 0.840 0.749 0. 72
: OPF = 1.12 1.41 1.40 0.
106. 1.381 1.177 1.173 175.1 38865 5.71 2.05 325.5 1.48 1.46 69.
, OPF = 1.12 1.32 1.31 34,
220. 1.035 1.380 204.1 34610 76697 261.7 6.73 18194, 2.32 289.6 0.982 3696. 17.85 1271.-1.60 1.60 0.718 0.649 0. 73
OPF = 1.12 1.43 1.42 0.
110. 1.327 1.168 1.136 167.8 L2087 6.27 2.58 325.2 1.56 1.54 e
OPF = 1.12 1.39 1.38 L6.
228. 1.007 1.343 200.4 36524 81787 249.4 6.88 17698. 2.97 288.5 0.970 3652. 18.22 1252. 1.63 1.62 0.621 0.565 0. 74
OPF = 1.12 1.46 1.45 0.
114, 1.280 1.155 1.108 161.7 45263 6.83 3.22 324.8 1.63 1.61 HEHFEE
OPF = 1.12 1.45 1.43 56.
228. 1.007 1.343 200.4 36524 81787 2h9.4 6.88 17698. 2.97 288.5 0.970 3652. 18.22 1252. 1.63 1.62 0.621 0.565 0. 75
OPF = 1.12 1.46 1.45 0.
114. 1.280 1.155 1.108 161.7 45263 6.83 3.22 324.8 1.63 1.61 #HHHH
OPF = 1.12 1.45 1.43 56.
236. 0.979 1.306 196.0 38657 86928 237.1 7.03 17070. 3.75 287.0 0.954 3593. 18.55 1227. 1.66 1.65 0.540 0.495 12. 76
OPF = 1.12 1.49 1.48 0.
118. 1.239 1.141 1.087 157.0 48271 7.37 3.99 324.2 1.68 1.65 *HARH
OPF = 1.12 1.50 1.48 59.
240. 0.965 1.286 193.5 39825 8954k 231.1 7.12 16739. 4.14 286.2 0.946 3562. 18.67 1213. 1.68 1.67 0.505 0.463 12. 77
OPF = 1.12 1.50 1.49 .
120. 1.221 1.133 1.078 155.0 49719 7.61 4.38 323.9 1.70 1.67 HREHH

OPF = 1.12 1.52 1.49 6.




--- LST002 =--- 25.10.82 --- O0L.01.54
HETEROGENEOUS CORE
DS = 0.750 CM
Qs  PS PS/DS QLS NS  NT Llc  uUs M DP T1 K Q NP QEL
QvB PB DB PB/DB QLB  NB uB DPT T2
W/CCM CM  CM -  W/CM - - CM  M/S KG/S BAR C - MW MW MW
F B H B 6 B 3 3030 I B M I A R R R M B R R B R B e B S0 B O B O T H R A0 B 3 M B B R R R R R R B A A R R R R R R
244, 0.950 1.267 190.7 41076 92u14 224.4 7.18 16267. UL.68 285.0 0.934 3515. 18.76 1193.
OPF = 1.12
122. 1.202 1.125 1.068 152.6 51338 7.90 4.92 323.5
OPF = 1.12
248. 0.935 1.246 187.7 42425 95334 217.6 7.25 15778. 5.21 283.7 0.920 3465. 18.78 1172.
OPF = 1.12
124, 1.184 1.118 1.059 150.5 52909 8.15 5.45 323.0
OPF = 1.12
252. 0.919 1.225 184.3 43893 98414 210.4 7.32 15208. 5.80 282.1 0.904 3405. 18.70 1146.
OPF = 1.12
126. 1.166 1.110 1.051 148.4 54521 8.40 6.04 322.4
OPF = 1.12
256. 0.903 1.203 180.6 45508 101776 202.2 7.35 1h46L. 6.52 280.0 0.883 3323. 18.46 1111.
OPF = 1.12
128. 1.748 1.102 1.041 146.1 56268 8.65 6.75 321.6
OPF = 1.12
256. 0.903 1.203 180.6 45508 101776 202.2 7.35 1446L. 6.52 280.0 0.883 3323. 18.46 1111.
OPF = 1.12
128. 1.148 1.102 1.041 146.1 56268 8.65 6.75 321.6
OPF = 1.12
260. 0.885 1.180 176.4 47314 105237 194.0 7.44 13735. 7.17 277.8 0.860 3238. 18.06 1074.
OPF = 1.12
130. 1.131 1.095 1.034 144.1 57923 8.83 7.39 320.8
OPF = 1.12
264. 0.866 1.155 171.6 49381 109299 184.4 7.53 12832. 7.89 274.9 0.830 3127. 17.40 1027.
OPF = 1.12
132, 1.112 1.087 1.023 141.5 59918 9.21 8.11 319.7
OPF = 1.12
272. 0.821 1.095 158.9 54958 120687 156.2 7.59 10027. 9.61 264.1 0.725 2728. 14.32  860.
OPF = 1.
136. 1.062 1.072 0.991 132.9 65729 11.86 9.84 315.6
OPF = 1.12

PAGE

26

DNBR

1.70
1.52
1.72
1.54

1.72
1.53
1.74
1.56

1.74
1.55
1.76
1.57

1.76
1.57
1.78
1.59

1.76
1.57
1.78
1.59

1.78
1.59
1.79
1.60

1.79
1.60
1.80
1.61

1.80
1.61
1.93
1.73

1.69
1.51
1.70
1.51

1.71
1.52
1.71
1.53

1.72
1.54
1.73
1.54

1.74
1.56
1.74
1.55

1.74
1.56
1.74
1.55

1.76

1.57
1.75

1.56

1.77
1.58
1.76
1.57

1.78
1.58
1.88
1.68

VM/VF CELL X(BOIL.)

0.466

0.431

0.396

0.359

0.359

0.326

0.286

0.179

0.428 22.
11.
HEERE

62.

0.3%96 27.
11.
HHHHE

65.

0.363 32.
16.
FRERH

63.

0.329 4o.
20.

HHHHHE

61.

0.329 40.
20.
)

61.
0.297 4s8.
29,

W

58.

0.260 60.
32.
FH

55.

0.163##*#x

39.

HEHER

78.

78

79

80

81

82

83

8k

85
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Table XVIT
HETEROGENEOUS CORE
DS = 0.700 CM
Qvs PS PS/DS QLS NS NT LC us M DP T1 K Q NP QEL DNBR  VM/VF CELL X(BOiL.)
QVvB PR DB PB/DB QLB NB UB DPT T2
W/CCM  CM CM - W/cMm - - CM  M/S KG/S BAR C - MW MW MW - - - CcM
*****-K--)(--H-**-H-**‘H‘*******-ﬂ-***********************************%*******-H-***************************************'H-************************’*

228. 1.033 1.475 210.6 34752 74220 257.0 6.32 18959. 1.28 291.2 0.999 3762. 17.08 1299. 1.56 1.55 1.044 0.917 0. 86
OPF = 1.12 1.39 1.38 0.
114, 1.371 1.112 1.232 185.5 39468 5.09 1.52 325.8 1.37 1.36 32.
OPF = 1.12 1.23 1.21 13.

232. 1.022 1.460 209.9 35491 76458 252.0 6.38 18865. 1.41 291.0 0.997 3754. 17.19 1296. 1.57 1.56 0.973 0.860 0. &7
OPF = 1.12 1.40 1.39 c.
116. 1.345 1.111 1.210 181.8 40967 5.30 1.65 325.7 1.41 1.40 38.
OPF = 1.12 1.26 1.25 19.

236. 1.011 1.445 209.0 36256 78688 247.2 6.45 18766. 1.55 290.8 0.995 3746. 17.30 1292. 1.58 1.57 0.912 0.811 0. 88
. OPF = 1.12 1.41 1.40 .
118. 1.322 1.109 1.192 178.6 42u32 5.49 1.78 325.7 1.45 1.43 u3.
OPF = 1.12 1.29 1.28 25.

240. 1.000 1.429 208.0 37047 81080 242.3 6.51 18632. 1.73 290.5 0.992 3734. 17.44 1287. 1.59 1.58 0.850 0.761 0. 89
OPF = 1.12 1.42 1.41 0.
120. 1.298 1.107 1.173 175.0 4u033 5.73 1.96 325.6 1.49 1.47 55.
OPF = 1.12 1.33 1.31 30.

24, 0.989 1.413 206.9 37868 83493 237.5 6.57 18482. 1.94 290.2 (.988 3721. 17.59 1282. 1.60 1.59 0.794 0.716 0. 90
OPF = 1.12 1.43 1.42 0.
122. 1.275 1.103 1.156 171.7 45625 5.98 2.17 325.4 1.52 1.50 59.
OPF = 1.12 1.36 1.34 36.

248. 0.978 1.398 205.6 38720 85928 232.8 6.62 18313. 2.16 289.8 0.985 3707. 17.75 1275. 1.61 1.60 0.744 0.674 0. 91
OPF = 1.12 1.4 1.43 0.
124, 1.253 1.099 1.140 168.7 47208 6.22 2.39 325.3 1.55 1.53 70.
OPF = 1.12 1.39 1.37 u1.

252. 0.967 1.382 204.3 39606 88209 228.3 6.70 18171. 2.35 289.5 0.981 3694, 17.87 1270. 1.62 1.61 0.705 0.640 0. 92
OPF = 1.12 1.45 1.44 0.
126. 1.235 1.093 1.130 166.5 L8603 6.42 2.58 325.2 1.58 1.56 80.
: OPF = 1.12 1.41 1.39 40.

256. 0.956 1.366 202.8 40530 90745 223.6 6.76 17966. 2.62 289.1 0.976 3676. 18.04 1262. 1.63 1.62 0.661 0.603 0. 93
OPF = 1.12 1.46 1.45 0.
128. 1.215 1.088 1.117 163.7 50215 6.66 2.85 325.0 1.61 1.58 FRHHE

OPF = 1.12 1.43 1.1 45,




--- LST002 =--- 25.10.82 =-- 04.01.54
HETEROGENEOUS CORE
DS = 0.700 CM
Qvs PS PS/DS QLS NS  NT Lkc us M DP TI K Q NP
Qva PB DB PB/DB QLB  NB uB DPT T2
W/CCM CM  CM -  VW/CM - - CM M/S KG/S BAR C - MW MW
HEHKERUHEERREEHERR AR R R R EERRHE R HF AR EEHFERRREE R RRRE R HA R R EERER R REEH IR R R R R B R RFERRRE R R R R AR RN R R RNHE

260. 0.945 1.350 201.2 41495 93205 219.0 6.82 17738. 2.92 288.6 0.971 3655. 18.20
OPF = 1.12

130. 1.197 1.082 1.106 161.4 51710 6.91 3.14 324.8
OPF = 1.12

264. 0.934 1.334 199.4 42506 95540 214.6 6.91 17553. 3.15 288.1 0.966 3639. 18.31
OPF = 1.12

132. 1.182 1.076 1.099 159.8 53034 7.10 3.37 324.6
OPF = 1.12

268. 0.922 1.318 197.5 43567 98118 209.9 6.97 17275. 3.50 287.5 0.960 3613. 18.46
OPF = 1.12

134. 1.166 1.070 1.090 157.7 5u4551 7.34 3.72 324.4
OPF = 1.12

272. 0.911 1.301 195.4 44685 100770 205.2 7.03 16962. 3.88 286.7 0.952 3583. 18.60
OPF = 1.12

136. 1.150 1.063 1.081 155.7 56085 7.59 4.09 324.1
OPF = 1.12

276. 0.899 1.284 193.2 45866 103307 200.8 7.14 16712. 4.17 286.1 0.945 3559. 18.68
OPF = 1.12

138. 1.136 1.057 1.075 154.3 57441 7.77 4.39 323.9
OPF = 1.12

280. 0.887 1.267 190.8 47121 106138 195.8 7.20 16324. L.61 285.1 0.935 3521. 18.75
OPF = 1.12

140. 1.121 1.051 1.067 152.3 59017 8.02 4.83 323.5
OPF = 1.12

284. 0.875 1.249 188.1 48461 109083 190.6 7.25 15882. 5.10 284.0 0.923 3476. 18.78
OPF = 1.12

142, 1.106 1.044 1.059 150.4 60622 8.25 5.31 323.1
OPF = 1.12

288. 0.862 1.231 185.3 49900 111960 185.9 7.38 15516. 5.49 283.0 0.913 3438. 18.76
OPF = 1.12

144, 1.093 1.038 1.053 149.0 62060 8.43 5.70 322.7
OPF = 1.12

QEL

MW

1253.

1246.

1235.

1222.

1212.

1195.

1176.

1160.

PAGE 28

DNBR

VM/VF CELL X(BOIL.)

1.64 1.63 0.622 0.570 0.

1.47
1.63
1.45

T1.66
1.48
1.64
1.47

1.46
1.60
1.43

1.65
1.47
1.62
1.4y

1.66
1.48
1.64
1.46

1.67
1.49
1.65
1.47

1.68
1.50
1.66
1.48

1.70
1.52
1.68
1.50

1.71
1.53
1.69
1.51
1.73
1.54
1.70
1.51

0.592

0.557

0.523

0.495

0.463

0.432

0.406

HHEH®E

Lh,
0.542 0.

HEREH

4s.
0.512 0.

HEHHH

h7.
0.482 5.
0

W W W

51.
0.456 10.

HHRHH

50.
0.427 15.

HH %

54.
0.398 19.

HRENH

52.
0.372 23.

KHE®®

51.

94

95

96

97

98

99

100

101

— vl
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