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A method of determining the maximum permissible average heat load
at the fuel element surface in a pressurized-water reactor is proposed
for a cosinusoidal distribution of heat release with respect to height
and subcooling =10° C at the channel outlet.

A limiting factor in the determination of the size
of the core of a pressurized-water reactor (PWR) is
the critical heat flux. The reactor must be so de-
signed that under all service conditions the heat-
release elements operate at subcritical heat loads.
Otherwise burnout of the fuel elements and reactor
breakdown may ensue.

Since the critical heat flux ger depends on the sub-
cooling of the heat-transfer agent, qcr decreases with
increase in the enthalpy of the latter. If distortion of
the neutron flux by the controls is disregarded, the
heat release, and hence the heat load q over the height
of the fuel element, in a cylindrical core varies in
accordance with a cosinusoidal law. Then the maxi-
mum value of the heat load usually occurs at the cen-
ter of the most heavily stressed fuel element. In view
of the difference in the laws of variation of the sur-
face heat load and the critical heat flux over the height
of the channel (Fig. 1) the question arises: At what
point is gy decisive in relation to the choice of aver-
age heat load at the fuel element surface? In the pre-
liminary stages of reactor design it is usual to pro-
ceed as follows. The average heat load is determined
from the formula

Tay.c = Yer.outFr max Ber max Ra®s £ 0 (1)

where
k

rmax qr max/qav.r; kH max qH max/qav.H; ka = qK max/an.a'

To ensure that the heat load does not exceed the
corresponding critical heat flux at any point over the
height of the fuel element, the maximum heat load is
usually taken less than the minimum critical heat
flux [1, 2].

Thus, ger in Eq. (1) is determined where the heat-
transfer agent leaves the fuel element, and the factors
in the denominator are related to the center of the
most heavily stressed fuel element.

An analysis of expression (1) shows that apart from
the necessary safety factor kg f, there is a hidden
safety factor leading to a reduction in the calculated
avérage heat load at the fuel element surface and
hence to an increase in the size of the reactor, This
hidden factor is a consequence of the fact that in (1)
the numerator and the denominator are determined
for different sections of the fuel element, the minimum
critical heat flux and the maximum surface heat load |

being made fo coincide, i.e., an unreal case is de-
liberately assumed for the PWR.
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Fig. 1. Variation of 1) critical heat flux geyr
and 2) surface heat load g = gimaxKaky X

x cos(nX/H'} over height of most heavily
stressed fuel element (the arrows show the
direction of motion of the heat-transfer agent).

In order to exclude the hidden safety factor, it is
necessary to determine the average heat load at the
point at which the safety factor kg f is a minimum. In
this case we get the maximum possible average heat
load and hence the minimum reactor dimensions.

Thus, the maximum possible average heat load at
the fuel element surface can be determined from the
formula, structurally analogous to (1},

k k Raks £, x min 2

an.C = qcr.x min/ rmax " HX min

where
IH
k min ) =

o Gay, 1
+H/2

X . 1 n X

= Gt max €O ———’“‘—“—/~— g Ut o €08~ dX =

ma H{ H . HI

—H/2
j-‘;Xmin 21_1: . TEH
= n H cos T Sin W .

In fact, the ratio of the average heat loads deter-
mined from Egs. (2) and (1) is as follows:
T av. aX .,
q::cc = ks.fquerin/ Ter ou 08 *"ﬁr,n— ks.f X min®
Since the safety factors in (1) and (2) must take
into account the inaccuracy of the same design for-
mulas (for determining the heat transfer coefficient
and the critical heat flux) and the same mechanical
coefficients, kg.f; = Kg.f X min and the latter ratio
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takes the form

X .
= Jer x min/ Dor our €08 Hmm . @)

'

an.C

qav.c

Expression (3) is greater than 1, since

nX
min
Jer X min = 9cr,out 20d COS - — < L

Thus, other things being equal, using (2) makes
it possible to obtain a larger value of the design aver-
age surface heat load.

In order to use (2), it is first necessary to fmd the
point at which the safety factor is a minimum. For
this purpose, it is sufficient to solve for X an equa-
tion of the form

dk, ¢ /[dX =0, (4)

where :
n X
ks.f = i;i » g= krmaxqﬁma\k €os H

The value X = Xyip, at which (4) vanishes, gives
the required point. Obviously, the extreme value of
the function kg f in the interval (=H/2, +H/2) will be
its minimum.

In the general case the critical heat flux depends
on the subcooling Atp, the pressure p, and the mass
flow rate YW of heat-transfer agent, as well as on
the size and shape of the fuel element cross section
d, and may be represented in the form (1)

9= const (A to) ol (Y W) a”, (5)

Since the mass flow rate and the diameter of the
fuel element do not vary over the height of the latter,
while the change in the pressure of the heat-transfer
agent can be neglected, the expression for gy for
the fuel element selected may be written as follows:

o =AM, 6)

where A = const pfl(yW)/%d/? = const.

We shall determine the change in Aty over the
height of the fuel element. For this we write the bal-
ance equation for heat transfer from the surface of
the fuel element to the heat-transfer agent:

gsdX = Gedt. {0
Substituting q = ggmaxEakrmaxcos 7X/H' and in-
tegrating (7) from ~H/2to X, we get the change in

the temperature of the heat-transfer agent over the
height of the fuel element:

’ quakaHkrmax . J'l:X . TEH
=l T e (sin g+ sin 5 | 6)

The subcooling
Aty=t,—t. 9)

Using (8) we can write the last equation in the form

Atp:ts—tin=
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_ 9H max

e —— - sin

ksHe, . ( =X (10)

ZH)

Introducing the subcooling at the outlet of the fuel
element channel,

Atp.out= ts ’“ tout = ts_(tin‘i‘At),

substituting for the maximum heat load over the height
of the fuel element (g max) the average heat load
Qav. B)

©H

Ty aax™=av ™ /2H’ sin S5 (11)

and taking into account that At = qay, HsHk Ky ax/
/cG, we can write Eq. (10) in the form

wn H
12
2H' ) (2

m X
Aty =Alpom+ — (l—sm ~1—_[—/sm

Substituting (12) into (6), we get the law of variation
of the critical heat flux over the height of the fuel
element,

’ At CaX = H
=A| At,, —{-—(1——sm—’~ sn ) . (13
Jer [ p.out 9 72 / of (13)

Using (13) and (11), we can write Eq. (4) for X = X

as follows:

J .
IX‘{ 4 I:A {p.out +

At
+*'(1 —-sin Xm'“ sin — H -2H'sin n } X
2 H! 2H" )| . 2H'

. —1
X (qav'Hanos _".2);"‘—) —0. (14)

We shall introduce the notation

. At 7 Xmi .omH
M=At 4+ =1 —sin ™/ sin ,
st AL (1o e g 2

17
B =2H'sin —— /anHnH
Then (14) takes the form
i( AM’B /cos —Ei{ﬂ—) = 0 (15)
X H

Differentiating (15) and making simplifying transform-
ations, we get

M (Siﬂ TLXr}nin cos? 7t Xaiin _
_ H H

——fA't/QMsin';: ):0. (16)

Since Mf > 0, for (16) to be satisfied it is necessary
that

sini&""— cosz—ﬁT—”"———-‘fAt 2M sin ﬁH, . @n
H' H _2H

Expressioin (17) leads to a quadratic equation,
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whose solution is

. 1t Xmin .ol 2A tp.out
sin = | sin 4+ ——F—
[ (1 ) =

H At
L, af 2A tp.out)?
_-tl/sm SR (1+ A7 )—4f(1—f)]x
x {21 —~Hr-t (18)

Analysis of the last expression for Aty gyt > 0
shows that the plus sign in front of the root does not
make sense, since in that case the right side becomes
greater than unity.

Keeping the minus sign in front of the root, we
find the point at which the safety factor ig a minimum,

Xonin = . resin {[sin nH <1 L Mfﬂt) —
2H'

~ { At
., wH A th o
—-1/31n2§71~,(1+71°t_3t)9—4f(1_f)}x
x [2(1 —f)}—l'}. (19)
!

From (19) it follo\ws that the coordinate of the
point of minimal safety factor Xyin depends, in the
general case, on the height of the fuel element, the
reflector savings, the degree of heating of the heat-
transfer agent in the most heavily stressed fuel ele-
ment and the subcooling at its outlet, as well as on
the exponent of the subcooling in the formula for
dey-* All these characteristics, except the first two
are known. The height of the fuel element and the re-
flector savings in the stage in question are not known.
Therefore, in order to avoid successive approxima-
tions, Eq. (19) can be replaced with an approximate
formula based on the following considerations. In
most cases of practical interest (e.g., naval reac-
tors) the height of the fuel elements in a PWR varies
in the range 1-2 m, the reflector savings are equal
to 0.08—0.1 m, Thus, the ratio H/H' lies in the range
0.835 = H/H' = 0.925. If we determine Xy,jn for mean
values of H/H' and 6 off, i.e., H/H' = 0.88 and ¢ =
= 0.09 m, then (19) can be written in the form

.
X ~ 0.477 arcsin i [0,982 (1 T ?_A%‘EP) _

]
\2

_V"o.gss (1+?9_§°t£3t’ —4f (1 —}) lx

i
x [2(1—f= L. (20)

*At present, for determining the critical heat fluxes
at the pressure of the primary loop 137 - 10°—206 - 10°
N/m® and subcoolings from 100° to 10° C widespread
use is being made of the Zenkevich-Subbotin formula
[3], in which f = 0.33; at subcoolings >50° C and pres-
sures of 735+ 10°~147 - 10° N/m® Ornatskii and Kichi-
gin [4] recommend f = 0.6.
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Fig. 2, Variation of coordinate Xy in

for £ =0.33: 1) when H/H' = 0.88; 2)

0.905; 3) 0.925; the continuous lines

are for Atp,out = 10° C, the broken
lines for 25° C.

For the approximate value of Xy iy obtained from
(20} for given Aty gyt (not less than 10° C) and At and
selected f, we can determine the critical heat flux
corresponding to this point and the coefficient of non~
uniformity of heat release over the height of the fuel
element,

] ANt sin 2,090 Xmin !
.= A|AT - | — — (21
qcr, X min l P'out T 2 ( 0982 )} ( )

Ry i 1410005 2.090 X, (22)
Taking the coefficients of nonuniformity of heat re-
lease over the radius of the core and over the fuel
assembly on the basis of existing experience with the
design of reactors, determining (with allowance for
the inaccuracy of the design formulas for the critical
heat flux, the heat transfer coefficient, efc.) the
safety factor from Eq. (2) and using (21), (22), we
can find the maximum permissible average surface
heat load. The value obtained differs by no more than
+4% in absolute magnitude from that computed for the
exact Xmin [(19)]. In this case for small H/H' the
calculated value will be too small as compared with
the exact computation (for H/H' = 0.835 by up to —4%),
and for large H/H' too big (at B/H' = 0.925 by up to
+4%). Thus, when the ratio H/H' is not known in ad-

~ vance, the maximum permissible heat load deter-

mined from (2} with account for (20), (21), and (22}
should be reduced by 4%.

It is desirable to determine the increase in the
average heat load as found from (2) in relation to that
obtained by the usual method [(1)]). For this we turn
to expression (3), which we expand, bearing in mind
that

4 I. OA t]. A mi
Jer. xmin = € Aﬂpg__._‘l =0 Afp.out+
p.
At Ty i .= ) f
o o nin Sln
+ 2(1 sin H’/ SH ];X
At
X {(Atp‘out+ 7)] :
oA thou Ger.o B out
Gerou = A T T Bl p g+ A2V

Then we can write

q;lV.C . _é!_ H :Xmin : nH ! .
#—[Atp_om+ 5 <1~sm i sin 5 || x

Jav.e
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X (A’i).outcoS ‘—_HL"_ |

When f = 0.33 Xy ip is close to 0 (Fig. 2); therc-
fore for estimating the value of the ratio we can set
Xmin = 0. Then

Tav.c Mavie = (1 4+ AU2A £, 00 . (23)

It follows from (23) that the average heat load de-
termined from (2) will exceed the value determined
from (1) by an amount that is greater, the greater
the heating of the heat-transfer agent in the reactor
and the smaller the subcooling at the fuel element
outlet. Thus, for At =50° C and Atp oyt = 10° C it
will be roughly 50% higher, for At=50°Cand Aty out=
= 25° C roughly 25% higher.

In conclusion, it is desirable to examine the case,
common for PWR, when the subcooling at the outlet
of the most heavily stressed fuel element is selected
so that for all possible deviations from rated operat-
ing conditions the condition Atp oyt = 0 is satisfied.
This requirement is satisfied when under design con-
ditions Atp.out is (0.3—0.4)At. In this case (23) is
written in the form

=~ (1 + A1/(0.6 —0.8) A#]"% = 1.3.

q‘av .C /q av.c

Thus, using (2), we get an increase in the calculated
average surface heat load of =30%.
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NOTATION

q—heat load at surface of fuel element; qyy o, dav.c—average
surface heat load; gcp—crirical heat flux; k—coefficient of nonuni-
formity of heat release; kg f —safety factor (kg £, —safety factor in
Eq. (1)]: H,d, s—height, diameter, and perimeter of fuel element;
p, yW,AtP, ts, ¢, L—respectively, pressure, mass flowrate, subcooling,
saturation temperature, heat capacity, and temperature of heat-
transfer agent in primary loop; G, At—flow rate and heating of heat-
transfer agent in most heavily stressed fuel element; dt—increase in
temperature of heat-transfer agent on height dx; f, f;, £, fy—ex-
ponents in the expression for qcr. Subscripis: r, H—radius and height
of core: c—core; a—fuel assembly; Xyjp—point along fuel element
at which kg f is @ minimum; out, in--outlet and inlet of heat-transfer
agent; max—maximum value; 0—center of fuel element.
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