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1. ZSepueturs ¢f Mattap
* Elerent: A sibstancze which cannot te seperated into any other
substance different than itself by ordlinary means.
3&. Atea: Snallest Particle of a subdivided element having all .-
the properties of that elazent.
\{ ¥Molecule: Smallast quantity of a subsctance which cdn exist by
itself. .
\D. Compound: A material that consists of two or more differant .
3 kinds of elasments. . .
> .
b R
bt II. FfunZa=ental Ps-cicles
\A. Proton: A.positive charged particls having a mass of 1.67243 %10 2%zrams
and a charge of +1. =
-
Q Electron: A negative chargad jparticle having a mass of 9.1085 xlt)'";:-ar.s
and a charge of -1,
C. Neuctrca: A neutrally charped parsi:le Laving a mass of 1.8757% ‘.9"“;:'3::5.
b III. Zoruzture Of Actoms
A. A%sa  Structure
1. An atem consists of 3 hard core -usleus centiining procens and
reutvons currounled By crbiting clacirens.
’ -12
2. Ulamatee of nuzlous = 10 L
A .
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[12., Seruzture of 2tcoi (Cen't)
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Ator Struyctoca
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J. Oliameter c¢f atecm = 1 x 18 " ¢n

Chenical amd xyvsical Froperties

1. Element identificaticn 5y the nusber of protons within the nucleus.

2. Isotopes: Cne of several nuclides having the same number of
protens in their nucleus but coataining a different
number of noutrons;

- » . pe .
Identifizzticn of Atoms

1. By a albreviated name of the element.

2. By the number of protons tcntalned ia the augleus (2) called

the "atomiz nurber”.

3. By the total nurler of protons and neutrons within tha nucleus (A)
called the "atomic nass number”.
A - Z = N where ! aquals the number of neugrcns within nucleus.

4. Example: Element Uranium 233 is symbolized by 92Uu‘.

Atomic Weishe C® L lems

1. Atonic weight of 2n atem I3 equal to the actual weight of the

atom expressed i{a atonly mass units where one atomic mass unit
(AMU) is equivalen®t to 1.5835 x 10'27 Xg.
Examplea: Atcaic Weiche (AMU)

Proton 1.367¢8

Electran 0.00055

Hdeutron 1.00827
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IV.: PhAyzsical Chezistry
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Avoradros numbep

1. Avczadros anurler (4,22 x 1023) is a =usZfer which equals the

nuster of ate=s zcntiined In one gri= atcm of any substance
or the number of mnlacules contaized In one gran cole of any

substance.

2. A.seccnd forn of Avcgadros Law ajszlias <o gases. At standard

tesperature and sressure (S7?), cma gras solecular weight of

any gas occuples 22.4 litters.

(a) STP is equivalent ta 5°C (22°F) and 1%.7 2si. -

A.

Electrenic Struct-re of za ataa

(a) Elactrons are arrarzed In a series of circulas orbits.
(b) Each crdit hac a definite maxicus mu-ier of electrons 2(3)2

ication frexz Inmarwost shell cutward:

"

(c) OCrbit or shell iden=?

KL oM, %,..0.082.

Chenical DPrapartisg cf an Asan

b § . : -
1. Saternined By elsctren canfiguratizn of <ha avenm,

2. Most lagortant eleztrens - zres c:atalzed In cuter most shell.

reactizas. Thesa elensats ate fu.a! <0 ba races ant are callsed
WDUrt gases. Ex. AEUD, APSIN whE,
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S~ 4. EAT TAALSEIR ANDE HIAT GINERATION
A. Geaneral
(1) The study of heat transfer s concermed with the delails
of the rate of \ow of Sz2t cnesgy retwaen bodics, !t has been stated that*
heat wm flow batween =20 S=Zies .f cne is at 3 higher temperature, but
for dcslqn gursoses it is alsd important 19 kasw how ‘ast the procass will
occur. The thrae basiz catessries of heat transier are: F
= :
> e ccnéuction §
* e conveciicn )
.
e radiaticn
L
(2) Coanductica is direc: transference of heat ty molecular
impact. Whea a part of a me:al kar is heatad, molecules at the point t2ing
heated vibrate mere and mcre rapisly, collide more vigorously with their ;
neighbors, and transwit sa=2 of tneir energy o the~, A gocd example of .
~
" conduction is the flow of Ra2at up a £n29n from the coffee in your cup to

your {ingars,

(3) Heat transfes: by convection is the trancfer cf thermal
anergy by the motion of 2 fluid that is Saing heated. T‘ucr- are two general
cateyories of convecticn, calizd natural conwvastion and forced convectien.

Yatural convecs:ticn takos niace heczause the density of tae heated fluid is

\.

less than tha: surrsunding 1t and as a result it :ises. This can be scen on

an automobile ¢a & hot summer 2ay, The air touching the met:al surface is
heated by ecndusticn, ans cenvastion currants are s2t up, rosulling in a trans-
fer of heat away from the surizce. Teorsed convecticn sccurs when the
fluid motion is causad by scme fazicr other than the density rdilicrence,
such as pumss ot fans. Teor farced cenvection the affect of tha differert
fluid densistes asuclly Ras Littie sigruficance. A ¢ozd axamyle of con-
voction is the ¢peration ol n.‘cafr';e grraclater, wihich runs oa naturel

circulatien,
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CCORE FPLPTSIMANCE
4. Heat Transler and Ecat Gereratioa (continued) k
!
. i :
i 3
™ (4)  For radiaticn heat transfer, shysical contact bemvacn two R
bodles {s not required. This is the —ethas by which the sunarms the
earth or by which heat s fe!t {ro~ 3a o32n {larme. Thar>al radiation t A
not a significant arca of concem fcr power raactors exsedt in cartain P
accident situations, and thus will not be dicsussed furthoer.
(S)  All tha lows cf hoat trans’cr give relations batween
temperatures and the rata at which heat encrgy flews rom placa o place,
Thic rate of flow of heat encrgy is uscally exprassed in terms of haat flux: "
Heat flux = Heat ansrzv thae flows throush 4 suria~e (32 g} .
Time it tzok (hr.) 2 ilew x  Surface area (it %)
(1)
Thus heat flux has the units: E
Btu
2
he-ft
When the surface enclcses a stcasy scurce of energy, we can. also say that: ‘: L
— -
'V

Pcwrer produced

1 pove IRat Maieg shwm. . mlh . 3
$:8at anarce that flswes ihrs- ok gurface
v = - :
by g?erq R Iime 1T ook 0 licw ¥
inside ’ (2) ;
4
50 that we can re-write ezuation(l) 2s . i
[ 3 p 4
Heat flux = Power insize %
8. 3
Surface area (it (3) k
One must b2 careful not to confuse =2 cencept 20 a flux as applisd i
heat transfer with the cencent that t=2 r2acter chysicists use. As us«d S

here, flux :s the llow of something (hea! enersy in this case) par unil area

and cer unic tize,

8)  If there 1s a usa o ARIWIRG it, one can define tha radd at i

which peop.@ pass throush a doer as 3 " 2002 flux. ™ Ter instsnce, if a

€osris 21t x 6 {t and 133 pecslc 22 thiough it in 2 hours, then the paspie 1
-. B

flux is: o |
. i .

=

A

1070P 3-2 i




CURE PEATOFRMANCE
4. Heat Transicr and Huoat Generatioa (continucd) .

Pzaple flux = 100 peonie

2hr x 12 !tz

= 4.16 pco;»le/hr-f!.z
(7 Example:

One fuel rod produvces & power of 253,000 Biu/ir. Its clad outside cdiamoter
is0 .422 inchee and its length is 12 ft. Find the average heat flux at the sur-

Jace of the clad.

Heat flux = Power (Btu/hr). :
" Arca (ft4) .
L] . .
Power = 253,000 Btu/hr .
. -
Area = 7 x dlameter x height
.. » ’ © m 3.14 x 0.4220n. "x L Mt x-12 fs,
’ i 12 in .
2

s ],325 ft.

Heat flux = 253,0008:u/k¢ = 191,000 Btu ,

1.325 f? he- (¢

(8) ‘- The symbol g/A is often used to designate heat flux,

B. Conduction

(1) The hasic law of conduction heat transfer is best illustrated

T : r./ c
\ >

for a slab ¢f material

LAt
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CORE PERTIORMANCE
| 4. Heat Tranzicr and Yeat Convration {continued)
\\
-
ik it heat is being transfcrred {rom temperature TH to Tc , the rate of heat flow
per unit area (that 15, the heat lux q/A) is:
L
qQ/A = k (TH - Tc) s
L (a)
where
2
q@/A = heat flux through the slab (Btu / hr-ft");
TH' Tc = temperatures (°r) on the hotter and colder sides of the
. slab; . :
4 i . B .
L = slab thickness (ft); " .
- : k = thermal conductivity (Stu/hr-2-°r)
> .
(2) In Cquaticn (4), (TH - Td”L can be thought of as a "hill®
down which the heat “rolls¢:” Figure 4A(1) illustrates’ this interpretation by
L g plotting teraperature vertically and diztance horizentally, the Lot end of
the slab being at the left and the cold end at the right. Since heat flows
from hot to cold, it can be thought of as "rolling down the hiil.” We can
make the hll steeper by decreasing L Figure 4A(2)) by increasing TH (Figure 47(3),
or by decreasing Tc(i‘tqure 3A(3), In any of these cases, the heat flow (that is,
the heat flux) will incrcase as we would expect.
(3) The thermal cenductivity () depends on the particular
material of which the clab is made. Some expamples are:
Material k_(3t0/hr-t-°F)
Copper 232
Steel or Zire 8-10
Concrete 0.5t00.8
Asbestos 0.1
(" (.IOz 1.5to 3
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Flgure 4A.
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" CONDUCTION

HEAT CONTUCTION
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CORE PERIORMANCL 3
4. Heat Translur und Hecat CGenoratica (continued)
.ﬁ. X y
& You can see why ashestos is a good thermai nsulator and copper is a good 3
conductar, We luve shown ¢ range of values for the conductivity of UO2
because it depends en the temperature of the UOZ. .
(4 Example k
3
A steel tank has a 2-inch thick wall with an inner surface temperature of
] 300°F. The outer surface temperature is 100°F., How much heat is lost
o thiough each square ioot of wall?
(r,-1)
. q . H c
A L i
¢
)
Btu o 1 -
. hr-{t-"F (2¢07n 2 inches 12 inches/It. A
= 9600 Btu/hr-ftz ~
-~ s
o |
If 2-inch asbes'’os insuiation is put on the tank such that the outer steel ;
surface is 300°r and the outler asbestos surface is now XOOOF, how much
heat will be lost par square foot? . - ¥
2
T, T) ]
} 3. k._____." - - 1
A . ¥ !
= 0. 22 ), :
; 2
= 120 Btu/hr-ft
() Example
k
The temperiture of the clad on a PWR fue! rod is GIJOF at the gutcr curface { ‘
and 6630? at the inner surface, The clad thickness is 7,024 inches. What ' {
64- . ;
1¢70P . 4-6 :
¥
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CORE PEFSCAMANCE

L Wass =sumefnp g=4 Hear Flansration (continued)

p— -
is the ®o3: flux tarough the clad?
40
TH = 66.°F 5
T_= 613°F : .
c
% = 8 S:u./‘nr-lt-o? .
L = 0.024 inx 2% =0.0020 fr.
o © T 12in : .
g . 68w x(as;-313\°r : .
A he-ft="F L0020 1t
o3 M z . .
= 192,900 8t/ r-{t 2 .
ﬂ
N (&) Eguaticn(4), -.'.-‘.-\:,Eh describes heat conduction, s writien so

that it is cervenieat to celculate the heat flux /A if the velues of k, TH’
‘l'c, and L 2ra kmowa. This eguati-n can be re-arranged icr cases in which
other cambinatisns of the variatics 2re known., Multiplying both sl-:'es of
equation (4) by L/x gives:

- - =@
ST T _ (S)

Equation (3) expresses the temparature difference across @ heat cornducting
its conductivity k, and the heat flux g/A.

[

slab in terms of its tRhickness

.

Adding ‘.‘c to both sidas of equation(s) gives:

* =« +2¢8 :
AH ‘C,.ﬂ\l\) (6)

1079p C4-7
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CORE PIRIORLLANCE

4. Heat Transfer and Eeat Ceneration (coatin.d)

Equation (6) cxgresses the temperature rH on the hot side of the slab in
terms of the temperature Tc on the cold side, its thickness I, its conduct=-

ivity k, and the heat flux g/A.
Subtracting (L/k) (g/A) from kath sides of equaticn (5) gives:

«T .L(a
T =Ty - (R . (n

Equation (7) expresses tha temperatura T on the cold side of the slab {n

on the hot side, its thickness L, its condiictivity

Ml Al g

e

Rl w2

H
k, and the heat flux q/A. - ‘
: : g ) d
. 3 (Z) Some examples of lieat cenduzzion in nuclear plants, and
. the typical temperatures invblved, are shown below: _ . .
~~ )
Location Hot Side Cold Side
Fuel Pellet Ceaterline {3000°F) Surface (750°F)
Fuel Clad Inner (650°F) Outer (§00°F) .
Reactor Vessel Inner (soo°r) Cutrr (400°F)
Steam Generator Tube Inside (600°F) Tube Qutside (SJOOF)
()
1070P ' 4-3
| Zve3 L 2 7 ¢




P i Ty

CORE PLRIORLIANCE

4.
= J—
(1)
Ih :
(2)
(3
b

1070p

Heat Trarsier and Heat Generation (cont.)

Gs Convection

In heat transfer by convection, heat encrgy is transferred away from
a surface by the motion of fluid on one side of it. The equation
which describes cenvection is a relation botween the hoat flux, the

surface temperature, and the average fluid temperature:

Heat flux = constant x (surface temp. - {luid tomp.)

. b ¢

Qm-hnu-%) | (9)

where

q/A = heat flux (Btu/hr-ft2)

TH = temperature (°F) of the hotter material -
that is, of the solid surface;

T = temperature (oi‘l of the cooler material -

that is, of the fluid such as water;

h = heat transfer coefficien. E:u/hr-{t2 -

F)

Equation (2) for convection s stmilar though not Identical to equatlon(4)
for conduction. Just as for ccnduction, increasing TH or decreasing

Tc will Increase the heat flux by convection,

The salue of the heat transfer cocuificient h depends both on the
propartics of the surface and on the propertics of the fluid which
remcves the heat. Varying the density, viscosity, velocity, or

temg erature of the fluid will change the value of b, Cince an
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1070°

Keat Transler and Ilcat Generatien (cont.)

.

increasc in heat flux itself changzes the properties of the fluid by
increasing its temperature, the value 3f h may also be thought of

as denending on the heat flux.

The temperature of the inner clad surface on a "WR fuel rod is
661°F and, the temperature of the fuel pellet surface is 914 °F.
The heat transfer coefficinnt of the cap is 1060 ?—‘.'.u/hr-ltz-or.

What heat {lux is passing across the gap? .

- o

T, 661 °F

Q

r 914 %
h = 1000 Btu/he-it2 °F

o/h  =-1000 Btu

- x (914 - 661)°F
hr-f{t" OF

q/A = 253,000 Blu"hr-ftz

Some examples of convection in nuclear power plants are given

below:
lacalion Hot Material Cco!l Material
Clad-pellet gap Pellet surface (750°T)  Cled inner surface (650°7)
Clad -water Clad outer surface water (540°F)
(560°F)
4-10
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ORT PIRIORLANCE

Heat Transfer and ilsat Gensration (cont.)

i # |

D. goiling Heat Transler

One of the most cffective heat transfer mechenisms is beiling heat transfer,
Why does boiling increasec the heat trensfer rate? Zecausa the steam Cud-

anis

bles lécvtn; the surface zarry a greater amount of energy than the same amount

of liguid ard also cause a greater amount of coslent moticn adjaczent to the surface.

There are two kinds of beiling, nucicate and film.

(1) Nucleate Soiling

The word aucleus is closely relates to the word nucleate. In {ast the

word nuclcete means to form a nucieus - to cluster. Ia nucleate boiling
we are gencrating small spheres or tubdles of steam, dislinct and sezarate,
These Subbles then, breax away irom the heatec suriace anc are carried

into the coolent where they may join or cluster with cther sutles.

(2) Film Boiling

In this kind of boiling, a thia film cf vaper complctely covers the heated
surface. The primary mose of heat transier is raciaticn through the va;or.v

Surface temperature increases greatly since the vapor film acis as a bar-

rier to coaciucticn or sonvection heat trensfer.

For either of shece two xinds of zutling, thers are two ceonditlens at which
they can oucur, These conditions arz called subccoled Leiling and oalk

botling.

-3
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CCEL PERFORLIANS
4. Heat Transfor and Heat Ceneratlon (cont.)

(3) Subcooled Boiling

When gither nucleate ¢r film boiling is occurring and the averege fluid
temperature {n which the boiling is taking place is less than the satura-
tion, the condition (s called subcooled boiling., There is no net steam
generation since all the steam is condensed in the cooler water when it

breaks away from the heated surface.
.

- (4)  Bulk Boiling

When gither nucleate or film poiling ccours in a fluid that is at saturation
temperature, thg condition {3 called bulk boillng. In this condition, net
steam gencration is realized.

In a PWR steam generator and a BWR core where there i not reduction

-

of steam, the heat transfer mechanism is uucleata beiling under both sub-
cooled and bulk bolling conditions. Ina PR ceore, the primary heat

transfer mechanism is subcogied nucleate botiing.

As an aid in further understanding the bailing phenomcnon, let us imagine
the following experiment. A wire is immersed in a tank of water at room
conditions. The cnds of the wire are connected to a source of elcetric
current. Tigure 40 shows a schemautic of this system. Inctruments for

measuring water and wire temperature and electric power are also pro-
vided,

o Phase | - Natural Convection

The power is turned on and the wire becomes heated. \Water adjacent to
the wire Lecomes warmer and rises, beeause of 1ts lower density, and is
replaced by cooler water, This is called natural convestion heat trarnsfer.,

Now take nete of the slope of the curve of this phase in Figure 4C

10790 4-12
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CORL PLRPCHNIAN 'S
4.  Meat Transiio: and ileat Conerztlon (=ont.)

» Phase Il - Transition from Ceavection to
Nucleate l
Power is increascd until a few small bubliles tezin to form on the wire,
The situation now jesns like Figure 4D. Note thot there are a1:l) areas ¢
of the wite ..b- ¢ 10 hubbles fom and natural ceaveciion peorsists. figure
AC  shows how the Lusble genuration increases the heat transfer rate.
Note how the slcze of the curve inzreeses in this zhace. The tuzsles of
vapor eveniually cellapse due to seadansing of the Sustles (n the room-
temparaetora water,
. : " .
» o Phase [II - Nucleate 2otling

Iasrazs.ng sower sull further ipcrzases the ny=bes of zustles generated

untll the emtire wire seems batirely scvered with betilcs, which treak . .
a2y with incressec repidily. Some of tha busizles s-zilesze as ¢ they

rise nroigh the cocler wrater. The vapsran the suktles eventually con- -
denses and mo vapsr arises 3. the water sur face, !lite that if the wire
were nosillsned neor the suriace, {nsuifizient ti-e wesld 24 zvailakle for
the Sustles to coxzletely sollazse, and we vweulsd tsa vazor sening ;)!f

the water. This tyz2 of boiling is, however, still krswn as suzse

v
"

-

-

]

]

(2 )

o
o

v

L]

—

n O

nucicetn boiling. 1 the power 1s hale and all the wa

then the type are conditions tezome bulk nucleaie tciling.

) Phase IV - Transition
Boiling

>
O
¢
(3

Insteac of weiting for the water to reash saturation Fowar i3 ingreased
further anc we puts into 2 situction where Bubcle asticn is sa vigsercus
that some M the:m ssalesce Lilfore ire ing eway from the wire, causing
part <f the wire to e completely ssvered with & fiis el vaps:. The lux

%X, 3nd, At ikis point,

l ’./‘”512 5
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- we depart from nucleate boiling anc pass into film Loiling. [n fact, we cali
this potat DNE, departure ‘rom nucleate boiling. If we try to increase
flux even further, mcre of the wire becomes covercd with vepor., If the
wire coes not melt, to susiain the .2te of heat transfer, the temperature
difference between wire an water has to increase consicerably, and we
find cur system operating at poic. “C" in the {ilm boiling regime. The
transition from “A" to "C" is very rapid and its path is unknown; there-
fore, it is shown as a da*te? line in Tigure 4C. Note that if we de~
creased flux from point “.." ve would start back toward the nucleate
boiling region.

@ Phase ¥ - Film goiling

The wire 1s now completely cevered with a nearly cylindrical film of

—~ vaper which stays (n plaze. The chief mode of heat :(ans!’ar is by rét:ﬂa-
b tion from the wire to the vater surrounding the va;\.or barrier along with
3 litile conduction throus!s the vaper. As pictured here, the boiling is
considered subcooled. The usual matertal used for wire cannot with-
stand the high temperature znd would melt if we did not Guickly r;:ducc e
pewer, therely sliding along the curve of Figure 4C toward point "B,
Continued lowaring of the heet flux helow point "B would cause a sud-

den transition back into nucleate hoiling at goint "D".

The pertioa of the boiling curve frem "A" to *B” is not well known and is
Impossible to okhtain with tha pool boiling cxperiment desaribed above.
G The reaser. fcr this is that we can enly control flux and not temperature

ditlerence

Cre of the imgortant therma! design critoria for the desicn of a reactur
cere is thit unantizipates ticnsients rust not result in reacaing the

N

S/
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cricai heat flux point or, restated, must not cause deganur from

nucleate tolling.

Let's examina how varying some censitions affects the Soiling phensmznon

and how those effams are displayed to you. First, we cen look at a gro-

net steam generation.

file of quality as 2 funsticn of heat suriace length, assuming that there i3

-
’/
QUALITY ® ,,’
¢ X . -~ 3
(WEIGHT ‘ = . .
FRACTIC®) 1° P ',/' . .

FLOV) —==
e €2 2.5

LENGTH L/ Lo

1.0

In this instance, the ‘irs: 20% of the hzated suiface is used to raise the

temperature of the fl:id from its sulzssled condition to a seturated ccn-

dition. Ia this regioa our heat transier meckanicm will be 2oth convec-

tion and subccoled nucleate toiling. Trem 203 on, cur heat transfer

mechanism is Bulk nusleate boiling.

Knowing the quality, we can cempute the veid frastion, TN
{s the volume [raction cf stcam in a steam-water mixture.

would lecck like this:
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CORE PERFORNMANCE
4. ifeat Transier and ficat Goneration (cont.)
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We can sce that the veid fraction is a very large numbher whg_n compared to

the weight fraction. This is the result of steam having a large specitic
volume-t>"Ib. ' .

Babcock and Wilcox supplies a once-through st2am gencrator that provides

In the casc of this steam generator (shown in Figure 1L,
page 1-19), the volid fraction at the oxit will be 1.0

superhcated steam.

., since there i{s no mois-
ture carryover.

The motivation for generating superheated steam is that more encrgy per

pound of steam flow is supplicd to the turbine., This improves the primary

plant heat rate and the overall plant efficiency., The cnthalpy of saturated

stcam at 925 psig is 1194.6 BTu/1b, while the enthalp
steam at 925 psig is 1244.5 BTu/1b.

y of Sock‘ superheated

The B & W steam generator transfers heat from the reactor coolant-system to

the feedweater, empleying all of the heat transfer mcdes discussed in this
chapter. The subccoled feediwvator enters the steam genorater and s mixed

with some steam from tiie tube bundle area tnocugh nozzles in the lowerbaffle

plate. This secticn of the steam gencrator is conimealy referred to as eithoar

the downcomor or the cconomizer sectd

an. The steam naxt passes vnder the
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CORE PLRFOR.LIICE
4. Heat Treasior and fleat Cencration (cont.)

lower baffle plute and sturts up aleng the tubes. If reaches saturated con-
ditions in the lower part of the steam gererator. The void centont of the
mixture incrcases almost unifermly in a region of nuzleate boiling. At some
level in the stcam gonerater, the DXN3 point is reached and film Soiling
occurs. The upper region in the steam generator is whore superheat occurs.
This superheated stcam then travels outside of tha upper baifle plate before
exiting to provide a blanket of superhcated steam around the ﬁpper pgrtion
of the steam generator.,

’ . .
The amount of supcricat obtzined from the st2am generator s a function of
-

the plant load (or, more procisely, main steam-feedweter flow). The figure

below shows the typical performance characteristics of the B & W steam

. .
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At power levels asove 15% lnad, the reactsr caalant system {s maintained at
constant flow and Tavq' The secondary system is r:alataired at .nstant

pressure, but the flew varies as a functicn of load.

Let's losk at what haznens if one fesdwater “eater is tukeon cut of service.
The fecriwater inlot tomperature will L2 lewer. This wil! inerezse the sube-

cooling load en the heat source, which ma32s that a largar percentage of

the souwice will have te be used to hicat the focdwater up to saturalion. This

272pP-B . =15
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4. Heat Transfer ansd Heat Gerneraticn
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results in a decrzase of staam gencrator wclume for maning steam and, finally.

superheating., The res:lt is that !ess supaineat will occur and the stozm out-

let temperature will be lower. .

o + Decreasing fesdwatar lomperatiure causes steam geasrator

outlet temperature to dron.

What happens 10 th2 stoam outlet temperature if the plant load is reduced in
a contrelled manner from 100% to $0%4? When lecad is reduced, the feediwvater
flow will decrzase significantly. The eifsct of this Is that the same heatl
source volume {s available to heat consicaratliy less secondary process
fluid. This rescits in more space telng availatle for superheating and a re-

sulting higher steam outlet tomperaiure.

e Lcad or feedwatar flew reducticns result in an increase in the

sower lavels.

steam conarater cutlst temparature, except at low

()

The reactor ccclant in a FWR system i “ea3t undar pressura to prevant bulk
bolling In the core. la the case of an atnomal transient, where this pres=
sura is lost ans scm2 cteam is gencrated in the core, how will we xrow it?
We will see a large increase in level in ths zressurizer until pressure is
built back' up abcve the saturatica vaiug crrrecnsading t2 the temperature
in the core. The sizam bubbles will then ccndense, ard the leve! will drop

back down clzse t2 its nermal value.

The seceniary zida of @ ence-through steam ganerator has a net
value ¢f 3300 {t”, At tha time cf a zlant trip, the follewing

cperatieral characteristics eupiies o the steam gonerater:
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CORE PERIGRICE
4. Heat Transfer and iieat Gencration (count.)

Subcooled water volume 10%

Bailing ragion volume with average void
fraction ¢f 0.7 70% .

Superheat regicn } 20%

If one auxiliary feadwater pump (assume constant cagacity cf 700 gpm)
is started, how long will it take to fill (hd steam gencrator?
. - . .

(S)  Departure, from Nucleate Boiling (DNB)

Vie stated earlier that when we reached tha critical heat flux*(CHF), we
departed from nucleate boiling and entered a rcgion where conditions were
unstable. In this region, our heated surface tcrr.;érat:.'e has to incrcase in
crder to maintain.the heat rate. This, obviouc!ly, is an operatling conditicn
we would like to avoid, so we will, therefere, cesign 2ur reactor <o that
tﬁe critical heat flux is nut exceedes during normal cpnaration and predict-
able transients. This will assure us that we stay cut of the region where

the fuel clad or wall tempcratures exhibit large chaages. .

Operation in a region where we have departed frem nucleate beiling does not
necessarily mezn that there will be fuel demage. We certairly increase our
chances of having damage, however, as long as we are aivove the critical
heat flux. We can define critical heat flux in a more posiitve way as the
limit below which fuel damage will net occur. That cefinitely is a Goud
region in which to operate cur reacter, as long as we can adsquately define

and measure the critical heat flux.

Analytical expressions for critical heat flux have bacn zenarated, but, pri-
maiily, a carrelation hased on test results is usad o predict the flax at

which D3 occurs., The DINB currclation is a funcsion of system pressure,

97220-8 . =21
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licat Transfcr and Heat Ceneratiea (cont.

inlet enthalpy, flow velcsity, i fucl assemsly gecmetry. This carelation

is such that the predicted CHF covars the data peoints within some cmor

spread, such as #25%. i ‘

A comparison of measured DNB {lux (er CHF) with these pradicted by the

correlation is shown ia Figura 45. Work continues on the cetermination

A botter understandine of DNB flux and how

-

and measurcment of DN3 flux.

it cccurs will lead %o Lester reacior dasigns. In a later secticn we will

examine D:iB ratio, Lut first we have to leok at hew we determine the actual

flux In ccre. 5 .
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CORE PCRFORM/ICE 3
4, Heat Transfer ansd ["cat Generation (cont.) :

Problema Sct - Chapter 4

3
o
1. A particular PW?2 fuel rod is 12 {t. long and has a clad cutside dia- 3
meter of 0.422 in. [ind the average hoat flux at the surface of the
red if the power produced inzide the rod is: '
(a) $G0,000 Btu/1b
(h) 400,000 Btu/1b
. {€) * 300,000 Btu/1b
d) 200,000 Btu/ib
(@) 100,600 Btu/1b .
. ) 0
g. The zire-clad PV.'R fuel rod produces 226,000 Btu/hr-flz. The average
temperature at the outside surface of the clad is 622°F, What is the
average temperature at the clad {nner suriace? (clad thickness =
C .025 in.)
3. The heat transfer coefficient between the pellet surface and the inner
clad for the fuzl rod described in problem 2 is
h = 1000 Btu/hr - ft> - °F : 4
What is the tempeorature at the pellet surface? k
. F
4, A once-through stcam qgenerator with a tub2 surface ar2a of 60,020 ftz
has an average heat flux across the tubes of 7.51 x 10% 3twu/hr (22,
Fegdwater enters tha steam generator at 4535°F at tho rate of 5,58 x
10° tb/rir and exits as superheated steam at 900 psia. rind the tem-
perature of the stcamm at the eoxit.
3
,
3%
v L
972P-8 . 4-24 1
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S. CORE THERLIAL PERTORMANCE

The manner In which heat i3 transforind within the core and the margin that
is maintained {rem camcge regicns duriing that transfcr are a measure of

thermal performanze, One term chat hhos been ldenti’ied and is used to de-
termine thermal porformance is heat flux, Aasther tarm that can be used to
calculate performance is linear heat rate, which is 2 measure of tha2 thermal

output of the core or a {uel rod,
A, Linear tizat Rate

The "1inear hect rate” (somctimes called the "thermzl output”) is defined by

considaring a leagth: of fuel red. This lengih may be an entire fuel rod, a

_part of ore red, cr a comiination of several fuz2l rods. The lineer heat rate

fer this length of rod Is defined 235 follows:

Powrr Davelcnad (a that Lapath
Length

Lincar Heat Rate =

The pow:er in the numerato: of this definition must always refer to the same

length of fuel used in the derominator, The poweer is usually expressed (n

kw and the length in feat, co the units of lin2ar heat rate are: 5
o
Linear Heat Rate = Tt

As an example, we will calculate the twarace linesr hoat rate {n e typical
PWR core:
1
Corc pawer is 1550 MW7t
The core consists of 121 {uel assen:iLlies, e3ach with an actlve length of 12

ft., erd each containing 179 fuel rods.

1071p-C3 S5-1
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CCRT PMEFFORMANCE
S. Core Therme! Perfer

monce (cont.)

lO3 |24
MW

Povwecr inkw = 1650 MW x

= 1,650 x loskw

Total length of fuel reds =

179 rods 12 ft. _ S
asiy % 12) assy x y— 2.6 x 10 ft,

16,5 x 10° kw

2.6 x 10° ft

kw
. = 6,35 ft

Linear Heat Rate =

Notice that we were care"ul to use the lqr*t‘m of fl.. 1 rod assoclated with the

specified power prm.ucuon rate - the cr:m’ ca’e {n this casa. .

Let's assume that a particular fucl assembly in the core used (n the previcus

example s gencrating 20 MW, What {s the average llncar heat rate In this

assembly?
Power = 20 MW .
= 20 MW x 10° v
o 2 x 10% kw
12 fe
. L Y -
Length = 179 rods x Sad
3
= 2.14 x 10" £t
Average Lincar Heat Rate = L0 % 103 (A3
in Ascy 2,14 x 10° 1t

= 9,35 kw/ft

1071P-C3 $-2
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COREL PERTOLALANCE
5. Core Thermnal Perizrmance (Con't)

he average lincar heat rate (n this one assembly is higher than the averzge
fer the entire core. 'This i3 not uncipected, since some fucl assemtlies
generate :acre than averace power and some genovate less, In this res ,—:'.;ct,
llnear heat rate i3 like a team batiing average. Somc players on a team will
L2 hatting atove the team average and others belaw it, Similarly, sem« fuel
assemblies have a linear heat rate higher than avcrage and others have a

linear heat rate lower than average,

- .

The average linear heat rate in any particular cere is proportional to the
thermal power of the core, This means that the graph of lirear heat rata vs,
core power is a st:alg.‘.:.line: as 3!.10‘.':':1 in Figure 5A. !In this figure, the per-
cents refcr %o pa:c'cr.t of r:;tcd conditions, and 100% power mecans 120% of
ratesd power, - 100% linear heag rate mecns 1927 of the average linear h2at
ratg at reicd power. The figure showse that you gét 1009% iinear heat rate at
1003 rated power; you c2t 50% Jiaear heat rate at 50% power; you get 123%

lirnear heat rate at 120% power., So, we can make a rule:

° Wratever you de to the total pewer in the core, you do to the
average lincar heat rate in the core. That is, Ii you double the cere power,
you cdouble the averaqé lirear heat rate; if ycu halve the t~ial core power,

you halve the average lin2ar heat rate.

Lincar heat rate and flux are directly related. If you know one, you can csl-
culata the other. It {3 necessary only to know the square fcet of heat trans=-
fer erea por foot length of fuel rod. To convert linear heat rate ta heat flux,

the following conversion 1s used,

Lircar licat Rate . ITeat Flux
T ——

{kwr/14) Btu/hr - ftz
X 412 2
Kw 3dl2Bw 1210t ™ Heat Mux
it he=kw 1.3 e

1671P-C3 §-3
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CORE PLRFCAMANCE
§. Core Tharn.al Fericrmance (Con't)

Fer the core avsrage linear hoat mile, the cquivalent average heat {lux is:

. <
kverage Core Hcat Flux = 5,35 » 3413 » 12 - 290,000 B
3.3 - hr-it*
In a similar ma=ner, the fun! assemzly (F/A) equivalent flux is:
Average F/h Feat Fiux = 3,35 x 2413 » 12 233,000 DB 2
. !.3 hl’-f:
. .

-
0
.

The ratlo of t=e T/A iinear heat rate 1o the core average lirear heat rate

Ba . 9.8
Ccre 6.35 sw/t

" The ratio of :he T/A avcrage heat flux t2 the cere average heat {lux is:

2
e /A 295,000 Smi/me - G
=<2 = = 1,475
Cere 200,029 3su’ne - ft°

This ratio relates ths heat flux or linesr heat rate of the 7/A to the heat fluxk

or linear heat rate of tha care. Th2 r2iio has a specifiic name, butitis alss

part cf a general group of ratics called poaking factors.

B. Peaing Faclors

The nominiformity of the power or hea: flix distibution in the cor2 can ke
expressed by the use of praking factres, These ratios ralate the ameunt of
power or averaga flux of 3 fucl red or fue! 2ssembly to the core average
values. They 2'2o relata the maxisus heat flux or power in a {uel red to

the rod averace values

Power is not unifsrmiy diswibuted tnrousi.out the core, Locause of nousen

eakage out cf the oz, Lotlom, and tidas of the cere. When @ nextron

10717-CS ‘ 5-§
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CORL PERFORMANCE
8. Core Thermal Pueiformance (Con't)

leaks cut, it cannot cavsze a fission in the fuel. There is lacs {issioning
and, thus, less power generated in those parts of the core where the neu-

trons can cscape.

Along the length of a fucl red, the heat generatisn rate vl vary as zshown
In Figure 5B. The ratic of tha maximum heat gereration rate to the rod
average is called the axial peaking factor. The desion value in your core

for this factor will be in tha rangc of 1.5 to 1.7.

Across the horizontal plane through the cere, there is a variation in total 1
pov.:er produced in the fuel rods and the fuel assemblies. The local rod
facter (s defined as the {lus in the local fuel rod diviced by the avarage
flux ln.all the rods in the assembly. The local red power factor can he
wrilten as:

Power Produced in Cne Fual Red
Asscmbly Average Rod Power

The term in the denominator Is found by diviciag the total assembly pewer
by the total number of fuel rods {n the zssembly. This factor will be dis-
playad tc you in the ferm shown on Figure 5C, where it is ca.!!ed the nuclear
peaking factor; the enthalzy rise factors shown on Figure 5C are the ratio

of the cutlet enthzipy In 3 qiven channel in the fuel rods to the average

ouiiet enthalpy for the assembly,

The radial distribution can a'so ba expressed in terms of the fuel assemably

redial peaking factor. Tihis ratio iz defined as:

Power Prevciriced n Cng Pucl Aseamily
Average Povier per Assemuly in Corc

Figure 5D shows a typical display of the asgscembly radial peaking factor
(P/P).

L
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S, Core Therniral Perfonannce (Con't)
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COKS PRAFORM I CH
$. cre Tharal Parfarmanca (Ceoa't)

-n

The total red radlal pewer facior anc the aniel power peaning facicr can be

mbines te give the total nuclzar periing facter (F ).

l"q - l":h X Fz

Using the maximum dasign valucs for the.2 axial poucer peasing

total red radial pewer factor, the totzl nucleer z2aiing facter is
F = 107 x ‘. 7 = 2-89
q
The point of maximum flux in the core Is 2. §% times the ccre avarzge Ilux.

The total raiial power factor (: ) can te calculated by multislying the local
rcd nower factor by the {usl asserx: v racial zeaking fe tor. Th2 mazimum

value for F, 5 will alsc ronge betwesn 1.5 and 1.7,

[

Peaking factors are cefined for nominal conditizne and for design canditions.
Nominal pzaking factsrs are these expected to it when the reactsr is
operating at normal cenditions. V.iien measuramegnis are mace, .Z.c‘; should

closely aczroximate the nominal valies.

The desicn factor is tho highest valu2 at which sule szeration ¢ftha core is
assured, It is based cn the worst c::.:'::ic:.s t=32 could occur ar.g on the

mere conservative design calcul tichs relating iz corz flavw, temperatures,

values, samething iz sromably out of spec somawizre.

The poating factors defined (o this point te 1o fual assemilies or fual
rods. There is cncther factor that is used o dzling the maximum valias of
flux {n 3 charnel, This facter 15 Cciiled the nucisar enthalsy tise factor
and s the vllowing retio:
~
u" b |
4729-8 Lail)
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ORC PLRFOLMANCE

P Cere Thermal Pasfomunce (Con'ty

A chznnel is defined as the space botween four fuzl rods. The average heat
flux in the chanael is calculated Ly azsuming that each of the four mds

contributes 257 of its total heat flux.,

All of the factors that have been defined 2re nuclear factors. They deoscribe
the heat flux or power distritution resulting from neutrea behavier charac-
teristics. There are other consicerations involved that influsnce the heat

flux and power distribution, and these ara norr-nuclear in nature.

C. Hot Channel Fastor:

In the Preceding scction, we examirec several pcaking fectcxs that can be

multiplied te produce a= cverall pea'ing factor, These faciar were the

mav/avg axial pcwer ratio facter (Pz). the max/avg total. radizl paewer rotio

factor (PM‘), an:':' the total riuclear pecaking facter (Fq). Since these facices
are all "physics facior, " vie can define a name for this preduct. The rame
chozen is Nuclear Hot Channel Facter, There is another {actor that must
be appliad to the nuclzar facter, and we call that {actor the Enginecring (or
Mechanical) Hot Channel Facter., 3 o

Engincering Hot Channel Factors are used to describe variations in fuel
leading, fuel and cladding dimensicons, and {low channel geomery from
nomtnal physical Guantities and dimensicas, Theze tolerancas, whea as-
sumed to yield thae most adverze effest, have an xmra.c: on the nuclear

characteristics of the core,
The Cagineering Hot Chanrel Factor is Lroken duwa into the fullewing two
sub-faciors:

Heat Incut actor

Tocal Heat Fluv Foctor at a hot spot
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CORL PLRIORMANCE
- = Core [Renral Performance (Con't)

These factors tuke into account uncertaintics in enrichment, density, rod

and pellet diameter, and length.,

A new kot channel factor, Pq, is obtained by multiplying the nuclear {acters

by thece erngineering facters:

rq (nuclear) = Pz x rAh

Fq(nuclear + mechanical) = Fq (nuclear) x FQ X Fo"

'l‘here is another factor that limits the power capability of the core; this
factbr deals with the enthalpy rtae of lbc coclant a' it passzes throughthe
hot cha“ncl. The enthalpy rise is c.cpcndfnt upon "physics or nuclear fac-
tors” as vicll as variations from design flow conditioifs. The nuclear faclor
foy the enthalpy risc can be represented in the following terms:

. P .

.’
Average Power of Tour B2ds in a Channel . .
Average Core Power

There is an enginecring factor for crthalpy rise accounting for the same

variaticns from the design as discussed for the Fq hot channel fanter. The

variations are evaluatcd as they affcct pewer, and the value of the enginéer-

ing factor f{or the enthalpy rize is different.

The enthalpy rise factor is alsc affocted by & Core Flow Distributien Factor
(FA). This factor iz expressed a3 the ratio of each {uel assembly {low to
the average fuel assembly flovr, The finite values of the ratio are more or
less than 1.0, depending on the nosition of the ass mbly being cvaluated.
The flow in the central fuel asscmblies 12 generally larger than that in the
outermorst assemblies. The enthalpy rise hot channel factar is the product
of the nuclear enthalpy rise factor, the ¢ ngincering enthalpy rise factor,

and the core flow distribution factor.
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& The following 2re vpical values of the various het channe! facters for a PWR
cere:
Bet Lhannnl Peaking Factors: .
* : F = 1.70
)
FAh = 1,78
) ?q fauclear) = 3.03
. FQ = 1.01]) a ]
" = 1,014
. ‘q . .
t'q (nuclear + mechanical) = 3.12 :
Enthalpy Rise: * °
. : S T (nuclear enthalpy rise) = 1,65

F lengincering enthalgy rise) = = 1,10

r imtasic alles = <
A (intaricr ca2lls) 0.%8

FA tzrall cells) = 0,97

FEN (total) = 1.83

In a table of desicn paramoters for a 2500 Mwt, we can lock up values for

the average Nux and linear beat rate as fellewa:
/R £ on b { 2
Average Q/A: 165,00C 5T/ hr=1t.

Avorage Linear Heat Rate :  5.40 hw/ft

70 obtain 1maz;imum values, ail we necd to 42 is muliltinly thece values by Fq

our hot chanre! i3 he mazinium {lux and the lincar hea! rate:

L8}
O

1
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o
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1
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CORE PLOFC A/ NCE
S. Core Thar:nal Parf~rmance (Con't)

2
Max ¢/A: 165,000 x 3.12 = 515,000 BTu/hr-ft
" Max heat rate: 16.35 kw/(t

The enthalpy rise factor is not 25 readily apparent. From our parameter table,

we can computoe the average core enthalzy rise 2s ‘ollows:

Average 4H = Lorq Power

Core Flow
’ . s My,
AH a 2500 \;\ i
131 x 10" 1b/hr’ .
. “» 2.50 x 10° &) (3412 BTu/he, )’
&H = 6
131 x 107 1b,

/s

8H = 35,2 BTu/Ib

S [y Py

w

!\
i
The enthalpy rise through the ot ¢channel is: .F
3
a :
Hmax - Hmax “ P}.'N L
=
8H_ .. 65.2 CTu/lb % 1.83 E
. ]
A"max = 122.3 BTu/lb ;
If we add this enthalpy rise to the coolant entaring the core, we find that
the maximum core exit enthalpy is 678 5Tu/lb. The saturation pressure for ’
this enthalpy is 2050 psia, which is well below the reactor coolant system '
operating pressura. This indicates that boiling will net cceur ia the cora. l
D. Departure from Nuclear Bouling (DNER)
' 3
Departure from nucleate boiling is predicted from o combination of hydravlic 3 ;
and heat transfer phenomena and is alfecied by local and upstream conditiens, et
9725-8 S~14
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5 Czre Thermal Performance (Cen't)

including the flux distributicn. Ia reacter design, the heat {fux associated
with DB and the lccation of DN3 ares impertant., \We are now in 3 position,
as a result of our discussion cf peaxing factors, 1o calculate our local hca_t
flux. From our cx;cr!.-..:en:el carrelation, wa can predict the DN3 flux and its
locatizn. With these two fluxes available to us, we can define & ncw term,
callad DNOR, as the ratio cf the DN3 heat flux tc the local heat flux:

DMB Flux

DNBR = ocal Fiux

™mee

Ve have previously stated that we did not want to excced the DI heat flux

anywhere in the core. Ideally, this would mean:
DNEBR 2 1.0

However, the correlation that we use 'c pradict the DNZ heat {lux is not 100%
accurate, as Flgure 4E (page +-23) shows. To account for this uncertainty in
the correiation, we requive th2 actual heat flux to be considerably less than
the DNB flux obtuir.ed from the correlaticn, that is, we require a DN2R cen-

siderably larger then 1,0. The usual restriction is:
DNBR =2 1.30

This constitutes our safety limit. For DN 2 ratios larger than 1.30, we can

essentially guarartee that DN3 will nct occur, For DNB ratics icss than.

1.30, D)8 mav occur. }'

When we talk of maintaining ON3R 2 1,20, we actunlly are talking about
one locaticn aleng a fuel rod, a "hot spot.” Some illustraticas may help. 3
Frera the core power distrizution, we can get a profile of the heat flux alung

the length of the fucl red in the hot channe!. This flux may look like this:

972P-CD 5-13
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CORE FERTORMANCE
8. Care Thermal Pericrmance (Con't

-
Heat
Flux '
Iow =
1.0 5
Core Height L/Lo .
With this infom.—a:!on,' we can plot the enthalpy rise along the length of the rod, *
” . . R ‘. e * = .
4 " . . . .
‘A~ . .
N
AH
Btu/1b
Flow =
Core Hcight L/Lo 1.0

Using calculaticnal methods derivad from the DNJS {lux correliticn, ané having
values for inlot enthalpny, enthalpy rise, pressure, and flow, we can plot the
DNB heat {lux.

W

972P-CB $-18
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COREL PERIORLISSICE
S, Cere Thermal Perforrance (Caon't)

= l
N
3
DN3 Heat
Flux
Flux -
. l.o
Core Height L/Lo ' #
. -
It we combine the graphs ;,hm-.:‘.nq logal heat flux and DNB heat flux, we can
. ~ -
then compute and plot DNBR. .
. & . . e .
o~
o )
2.0 \
\
\
DNBR 1.5¢ b 5
. 3
1.0 :
i
.s ~ t
3
Flow = '
1.0
Core Heiszht L/Lo 3
3
Remcmber that DNB heat Nux is a function of many variables, sc it is quite E
possible that the minimum DNTR may not ocgur at the peint of highest lccal
flux. f
T 3
N s
-
972P-C8 §=-17 :
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S. Core Thezal Parfermance (Cin't)
-
E. Fucl Cladding Integrity

{1 mporiance

The cladding that surrounss the U0 tuel is the first barrier that zrevanis the
relcaze of ra-.,ac jvity. (Ramemzer (hat the {ual Lacomes rasicasiivs L2caurce
of the fission products that result rem ffeeicning the uranium 10 oblaln erersy’.)

Onc of the primary 2ims cf ASC licensing Is 19 ~ake sure that the plant is de-

sigred and run in such a way thal tt2 clacdding remains intact, To Cesifm and
-
run the plant prozperly, we have to «now exactly ~hat it is thatwe @ 2 protec-
ting against, i.e., what could cause the cladding 'o fail,
L]
There are lwo fastcrs which could c2 cea the clas to i2il znd allcw the release of

radicactivity: o

L] it the temperature of the clad bescmes ted hizh at some

particular peint, it could smalt at *=z1 point,

-

. £ the pracsura exerted on the clad foem the nzide be-

comes teo great, the clad cculd Surst.
(2) Clad Feilure by hi2iting

Und:r ordinams conziticns, the temzarature of the clad is satween az3ut 800°F
ann® . . a .na-
and 300°F. The melting point cf tha clad is inthe 2000 3550 Frenge, 00

.

mincr change in core conlilions €3n orirg the clad any-whers nesar its Te.lidg
point. The only phenomszacn wktat sould do this is a suddan drop (n Reat trans-
fer coefflciert, h, at the clad surfsce, Cnly if we reack tha critics! heat flux;

{,e., if we reach DB, dzes this cre@ in W cecur.

3) Clad Failure Ly Bursting

For ;‘-rc-:-..'!" designed fue!, the only taing which couid cauce the clzd T Lurst

{s a sudden increase in the velume ol the U0, inside the c'ad, Such an increase
occurs only if the VO, stants westting, Like most matarizls laimcedt wal az),

sc il we Vv ;;! meiting anywrherz in the CC,, we “now

evpands when it wmell

that the clad will not fail Ly pursting.

9721'-CB $-18
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5. Core Thoermal Performance (Con't)

The "sttest position in any UOZ pellet is et its conterline. If we keep the
i " o, o )
centerline UOZ temperatures celew abeout S000 T eveiywehere (5000°F is the

approximate melting point of L‘Oz), we will avoid melting it.

The centerline temparatures are nct directly m‘cas-xrable. but they can ke cor-
related with tha linear heat rate. Since centerline melting of the UOZ begins
at a lirear heat rate between 21 and 23 kw/ft, if we design and operate the

plant so that the linear heat rate is always sel-wr 21 kw/ft cvervvrhere in the

core, we will avoid clad bursting.

F. Step Back Design and Safetly Limits

(1) Step Back Design

We stated previously that (for properly dcslqn.ed fuel) the fuel clad will remain
intact as long as we always oparate so that tha minimum DNBR is larger than
1.20, and the inaximum linear heat rates is lass than 21 kw/ft. Obvicusly, we
would not want te cperate the plant so that the minimum DINBR is 1.301 and the
. maximum linear hoat rate (s 20,939 kw/ft. Instcad, we “step back." We de-
sign and operate the plant so that under normal conditions the minimum DNBR
Is considerabiy above 1.3 (usually in the range from 1.7 te 2.00) anc the max-
imum linear heat rate is considerably below 21 kw/it (usuvally in the range 17-
20 kw/ft). This gives us a safety margin so that, during a transient, we can

scram the plant befure exceeding the safety limit,

The way we cparate the plant affects the minimum NNBR and the maximum linear

heat rate, because we can changs the pegking {aciors by meving the control

reds. [f there we.e no alarms or trips, an cperator could conceivably cross the
WIDR and heet rate limits L moving the control rods incorrectly. We prevent

the operator frem passing these limits by:

° Lstabliching adminic.ro ve procadures which restrict

control rod motion;

bt 2unc on

T

—

e

Lo
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. atwhichthe reacter coclant system maisht rupture, core performance ls assured. ;

CORL PERMORNM /A NCT }
5. Core Thermal Perfeiniance {Con't) 2

8 Troviding ruglear inztrumentztiop 10 ehtain information

on the actual peaking fa:ters;

? Building in 2larms to alert the cperator to potentially’

dangerous situations;

° Building in gerame which autcmatically shut the nlant

down if certaln limits are cxceeded.
» (2) Safety Limits

Safety limits h.f.wc been established for your plan: so that youwill not exceed m.axl-
mum linear heat rate or have any el rocs at DNB [lux. Youmight expectto find
many safety limits in your Tech Spece, but, foryeur PWR :!ant., youwill {ind that
thereare usually cnly two, Tha firs. places 2 limi: on maximum reactor cystem
pressure. *This Mmit is established to avoid radl&:lcn.re!easé, bufitis ct.:'ed atthe

sacondary fission product barrier, i.2., thereactsr coolant system. Akish pressure )
limit has litie bearingon the DNG flux; in fact, the DNB ifw:wﬂl be greateratthe
hicherpressure, sothe limit placed en Frassure is derived from other consicera=
tions. The pressure limit isthe highnastiressure ailowed by rc—ac:qr vesseland 1
piping design cedus. Anincreascinpressure tothe safety limitwill not app:r.:cl- 2

ably change conditions in the core., Since the safety limit isvrell below the pressure

If cur first liait has no direct bearitg on minimum DNBR or maximum linear

T

heat rute, certainly the second ana must place a limit on theze variablos. It

P Ak 4

dees and it decsn't. Linits on DN2M and linear lLicat rate are not dircctly

cailed, but rather arc used as the bases for safciy limits on other parameters.

This is done hecause these items cun not be ditactly cbserved., The onset of
fuel damage, by clad melting or bursting, can net be monitered by any instru- B !
mentation precently in ure in ruclear plants. Instead, limits are placcd un ]
diractly measurable parawciers such that at their maximwa or minimun: ralues, . ;

DLOR and lincar heot rate limits ara not exceesind. [t is in this manner that

-~
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CORL PLRTORM..NCE
S. Core Tharnal 2aloeirunce (Cuir't)

minimum DNDBR and maximum lincar hcat rate serve 3s the bacis “or astablish-

in l.-V' cn couservahie patameters.
a p

Three other parasncters that can boe meagured are:

< Pressuce
° Flow (function of number of pumps oparating)
- Reactor cozlant temperatuio

These limits are displayed o secics of curves in your Tech Specs, similar

Jto those shown in Figura .ai;. The first two curves in Figure SE.represent com-

binations of the three variablea for which DNBR is never less than Yods AS
long as you cperate above and to the 1ot of the apj®opriote cu’ve. core integ-
m_y is ensurzd.

There are many cther variables that have an effect on core parformance. There
art rnany opportunitios and metheds to cause these parametcrs to vary, per-
haps in a manncr (hat could lead us to excecd our minimum DiiBR or maximum
lincar heat rate. HKow, then, can e get by with so few safety limlts? lere
Is where we gct hic!p {rom the reactor plant designer. We will see how prctec-
tior systams arc estatliched to head olf the approcach of condltions_that could
be unsafe. In another course, you will study systems that have been designed
to prevent many of the actions that might cause unsafe conditions. You will
also sec how operating limits ectablished by your Tech Specs ascist you in

avoiding the causes of unsatisfactery care pesforisance.
(3) Cperating Limits

An operating limit is one that is placed on the value f & kay parameter that
s Important to the operability of an essential system. There are twn classes

of operating limirs: built-in and non-built-in.

§750-8 §-21
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N Cores Travemal Portaemance (Goa't)
2409 1
| ’a“-z '/,.“— 3
/ 4
2209 . - L
= / Vi
& 4 —"O .//q Vs
w o
3 o8
f .
2 ¢ 4 /
an 2000 '.1 ‘:f" - b
[~ .
v
.‘_‘ . . / 4/ / .
: q 7 W :
w y $
« & V.
S 1800 /{’ / .
Vs 4 V4
/ v .‘;, .
q4 &
1602
580 600 620 640 660 630
: REACTOR OUTLET TEMPERATURE, F
RCACTOR COOLANT
FLOW
CURVE (LBS/HR) PGWER PULIPS OPERATING
i 137.8 x 108 (1005 12% FOUR PUNPE
2 102.5 x 105 (74.4%) 86% THREE PUNDS
3 638 x 109 (38 54 £3% ONE PUMP I CACH L20P
POINT 4 NORMAL FCUR PUNP OPERATING FOINT
FICURE SE
CORE PROTECTION SAFETY LIMITS
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CORE FEATOIRMANCE
S. Core Thormai terformance (Cen't
-

A built-in coesating limit g a limit on a system characteristic that is built
{nto the C2sisn of a svstem or comisnent. Ihe fellowing are exanmpgles of
built-in czerating limite:

- Sa‘ety infoction system flow rate

Ciesei generaizr veltesa
Containment spray pums discharge srassure

Main steam line trip valve clesing time

Auxiliary steam gencrator faedwater pummp back pressure

Because such limits are built in, the Tech Ssacs gencrally do net ltemize
them. The required values cf he limits were cetermined from portions of
the Safety Asalysis Repor:, from eguipment specifications, and from operat-
ing procesures. Although these limits are nct nemmally calied cut in the
Tech Specs, the capamlity ¢f tha various systems cr companants to operate
within the duilt-in limits %r.';s: se chacked. Vhen they are to te chaecked

and the izt2rvals Setween chochs are detailed in your Tech Specs under

Surveiiiance Zequirements. M\ake 2 note that you can find cparating limits

in that pa~ ¢ your Tech Szecs.

A non=buili<in limit is a limit €n 2 parameter asscciated with the cperakbllity
of a system that deas nat have the limit built into it, Seme examples in-

clude the [zlicwing

[ Feacter cosiant syctam heatup and csoldown rates
9 Minimum temperature (sr criticality

£ Esric acid injecticn raths

° 2orated wator soraga 1nx concentration

o Dacay hedt remova!l crgtom operatisn

a Ceatwrel 28 bank insesion limits
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CURE PERIC=NIANCE
S cre Tucrmal Poriconance (Soa't) d

These limits are determined analytically and cre monitored separately. Sc-
cause of their diversity, they can ne: be lumped tegethor as a series of
curves, 50 youu will ijn" that they zr2 specified in th2 Tech Specs under the
heading of Limiting Cencitions for Cparation, Together wwith those listed

der Surveillance Pequiraments, thzee canstituie your czerating limits, A .
typical set of Toch Specs fora PWR plant may have as many as 25 to 30
operating linits includzd in these scctions. A majority of those are dirccted
at the task of limiting raciation relzate by assuring tze intzgrity of the pri-
mary fissicn p' duct barrier, whick is the clad.

The performance of the coere, and, 1n particular, the iniegrity cf the clad is

the single most important item of which you must b2 aware. Operation of
your clant fcllowing the requiremernts of the Tezh Specs, vhich is y:urleqal'
document, will assure you that ycu meet your rez::.re.:ih'lrs as an cnerator,

The designor has fumishcd you wit: systems, cs: wronents, and precadures,

O

ard has assistad you in greparing the Tach Spess which pur it 2ll tegsther.

Adove all elre, know your Tech Sce=s,

A -
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" Problem Set - Chapter § af »* A4
. "_lf “."l ,a_/, , "
w ! g\ 4“(-‘
s A particuler PWR fucl agsembly generatesz 7MW, It has 179 fuel ﬁ}-}
rods, ard it is 12 ft. long. Wiiat Is the average lnedr heatlrate 4
in this assembly? Jare e, . "’;( .
Jor l,f -

e The bar oz i below shows tha average lincar heat rate for cach foot»
of a particular FWR fuel red when the plont s running ai 1005 power,

12

. - gy

0 t
2 3 4 5 6 7 8 9 10 i1 12 L

Sz
7/

0 1
."t y K. - zl"/,"y 3
¥ (” ’,-t ’y}.,/’. = <//| ’
f:&b [Vl QL/’ : £t 7 {,ﬁff
AR AN
c a

What iz the average lnear heat reze for the whole red (one

‘/ numberj ?

1

vV -

\\ ("‘l '-J( (b) What {3 th2 max’mun near host rat2 alony this ved?

(c) V/hat {5 the averzoe linear heat rate rom 0 to 3 feet
\‘3‘ [1 abova the bottom?

\ . \

\

\
\‘; (d) What (s the-averagoe lincis heat rata {ront 3 o 6 feet?

1071P-C - §-25
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Cora Thermal Perfermance {Con't)

(e) what is the averags Mnear heat rete from S to 9 feet?
(f Vhat iz the average lineor heat rate from 2 to 19 fect?

lg)  Plot your ancwrers to parts (¢}, (@], (e), and (f) cf this
problem ona a Sar graph similar to thn one civen in the
problem. (Your graph will be only 4 hars on it instead
of 12.)

Suppose the power level in the plant uged for problem 2 is veduced

fro:n 100% to 50% of full power. Cansider the saine red, and re-plot

the graph to roprezent the naw power leve!., (Asiumg that the power
reduction 1s acesmalished so that conirol red und veid distributions

are not changed, and the relative power distribution is alsc unchanged.)
Msweer, for the new power leval, all cf the questicns in problem 2.

'Calculcle the ratio of mz::imum linear heat rate to average linear heat .’

rate for problem 2. - . . . >

Calculate the ratio of maximum lincar acat rate to average linear heat
rate for problem 3. ) o .

A core contains fuel! rods having a 0.440 inch clad cutside ciameter
and active length of 12 fcet. The maximum linear heat rate of fuel
rod is 17.8 kw/%. The corc average heat flux i1 176,000 ETu/hr-ft",

> -

In problem 6, if-the axial power ratio factor iz 1.5 and the engineering
hot channel factor is 1.035, what is the nucleer redial powerictio
factor?

If the minimum cperating prossure s 2200 peia 'or @ core producing
2550 Mwi(t), ard having a tctal flew of 129.8 X 105 ib/hr, whee is the
core jnlet enthalpy that vwoeld resull in the start of bulk beiling at the
kot channel outlet? Assume the Py bwecicar plus wechanical) entahipy
rice factor for the hot channel is 2.06.

Using Figure SC, classify the isllowing combinations of rcactor caolant
outlet temperature, reactor enelant peossure, and n'ueber of reactor
coolant pumpc oberating Ss within the safety Jiils (CNBR = 1.3) or cut-
side the safacty limits (DNEDN < 1.3).

972p-0 5-26
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CORE PERFOR:.LANCE
5o Core Thorazl Pasformance (Csn's)
\ -
o~
Ho. nf Pumps Cutlat Temp Pressure
Bymning 1) (z3i3)
J (a) < 6190 2200
(®) “a £09 1800
1 “e) 3 €620 2G50
(d) 3 32 16C0
@ | 2 620 1890
) 2 630 2100
-
J -
" toe
1
o/
A
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3 A~ | POWCR_DISTRIBUTIONS

I. qual
A. All portions of core preduciag equal amounts of power.
B. Uniform Fuel Burn-Up
1. core size minimized
2. lowes® fuel cost per “dg. :

. Co Unaveidabl:» phenoncnﬁ zmakes it impossidle

: II. Homogeneous Reactor ' .
A. Bare .
A 1. No refle:tor . .

2. Power decsity drcpa nesc edges Jues t3 noutron leakagc.

* 3. Power droos abruptly to zero, while the thermal flux gradually falls to 0.

O

G.* Reflacted
1. Scatters seme neutrons which leakout back into the fuel,

2. MHoderates €ast uneutrons.

III. Heterogeneous Reactor
A. The power distribution would be of a modified cosine shape. This i{s due to the
discontinuities caused by the moderator and fuel zeparation.
B. The thermal flux is depresscd towards the center of each fuel red, vhile fast
neutrons are thermalized in the mcderator causing ﬁeéks ocutside each rod.

C. Consists of discrete fuel bundles, 177, which is made of fuel rods, 208, The

e

fuel bundle remains intact .throughout its useful life.

’ iy - —— —
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E t :
\ Ve, bl punss vis.s Duricn betwaen tundles is found by the bundle peaking facror:
’ Gise=s’Y £ 3
N .5 J\\RP? = Total ~ower zensrated in the fuel bundle of interest |
|* Total pcwer cencrated .n 'average’ tundle 7
\"I ! q,;in}/r(’
(\j" "-’ ' (sometimes called radial peaking factor) |
g ’ ’ - :
E. Durdles near the edge of the core usually have lower BFf's than those near :
1
center. i:
F. Increase in bundle power causes a correspondirg increase in the void content, f
:
which limits the power increase., This assists flattening effect.
1
G. In order t> try and flatten the power distribdtion, PWR's usually use different i
’ enrichnent:, The highest enrichment in the outside annulus, while the lowedt
. @ * -
J enrichment is+in the center.
. H. These enricuments tead to smooth out the neutron flux, however, the sharp
- »

breaks in tha po:rer generation still exists, This is be:;use the P = Gif.

. 1 if the 7 constant, f or enrichment cause £'f to change. -
3 - I. The di.‘.fering zone enrichment is not desirable for la;-;e reactor’ cores.
e 1. Zones larger than average crow flight path.
2. Zones ten«i to act indcpendent of each other.
3. Constant heren distribution makes the center zone Y= <1 or su.‘:c.ritical while
the other zcnes dre keff = 1.0. ;
J. Burmzble poison located in appropriate arcas can flatten the sower distribution. E
IV. Axial Power I
A. The power distribution from the bottom to the tecp of the cén.
B. Slice a fuel bundle intc 10 equivelent sized slices, refered to as nodes. |
C. Each node is generating 1/10 of the EPF. '
D. The power production by this ncde is found by the axial power factor:
APF = pouer generated bv nede of interest
average nodal power for chat bunale
>

-2
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r.

G.

Local Peaking

A.

c.

E.

6-1%

s In BWR the peak axial power oscurs somevher: bolow the centerline.

Unifcra ceatrol recults in very high axial peaking in the Lottom of the cera,
while bottom entry (2WR) Aresult: in lower peaking.

In FUR the higher mederator temp. at the top of the core te:'\ds to push the
axial flux peak slightly below the centerline. Top entry (PWR) exaggerates
flux peaking in lower half, thercfore, it is advantageous to use uniform axial

control (chem, shim). z

There is rcfloct'or peaking in the water gaps which Increase the power generation.
‘ This is most strongly felt by the f‘uel‘ near t.he gap left by the removal of a :
control rod. .

Contrary to th&s,'uhen the rod is in plac'e the fucl operaltcs at a auc 1ower
power,

lwcal Pecting Factor:

LPF = poder in fuel rod in a given nodge
average power in rod for given nodes

Fuel rods in the vicinity of the control rod are usually loaded with sligitly lower

enrichmant, which reduces maximum local peaking by = 10%.
Each fuel vod consists of a length of pellaets fullowed by and end conncctor
causing a thermal neutron pileup in the cnd connector unless the connactow Is

made of a special material,
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POSER DISTRIBUTION WITH RILATION T THERNMAL=HYDRAULIC it

I. The reactor must operate withia the limits of CUFR and

A,

c.

Phys
1.
2.
Powe
1.
2.

G

u,

fuel conter temparature,

ical georetry of the bundle

Influences the heat transfor coefficient (temperature of cladding and fuel).

Pressure drop and coolant flow in core. Cﬂ/:’.rfﬂﬁ’;’)
r density (heat flux) : carR = ;;7:4‘
numerater of the CHFR

needed fuel csnter temp.

DNB occurs at a spe.cif.’,c point, y: ' r .
. . . .
q)y B (B?F)y x (A?}‘.)y X (t.)"!')y X (%)core o T .

The product (SPF)(:\P!‘)(LPI:)y = total peaking factor (TPF) so
- . * . ) ! .

. -

| G‘)‘ = (TPF).. x G’)an. 1 . ' : A

Condition of the coolant

g

2.

i.

4.

heat conteat per weight, enthalpy H (BTU).
1b
praessure tells if coolant is subcocled or saturated.

Enthalpy rise peaking factor:

l‘A s enthalpy risc of ceolaeat in flow channel
average cnthalpy rise of coolant in core

BWR - a flow channel refers to the entire coolant volume contained within the
1imits of a single fuel bundle, because of turtulence by veoids, spacers, etc.
produced uniform mixing of the coolant.

PWR - uniferm mixing is not assumed, therefore a ccolant channel is the region

between fcur fuel rods..
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D.

(PUR) We arc dealing with subcoolad water and all heat added to the

_coolant goes into raising the temperature, § = m T Cp.

To find enthalpy; the temperaturs inreases is divided by the flow
rate:

=¥ CpaT =CpaT

H subcooled =

TelOe

Any flow will reflect itself Iin the channel temperature rise.
Example:

The peak bundle iz a particui;r PWR operates at a BPF = ).45, Within
this bundle, the peak rods ozerate at a LPF = 1.08; Assume that flow

is uniform throughout the cere. What is rz;ué

Q peak = (g} %k (BPF) = (LPF) x (A Channel)
Al ave

Q peak = (_c_) % (1.45) % (1.08) »(A Channel)
Al ave

The enthalpy rize in the channel is sinply the heat addition divided by

the flow rate.




()

Ir.

o peax = (£73)ive » (1.88) x (1.72) : (2 Channal)

M ave Channel

' ] .
The expression for tha enthalpy rise in the average channel will be
the same as that for the peal excajyt all pezxing factors are 1.0,
H ave = , ' ; : : ) .

Q
(7\') ave x (1.0) % (1.0) x(3 Thannel)

M Ave Chann«l

thus, : - ]
FAH= AM peak =/) e
aH Ave (7\'\ fve x (1.85) x (1.23) =l Chﬁ:ez
) In Ave S%znnel 2
' DR - - P
(9_ Ty €1.0) % (1.0) »{A Ch:’nnel)
- 7 ave o z /

- - M} L L T
FAH = ).45 x 1.08 = 1,57

E. Therefore, for a PUR, FA K = (BPF) x (LPF)
The total peaking factor between BUR's and PiR'z do not Ziffer greatly, although the
BWR has higher local peaking due to the control red water gaps, but has lower

radial and axial peaking because of the flux flatteaing effzcts of the voids

coupled with the bottom :ntry of the centrol roeds.
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11.

u=sia

SPATIAL YENON CONSENTPATICH FLUCTUATICS

R

PWR operating at full power and all rods are ecscentially withdrawm.

-

A. The axial flux will be approximately cosine.

B. The xenon concentrat.on will follow basic cosine by {ollewing the flux.

Boron dilution and control rods are driven in tc compensate for boron removal,
A. DPower distriduticn goes to dottom of core

B. Xenon shape will remain the same because xenon delay time lags flux change.

-

-3

. -

(&)

TP

e e nad

VYT Py




~~

@)

111,

Iv.

6=-22

After a few hours the higher flux at the bottom of the core causing Y2 to burn-out
quicker there, whila the lower J§ in the top allows the xenon %o build up as it

decays. . ) >

Cr & T

A. The increased xcnon at the top enhances the flux in the bottom.

B. This c-uld cause the core to approach DNB .nd/or center melting limits,

Eventuaily the xenon delay will catch the flux which will cause the xeron
distribution to shift towards the bottom. As the xenon shifts tcward the bottom the

flux will shift towards the top.
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:{ ¥, These flustuations will cantinue ccnstantly with tine.
1
o VI. Shifts of :enon
4 A. Shift power in core
1 B. Even though entire core reactivity may e 0, low xenca rejion may be on
+ reactivity while high xenon region may e on - reactivity.-
VIZ, Rata of change of regicnal power with respect to time, AP/LT.
A. Directly related to the net reactivity of the region.
4
5 ﬁ-—; ol Axlukage = Pxe c“
™ -
) * 1. AKe = cxcess readtivity the regicA wculd possass if no leakag:r.
. -
i Region at 0 power, 0 xenon . ’ . —
o .'
. 2. A = power coefficient of region in .1 X/unit power.
- ] v .
| A 3. P = pregional ;;owcr & " °
'v

4, AK leakage = reactivity cffect’of leakage
S. pre = rcactivity cffect of an atom of xenon
6. Cxe = nunber of xencn atoms in region
C. Leakage alwcys goes froa regions of higher neutron dansity to lower density
regions.
D. If AP = 0, the power in region is stable.
dz
1. Ideally cne would want one of the terzs to be balanced by the other terms

%o keep the power in regicn to 0.

2. This will keep rcgion reasonably stable.
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6. CORE PLRFORMANCE AND CCNTROL

A. Meoazurement ¢f Local Heat Generation

Aftcr ¢ reuctor core has Leen designed, manufactured, and ins:alicd, it is
important to have some way of measuring the performance during cperation
to insure that the limits are uot being ciiceeded. We have s~¢n how to cal-
culate cverall thermal power using a heat balance, but it is net sufficient
to know merely that t'ic total power is at the rated value, We must'also be
sure that the Bov:er in ali pa.-ts.of the core does not enceed the limits im=

' posed on the fuel rods. In all reacter cores, some method is provided for
measuring the relative neutron flux at varicus locatiuns within tha core.

This vill indicate the relatlvc po'ver generstion at thc_se points, .

It i3 h..ponant to note the word relative vrhen re‘crr...g to flux mecasurements

and power gencration. Tha ra! ative flu: means that the flux czn ke deter- . :

mined in one part compared with ancther: if the sheslute flwe could be mea- ;
sured, we would know exactly how many fissions were occurring. Ornce the [
relative flux levels are measmed, and the ovarall thermal power is kaown, 3
then the heat gencration can be determinzd at voricus points in the core. [

The recults of the flux measuierments will give us our power diztribution in
the form of radia! and axial flux shepes. From theso flux shar2s, heat gon-
eration peaking factors can Le determine ! ane! applied o the average heat
generaiion and heat flux values abtaince ‘rom Sur reacter hicst Lalance.,

This will give us the maxinium valucs ol hi2at gencratioa, heat flux, and

cnth:il,‘r} rise i the core.

Ladt Zace e hod

In a P\WR care, the lozal flux-la vels and teniperatures veithin the reactor are

measuiced Ly in-core instruments., A numbier of the fuel elementys are supplied |

with 2 column for instrunentation in plocc of o fue! pin, A thormeccuple is

972P-p 6-1
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CORL FERFORMIS
6. Cure Performance and Conlre! {cont.)

positicned at the exit of these ‘nstrm-ricd luel clemaris. A typical 2300 hwt
reacior has 52 positicns for in=corn flux and tonzerature monitoring. Tha de~-
tector assembly consisiz of seven !~zcal fux detectors, iacaied at saven ay!al_
positions in the core, and refcranced tc the bacliyround acte: tor cutput 2o

that the rasulting diffcrential signal is a true messure of nautron flux.

The in-core instruments provide infermation that =on be used in conjunction
with pr ekuslv determined analytical information te determine the pewer <is-
tribution. The instrument reedings can b2 used "o calculate reacter cozlant
enthaloy - distribution and fuel burnup distribution an< to estimale the czclent’

flow distribution,

The {lux menitors are miniature sclid-ctate noutron daiccters, The leads for

the detecter column penetrate the botiem cf the reactor vessel. When the

reacter is de-pressurized, the in-ccore detector columns can be retracted 7
through guide tubes, which arc cr. tas bsitem of the reactor vessel. These ]
detectar columns are withdrawn from tha core during refueling and later are

re-inserted in the new fuel elements. It is not nacesrary to re~calitiate

the detectors during plent life, becausc the computer outputl has @ grogram

to compansate for bumup cf the neulrcn-senzitive material,

The data gzthered from the in-c2re instrumentation is usced 1o calculate core
pa.formance, both therine! and hyrrzuliz, and to detemnine other physice

parameters of the cora., Extama!l or cut-of-carc instiviacatation is proviced
to measure avcrage core gower, det ot fug tiits, and provide signais te the

recactor control and protasticn systom,

The in-coure instrurientaticn is nol aniicizated to be 2laced in operatica »n a
scheduled basic for the esllection of 2:% to calculate power distribution. It

i1l be uscd duriag approach to full powver for the first timae to verily that

control red pattems do not cause largss *fan caleviated peaking faciwers and M

e

e
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COUL PERFORAMANCE
6. Core Performanee and Control (cont.)

-
that the cut-of-care instrumentation is sensitive to flux tilts. After the
plant is In nonna!l operation, power distributicn calc:lations will be made

10 assess the ellicers cf xensn on peaking facior lscatica and t2 cvaluate

any changes in the control rod zatterns. The raacice ;-1 ineer wiil utilize
data from the In-core instrementation o meascre fue! dumup, AdZitionally,
the data can be used ¢ confirm that DIV3R is aksve the dasign limit, The
in-core instrumentation is an informatica system; it is nst iavclved directly

in controlling and pretecting the core. This laster {unciisa is 2ccomplished

by the cut-of-core instrumentation, which, when combined «with cther plant

paramcter measurements, opcrates to limit core operaticn and azintain con-
ditlions within ths design safcty limits 2s:aklishedinthe Techrical Specifi-

cations,

B. Reactour Control

0 +

The reactivity contral of the reactor is sravicded oy neutren-absorsing eonuel
rods and by a sclukle cheamical neutren atscrber in the reacicr csolant., The
reactivily controi system functions ‘c maintzin fuel red integrity and prevent
fission przduct release. As discussed inarmearlier sectiza, cne of the limit-
mig thermal criteria is that the minimaum allewslle DNER during cparaticn,

which inciudas anticipated transients, is 1.39. ...e control reds provide
sufficiant reactivity to lcm.r...tc any nurmal gower transiant priar to reach-

ing a DNNBR of 1.230,

How do we kncw *when to insert the contrel rads in ¢
of less than 1.30 or a linear heat rate of less than 21 La/2? Cortain con-
ditizns in the primary systom wiil cavse an immedizia ans ragid trend to
excesd the design limits. Two such canditions are high reacisr ceclant
outlet temparature and low rexator csolant systam urassure.

are measured and used as intuts into the roacisr srotecticn sstonm. Hich

e —
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CORC PLRFORMANCE
6. Core Performance and Control {cont.)

reactor outlet temperature or loss of system pressurc will cause irmmediate

reacter chutdown and prevent 2 DIER of less than 1.30.

Another mcnitored paramater that can rasult in loss of cocling for the core is
primary system flow. The fiow reduction input is part of the peovrer tinbalance/
ﬂow trip input to the reacter. The trip logic for this setpoint iz that the

power level trip scipoint is decreased as a function cf the decrcased flew

and corected for any power imbalance between the u,'r)nr aad lcver portions

of the core. Figure 6a shuws typical power imbalanc2 u'\unc.arics for this
l:cactor gretectiop function, Some plants have an acditicnel trip cctpoint

for loss of reactor coolant pumps. Typically, a reacter trip is initiated on

loss of one pumn for pcwel leveis abeve .ir:p::x,imal«.’!y' 9055 and trip of two
pumps at any power level. : : . *

Other trip functions are ¢ ~levlated from varicus plant parameters for protec-
tion against slowl increasing conditicns that rr.if; ¢+ lead 20 exceeding design
limits. One of these trips is the overpowsr trip. When the neutren flux
level (which s proportional to power) reaches a ceriain selpeint on two out
of fo .- detoctors, tho reacter is tripped. Figure 63 shows typical prcssu.re-
temperature setpaint boundarizs., When she reactor conditions are determined
to be outside the brundarias, the reacter is tripped. High reacter coolant
system pressure will alco initiate a reactor trip. Thic tiip insures that the
design pressure of the reactor coclant system is net excecdedd; this cculd

result in a lack of iatagrity of the primayy sysicn boundary.

In the preceding dizcussion, we examined how the reacter protecticn system
functiuns to keap DNBR and linear heet rate vritl.in limits, D\x.'in:; normal
operaticn of the reagtor, there ., somz control availalle to the ¢rerator in
shaping thz cera axial pewer dictribution, This is accomplishod by the use
of axial power chaping rod assmnblics (PSRN . Sewo vendors call these

parct leagth rods, bacause oLly 3 fect or 50 of the cuntiol rod as A neutton

972P-1 -1
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=d Control {cont.)

absorbor in it. These A3Ri's are manu ally cparated and cre not scrammad.
Theyv are uzed o i prove (e capability of maintaining desgired core conditicns

vhile providing the means to damp cut xenen oceillations.,

The main reaces that AP3RA's can be used 3s an ciicctive control is that they
répresent the !arjest percnntage of corirsl rods tiat ara stili in the core.
Most of the fuil !ength esatral rods are out of the cere. At full power, only
one control qroup of rods is partjally inserted. The reason that a majority

ci tha contrzl :::.‘:; are out of the core is that the scluble chemical noutren
abscrber (ooric acid) concentration has bzci estatlished to ollow tho rods

to b2 withérawn from tha ezre. This allz:s 'S more uniform vowvaer distribut

and eveng [uel surmup betwean assemtlies. It alss incroascs the control

rod relative shutdswn canabili ty. The contrel group of rads =il partially

inserted in the core is used primarily to restere ‘1' avg after a load charge.

Thesa rdy zre contrsiled aut- cmatically and are canakle of rezeter control

over the 2cwer range of 15-100% of rated power. The central sysiem will

alss cempensate for zome small amo unt of fuel bumup, Final cempensatio
for b':rnup i3 made by adjusting the boric acid csncentraticn in the réactor

coolant; n this instance, the cunceontraticn would bLn recuced,

The atomatic reactor cansrz] o 7stem funciions to allsw the recctor to be A
load follewing unit, /2 poew r leveis abave 15%, the plant is cporated at
consiant imain ztenm zressure and constznt rimary Tevq' Thz control sys-
tem respends to changes in lnad By altering fecdwater flow, As an example
if tho vnit load demand increascs, the turbine will reguire more steam to
maintain speed. Fecdwater flewe increaces to provics mere stean. This
increases the temperature Ziffzrence screzs the tubizz and allews more heat
to B2 transfumred Li~m the reater coolant (o the steam/wate mixture in the
steam genareisr, A3 more most s taken from the reacior crelant, its tempors-

ature i3 decereasad as it lesvae the stean genzrator. This colder water i3
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] sensaed by tha reacisr inlet temporature sonsor. The T - computer gots its
a4 Vi
1 : . :
signal frem the roacior inls! arnd cuiles temporature sensors ans compules

v from the foilcwing ralaticnshis:
avg )

M P

A signal is then soat o tha reacicr control systam. This cignal is compared
to the setpoint and, if it i3 found to =2 l2ss than the setpoint, the cenlrol

rods are mcved in a dirsction to rastare the T tc the destred value, In

(2%
U
o

this exampla, the rods waul withZrawn to increasa the core pawer to

match the secandary swetem demand,

o
'
a
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CCORE PERFORMANCE
6. Core Parformanez and Tontrol (cont.)

~
Problem Set - Chapter 6
1. Refer to Figures ST and 62 te determine whether or not this plant will
trip for the conditions given below:
o
N (a) rh = GOOF )
2 . . .
P = 00 s - . .
z .
4 pumps running -
. - .
. . . . . ’ . . 3 5 .
- o] .
L) ™ = 600°F " 5. %y
IA'.
b P 2100 psi
RCS psis
3 pumps runaing ' 1
k
L
2. Using the accompanying flux profile, what is the axial peaking factor?
What is the rclative assembly for? If the local peaking factor is 1. 15, :
what is the maximum fluxz somewhere in this assembly? E
3
1
"d‘ [
b
972P-8 6-9 :
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7. REACTOR MATIRIALS

Reactor core materials can ®o convaniently categorized with regard to their

functions in the reacte

<

“2se cataqgories are: fissicnanie fuel, fuel

clad, neuiron absorber (2oa%ol rod psison secticon), coolant mederater, and

reociue Internals,

.

A. Fissicrable Fuel ; ’

(1) The desiracziz -razerties of a nuclear fuel material are:

(2) Uranium is a rietal,

using it in metallic form

It must t2 :isstonahlg.
Nenfissicoadid materis? must be minimized or must
heve .o v absorpiion cross section.

shysically stables that is,

! should L
by grate nor expand toe much.

The matoris
ofther disine

it must noithe
It shoulc nst corrade casily in ket water in case
of clad lez2ks,

It must ke cconcmically comparitive with respeet

;5
to fakrication, enrichiment, and regrocessing costs,

The h2em2l sroperties of conductivity and m2itin
temporatire should Le such that it will not melt
in operaticn,

and considoration was ¢nce given to

Urizztunarely, urenium corrodes rasidly in water

and also exniibits uadesirable taveical tehavior when irmadiated., Ualass

stingent ranufsnturing contrals are ¢xercised to inzura that a certein

metallurgical erystalline

irradiztion. Another prebi

eatisiacierily vigh fer

1672P

e thermal oy '...‘.'.!,- {abaut 1/10 that ef aluminun),

strugstuire axists, vranium metal tends to eroy

.
em is that while the a.zlting point (297971 is

7=1

under
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CORE PERFORAANCE
d T Reactze Matcriais (cont.)
a4
‘ -
] ‘o
it undergoes severa! wetllurgical phave transfonnations tetween rocem

temperature and (s mzliing point. A phase Tansformalion iavolves a ro-
arraagemen: of the molacular stcture, -end,2s 3 result, tiic volume wil!
change if not constrained. [ it is constrairel, as in @ ‘eel element, high
strasses can develop within the cledding. Th2 oniy @xlcnsive use of uraninm
meotal as a fuel hes bc.cn in reac:iors -;:siq:;: izr the procductinn of plutontum,
(3) The abo.e considerations !cd to the investigation of
ceramic materials fer use as fual matericls. The wwo ceramics ~,‘r' erincipal
interest ar> uranium carkide {UC) and uraniun cicuide (L’Oz) « Thermal
conductivity and ruclear properties >f UC are zatter than those of V.;Oz but
the malting point ¢f UC is somewna: lewer (U2, -'.280??: L’Oz-‘.SE')OF). QOne
preperty gredominates, however, in the exclusizn of UC from water r2actors:
it cecomposes readily whea expesed to hot witer, One of the greduces of
decomposition iz aceiyiene, which could crexte prozlems if generated,

Uraniu= diovide has turned out 1o »e the Les: material {=r water reaciors
when considering ai! the factors of safeuy: thermal, ruclesr, ang cherrical
properties; and the escromics of zroduction and utilization, X':s mejor
disadvantage is a relatively low thermal conduativity, but that is csmipen~
gated by a high meliing point ané no phase Tanslormations. Uranium
diozide retains fission rroducts woll, dses not drasticaliy expand in volume
until kigh hurnups are reached, and is aot a meuwon roison, Some enrich-
ment (3 to 6 percent is reguires hecause of <o dilution of uranium 2toms

by the oxycen atoms.
8. Tuel Clad

(1) Tue dasirakle prarartics ci the ¢lad meterial are:

1070P 7-2
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C=ne passible ssurce of trouble with 2iscaloy clad s hydridiae. This refers

COAL PERFOENANCE
r 8 Reacter Materials (cont.)

o Gocd strength at opurating temperatures
e Not susceptirle to corrcsion

e Low neutran absorption cross section

o Iligh thermal conductivity

Fer water coolud power reactors, two metals have beun used for clad

materials: stainless st7el, and zirsonium alloys. .

(2) Stainless st2el was used extensively in the original
PVR and BWR designs. It has given way to Zircaloy,. howcvef, in both types
. -
of reacters. The only significant problem of stainless steel in PWR's is that

it h2s a higher neutrsn abscrption cress section than 2ircaloy, and thus a

fuei with 3 semewhat higher enrichment is required. In B\YR's, stainless
steel is inads3uate for anciher reason: it is susceptitle to stress-corrosion
racking, Small micronracks form, starsing at tho surfoce, and weaken the

ma ok

terial, Since the clad i3 thin to start with, cracking is unacceptable,

(3} Zircaloy-4 (1.5 percent tin, 0,18 poreent iron, and 0,10
percent chromicma by weight) (s now the preferred fuel clad material in
watar csoled power reacisrs. It is 7ot as strong as stainless steel, but

its iow neutron cross sesticn and immunitly to stress-comrosion cracking

Y

outwaizh the lowar strength. The lower strength is compern.sated for by

usin? 3 thicker tube wall,

to tha tendency of zirconium and its ailoys 0 combine with any available 3
hydragan, forming sire hydride glatelets which docrazse the strenoth of

ing ig avnided or minimized by:

factaring procedures which prevent hydrasen from

Guilng insida tha fuel rods in tne form of water vapor,
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CORE FZRVORMANTE
Reactor Matevinls (cont,)

B Control of water chemistry in the plant to aveid corrosion of

the Zircaloy from the outside,
C. Nuclear 'vei Perfermance

(1)  Fuel Damoage Criteria

Tae fundamental criterion is that no fuel element damage i3 to occur during
sterdy state oporation, operational treusinnts, or ivasonably probable
accidental transients, Examples of aperational transicnts are reacter starti:,
or chanje of load. Cxamplés of reasonandly prabanle ancidental Uanslcn:s
" are loss of electricel power %0 a.clrculat:nq pump, ':rm’.l.nuous corntrol rod
wuhdra-.-ml,.or locs of turbine load. For ot least some of these accidental ’
F t:an's:er.:sg the scactor would :ec protected by scram. The criterion of no
fuel element damage does not by definition apply ta the highly Imfrobakle

MCA (maximum credible accident),

Tre coansequences of fuel failure range “vom cubstantiz!ly unnoticcable
pinholes in the cladding to scvere activity reledce caused hy gross failure
of cladding, Neormally encountered fuc! failures allew uneestricted narmal
operations and are aot a hazard to the s:mounding popuaiation, uat severe
cases may require restrictions on puwer level to redice relrasae of radio-

activity to the enviromnent,

(2) Fucl Burnup 'nits

'

The moft atien used units of fue! burnup ere mogawatl <ays per metric
tor of aranium (MWD MUY, Oane MAWIZ TN s cguivilenl th operating
with 1322 Lilograss (one metric ton) of cuntained masium av a power of one

megawa't tar one day. The vranium refenred o hare iz tetal uranium=— not

10707 7-4
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CORT PRRFCELANS
7, Reactor Materials {cont.)

.

—~
just =233, and not LO We can taik about the burmup of any amouat of
uranium that we ,.-a;e-—-t.. uranism in a fie! pellel, in 2 fuel rod, in
a fucl assexily, in a wasle batsa of tuel, ar in the wnole care, ’
When refering 10 @ whale core of - tum, Burnsp becomns arsther way

of measuring {:ll sower days. In most lazga nuclesr plants, one full-power
month is eguivaleat to 1000 to 129) LIAWD/12:Y far 3 PWR, Ccnsidcr‘.nq

that a plan: is not operated at fll Jpoveer all the Lime, oge finds that th \
typical PVR core accumiletes a burnug of 19,0035-11,022 LIWD/MU every.
year. , Fue! is tvpicelly vsed far about 2 years, 9 that the gverage burnup

of fuel which 15 discharged for rezrazessing Is somewhat asove 30'.030 M‘.‘-’P/

MU, Pariicular fuel rods §nd particular peligts (n this fucl will have much

~ higher burnues.

- ;
. -
o For a BVR, oze {ull-power month /s eguivalent 5 $30 13 729 LoWD/A U, so
o that the typical EWR core accumulates @ surnip of §,030-8,290 MWD/ WY
cach year, 3\WR fuel is :/pic‘.n/ uses {or 4-5 yrars, so that the average
burnup of {521 discharged fer regrecessing ts zarawhat shaova 28,368 LOWD/ MU,
D. Orerating Ciiporience with Powcer Heactor Fuel
(1 2ircaloy-Clad Fuel
Buring the past few yeirs, several reacters wa'h Zirsalsy=ciad fual have
been zlaces in operation,and they ars cumantly azoumul tiss siznificant
aJ...!fo:':ﬂ tr2diation experionce, Sume 3f the azsumalacd cRzorience
vrill be dissussd in tha Jolicwing garazraphs.,
y
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CORE PERTCAR.IANCE

s Reactar Muteiiolzs  (cont.

odd ==}
.

.
-~

. (2) Zicaloy Eiperiance in SV s

As of tha ¢co Crecdan ! refueling cutaga, failed fuel
locaticon tests 2nd undaerwater visual insp2etions have shown that tetween
22 anc 30 2zt of $36 origing! Tvpe I fuel assemblies Rad deveioged cled
perforationg in sarvice, By t=e llarch-arm:! 1983 refusling, at least ten
other assamolieg (Types I and &) with 2irzelcr-2 zlad oxida f2el, including
several m sioratasy compactnd DO pov=cer fueli,had defestad, Appraxi-’
mately 23 aszomizlieg with a<dit al iled ol wereerermoved in the 1969
summer ¢ .::2:-.-..1. nany of these failures were attributes 20 fue!l being ‘
opcra’e" to ggzrovamately twizse its desicn expasure, and o marnufaciuring

1 1 defects. ’

2 @
1 Big Reck Point exparierce with Zircaloy ¢'z2d '.'0 guring the goriod 1966~
L B8 C 1963 irsluded failures in . ouce thaa feoty asse~-"es Trese {3llures can

be divided inln two types:

3 {al Feilires in Dynazak Powder,vitratzry compacted
assemblies anzarently causes oy aydresenaus material zantamination during

manu/sstyre.

(= The rumainder ¢f t=e 2irzaloy clad (ailuzes were
charzgterizad Sy grass craters [ zreas ¢f s-alled erud, Chsersatiorns and
anglyses 0 2a%a indicaty that the fuel rod foilurse rasulic

& .rom hcavy

buildup of or2d ssaic that caused the cl:dling surfocss 1o operate at ab-

high temperatires 2t the peal powar locatissns, The erud agparcntly resulted
from the materisls in the fon Dvaterecon ivnaste systam,

The major Iusl fatlire expuriencas with a Luresesn 8VWR “as oscu~cd in the

U KRB reactior in Wegt Cermany which has bien cucrating sinse 19645, Serious
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CCAL PLRFONRKIANCE :
3 7. Reacter Wiaterials (cont.)
Y
.
) T
'4 ‘ failures of Zirculoy -2 clad Lﬂz fuel reds~have occuitd in this Cencral
| Clecric fuel, 8y the tinie of the first refueling in the summer of 1969,
;] approvimartaly onc-third of the core assemblies were defocted,. Many indi-
] vidua! rods were found wita idantifiabls dofects. The defcets heve been
- atiributed to: fretting of wire segments camrizd {rom a fatled steam
j secarator into the fuel assemblias, intornal hydriding and tubing defects
4 that occurred during manufacture
1 8V.R Zircaloy-clad -'JO2 experience {n most other reactors has been rela-
. tively good ,although failures are %nown to have o:c{-.:r:sd in K\WL (Lingen),
1 KAHL and Dresden I, In Dresden [, 29 asserblies ware {2ontified as
J failad on the bace:s of sip signals or visual inzpectiars and were replaced
g soon after startup (summer of 1370). Activity levels in other EWWR's such
1 as Terapur, Tsuruga and Oyster Creek have heen siizhtly highar than normal,
J- which is probahbly indicative of a few fuel failures or defects, 'WVith the
s

large numizer of DWRs currently ogpaerating or due to be ctarted us in the near
future, counsiderabic additional e.perience with Zir=c loy-clad L'Cz fuel should
be aczumulated rapidly, Howevaer, except for unusdal circumstances,
significant fuel purfurmance exprrienca (s not available unti! after several

years of operation and/cr the first refuelings.

In summary, peak linecar Neat Generation rates frem appraximataly 10 to 16
®wi /it with Buraup up to 33,900 MOWD/NIU have been ackt ved with BWR
Zirczloy clad oxids prodiction fuel. Several failuros hAgve heen cuperionced.
ifowever, when all Geaeral Clactric procucticn fuel typas are considered,
less thaa 2,8% Lave cxpa 'r ienced failure due o eladding parfdration., Most
fatlures to date ippear 1o have been caused & W manciaciuring Jdrieets,
qeality contral or plant cheriistiery prebilema ratker then the excroding of any

desinn or materials Mmitations,

10797 7-7
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CORE PERICRNMIAYCE
7. Reacter Matarials (cant.)

.
(33 Zircaioy Crparience in PVWRs

v

WR experiznce in the United Siates with Zircaloy-cicd oxide fucl is mere

limited than 3WR experience, and few failures have tuen reported. A limited’

amount of informaticn on fug! ‘ailures and operating wxperience is given below.

3 the first comraizial use of Zircaloy~
,009 Zircaley=ctz2d fuel rods f2tricated
for Sh!p;;ing st Core | e+ thrae showad any evidinee of leaks during or
feer trradiat: Two ¢ foranans were régariee in 16,000 rods during.
the six-year - These were aitrizuted tn Tansverse
tubiny cracks originating at the inrer suriace curing ‘2hrication. Trase
defestcd rods wers opeyated for long ,;u.ods iq the-Shizpingpert teacizr |,

withsut any {aterfereace with plane o;ers...cn. The Zazalap-clad fuel in

the blanket reds of Sal senart Core [ astainad maxi=um burnup:? of 37,000

AW D/ Nt WItheLT sig7 : rod dimensions cr change in

corrosicn Yehavicr a2z a resul

Although CVTR was 2 heavy water csoled and moderates sressure tube ther-
mal reacicr, | . @xparience there is of interest, liost of the {uel
for CVIR was Zirca vo eiactured by Westinghouse and similar
in design t9 gresent PR fuel, Anproximately 1,420 Zirzaloy-clad ! O
rods were irradiates with fatlurcs ia flve a cver the period
Theso failucus Ingluded trree RED higk power
neas ratings Detwaaen approdunately

it approximataly 12 to

blistering had orourred with

ISEEE———— R A
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.above plants are refueled, -

e — . ettt o i

Zircaloy-4 clad oxide fuc! is also utilized in the Zeorita, Bezrau and
Qlrighheim razctors in Curope and the Ginna plont In U.S. In each of these
reactors, thore has tecen some evidence of agpareat {12l defects. Zircaloy-
clad L'Oz fuel has been tested in Saxton and Yenkee-Rowe with no known

defects, All PWR plants that are currently in varicus stages of early p"ra-

tion or construction utilize Zircaley cladding. Similar to the case for 5“'.'(3.

significant edditional fuel performance expericac? will be accumulated

gradually over the next few years as more plants come on line and/or the
.

() Stainless Stéel "v-c'iencc in BWRs
L L i
Performance of stainless steel clas! fuel in the BWR has nct been gocd.,
Most of ...e .':le.: s reported for stainless stm-l elem r'nts r-aw- o"cu'rcd in
thesa re..c....,. Expericrnce at VBWR showed SS-304 suscaptikle to mtc--

granular crackine or.glnating at the surface,

The same bad experience has occurred in Dresden, where 17 severe
failures occurred (froin one assembly akout 111 inches of fuel rad were
missing), in £ig Rock and Humboit Bay, where severe corrozion damage

vias observed, and in [lk River,wherc several fue! rods were bowed.,

On the basis uf the poar performarce of free-standing $S-304 ahove
15,000 MWD, olus tmproved esanomizs with hio% buraup Zirss! ay-cled

fuel, General Tlectric no langer uses stainless strel clad fuel in koiling

water reacts: s,
(S} Sizinless Steel Cxperiznce in PWR's

“WR irradistinn constitutes the bulk of stainlese steo! exporierce. These

FW2 elements have been relatively free of failure, Llsst ¢ perience

v
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CORL PERI'ORMANCE
7. Roactor hiuterials (cont,)

been ebtained with anpcaled $$-348 and §5-304 2 0,02 inch thick, Local

peak exposure shtained with such fuel is 16,000 MWD/t at Yankee.

To imgrove neuzon econemy, second goneration PUWR fus rlements have
used cold werked $8-304. This permits 3 reduction in ciadding thickness
to 0.014-0.016 inch. Some ‘zilures have occurrad with this fuel in

San Onofre, Connecticut Venkece and Indian Point,

Becausesof improved econamics, all naw PWR's will have Zivcaloy-clad

.
fucl, and it is anticipated thet,in existing P'WRs, Zizcaloy-clad fuel will
- " -

gradially replace stainless steel clad fuel,

E. Neutron Abs_crbér \Materials ;

(1) The main reguirements for a control rod abserber material
arc that it have a high ncutron assofpiion cross section aver as large a
specirum as porsikle,and that it dast for 3 reasonzzly long tima, that is,
not burn up rapidly. Burnup :mvans that the absorter a:o;.-.s. after having
absorbed a neutron, are no lornger of use, Ancther decirable quality is

corresion resistance to het water.

(2) he best single material, cost not considerad, for ther-
mel roacter centrol is hafnium, a metat. Halnium has {cur major isotopes
that Fave maderate therma! crass sections and geod epithermal cross sec-
tions. Hafrium has a long liietizne, because, wihon it abrerbs a neuiron, the

resalt is another isotope of ainfum which ¢lso has a good cress seciion,

(3) Cadmiur, anathor mntal, has an cxtremely high thermal
abgorution cross section, iyl in' the epithermal range 25 cross section is nil,

Because of this, end hoeruse of its low melting puint, cadmium cannot ba

Sl et )
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iR Reacior Marerials (cunt.)

(1) An alloy heing wuccessfully used for cont

rol rod ma-

terlals is silvor-indium=cacmivm In tha welght percent ratio 20-15-5.

This materiil coiabines the coad erithermal ~ross sacticas of stlver

and indlum ard the high thermal cross cectica of cadmium,

Is used for the control rods of many medemn FWR's, [t ls ox

This matertal

wudad {nto

rods which are then inserte= (ns s:zinlecs steel tubes. The stainless

steel :u':.e.; are the rec “lingers” wrich rid and Zown w

as;errbly, carrying the sbsorher material i

thin 2 fuel

3 (S} Pour rare e2rih eleman:s samarium, euscplum,
.

gadolintum, and dyspresium, wouls make gocd contral materials but

thelr scarc -..t makes tiham too excansiva ‘or general use.,

i

usually used (n the oxi<a form iiscersed in stainless steel.

Sew

They are

(€)  The last material 15 50 comsidered is beron, of wilch

the {sotozz B~if has a nigh tharmal crsss section and goss a

Cross Zeciicn. 8-10 ozzurs (a

an szunzlance of adout 20 persent by

weight in nazural beren, which iz rzadliy availadle and chean, It is

used in the {omm of powderas ceramiz =

In General Zlactric 3%/R's a series oI thesa tuzss is arran3ed in a

cruciferm cattern. The cera
large numbar o7 twbes clizirasos the possisiiiyy of crose ‘ot

vater Inleakaze and rcastion with tka caraid b -

the use of tarer {s that th

e material is horen ceraide (3.C). The

2 SYPrOSuct €0 the noutran assesr ticn reactien
is hellum g2s. This roguices thgs the ~ensity oi the 8,C be held %o

63 10 75 percent of manizum

At one time 3 ciszersion of peras 1o $lainless steel wag cse-

kellum relezso resultos in opisels Srhivicr of tha staintose s

wnich sovere o FESLLL. In PUR's the "flesert rad

comelimes mads ot ol 0 C enmdresd un stairles:z 3roal tubes,
-

=11

i
THm Fossulie 3 2llow zpace for nolivm release




CCREZ PERFCRMANCE
; Reartor Matericls {cont,)

; P. Coolants

(1) The choice of coslant for a nuclear reactar is governed
by a number of factors. Some of tie factors to be conasidrred and their

desired characteristics are:

O Heat transier and transport properties: the
ccolant should have a yoed heat tansfer co-
efficient ard a gocd heat capacity on a volume
basis. L »

® Nuclear pioperties: for thermal reactors, a low

absorption cross section {s necessary for good

.« o neutren cconomy, and good modorating properties |
are desirable. ‘ .

® Vagzor prescure: the coolant should have a low

* vapor pressure at the operating temgeratire in
order to ininimize the piping and contaliner |
thickness reguired, 1 i

~
N ® Corrosion and chemic?) activity: there sheuld be
& mialmum of corrosicn or chamical reaction he-
tween the coolant and the matericl (fuel, structure,
air, et2.) contacted Ly tha coelent.
® Radicactivity: ceolunts that becume activated and
form hard wemitters with Jong half-lives sheuld
be avoided. Activated conlants that are & and
B emitters can easily be shieldcd, but must e
cnntained.
9 DRacomposition: coolants should Lo stable undse
frradiation and at the cperating temporaturcs of
the reactor.

% Melting poiat: the meliing point of soolants that
are solid ot room tenmrcrature siculd Le easily
achievabl; by compariaicnt heating.

The chaize of 3 c2clent usually dopends on a eninpromise, since 19 known

cnolant embodies ¢!l tive desired chiracterisues, The ecalant uased in all

-

large poweer reactsrs in the U.8.A. iS5 waler,

1070P 7=12
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CCRE FERTORMANCE
7. Reactor i.!aterlals (cont.)
.

(2)  Wwater is a fairly gecd heoat-transfer agent, I3 easy to
hancle, previdas some lubrication, olfers no serious comvoston prchlems
that are not surmountable by prerer cholee of mnatertals, and (3 readily
available and cconomical. i'or these reasons, it has found wide ap- .

plication as a reactor coolant.,

(3) Althocugh the (n,p) reaction of O-12 forms N-17, a
very nard Yemitter, its hali-lfe of 7.5 sec is short encugh so that
there is 10 ccrivus activatioa problerm. There is also a minor activation
of 0-18 with an 18-scc half-life of no particular conscquence. The -
water must be continucusly ;urz.f’.n-l with mixed-bed {on exchangers or . 2
other meaas tC lcep down the activity of corrosion pgroducts. The most
serious drawback with :s'utc.: 15 {*3 high vapor precssure; evin the modest
.corgcnt lemperajure cf §50°r requires a primacty system pres cure of . .
1,500 psi. .

G. Reactor Internals

(1) The reacter internals are decigned to suppest ard arient
the fucl assemblies and control red assemblies, absork the ferces geher-
ated by dropuing the centrel reds, and tranumit these and cther lcads
to the reacter vescel flange, provide a passageway lor the reactor
coolant, and supgort in~core instrumentation, The internals cre designed
to withstind the combination of forces due to weioit, preaload ot fuel
aszemclies, differential hydraslic pressure, centrel rod dynasie loading,
vibration, and carthgunke aeezieration. The comprnents of the reactsr
intarpals are divided irto three parts, consisting of the lower ccen
supgcrr stracture (ncluding the entire co:a barre! and thermal shicld,
the up;2r core support structure, and the in-eore matramentation support

stractere.

170 P 7-13




CCRE PCRIORLIANCE
Reactor Matenials (cont.)

2

: - {2) The major containmort and susnort member of the
reacter internals is the lower core supgeort structure. Thils sunport
structure assonibly censists of the core barrel, the cere bafflz, the
lower cere plate and sugpest columns, the thermal shield, the inter-

.meciate diftuscr plate und the hoticm suppart plete which {5 welded
to the core barrel. All the major materic] for this structure is Type
304 stainless. The lower core plate is perferated to allow water to
flow through it, and it contains the lower locatiag pins for the fuel
assemblies. The lower cor2 support structure also provides passage-
ways and control for fhe coolant flew. ‘Inlet ceslant flow {rom the

vessel Inlet nazrles will proseed down the annulus between ke core

N . barrel and the vessel wall, on both sides of the thermal chicld, and !nto
"- ( a plenum at the bottom of the Vessel. It will thca turn and flow up
3 through the boltem support plate, pass threugh the Intermedizte diffuser
| ~ plate and thf.-.a through te fmuwver core plate. The tiov.: heles in the
S

{ifuser plate will be arranged ¢ preven: gross inlat f!ow maldistribution
to the core. Alter passing through thc cora the conlant will enter the
area of the upper support ciructure end then geaeially fiow m;‘;aily'
tc the core barrel outlet nozzles and directly threugh the veszel outlet

nozzles.

(3)  The usper cere suzpert assambly consists of the top support
plate, beam scocticns, uppar core plate, support celumns, and guice
tube assemblies. The uppor core suppert assembkly is removed 23 a
unit during refuzling eperation. Fuel assembly lozating pins protrude
from the bottem of the upner core plate and engace the fuel sssenblios
as the upper core support assembly is Jowared into plazce. Proper
alicnunert of the lovwnr core support srusture, the upper 2o suppert

assembly, the fusl assewniitlics and contral rec!s L2 assured by this

nuilance arrLagenent,
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CCoE PERYORMANCE
o Reactsr lieterials (v2at.)
o
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. (4)  The In-core instrumantatian cupsant siructures consist
of a= ugper system to canvey and suppost :.’:e::'.:::'.;:.!es pannrrating
thr>igh the vessal head, and a jower sysiem of fiux thimsles penetrating
the Lottem of the vessel.

. (s) for the most part, reacisr internals are maza of
stainiass stecl to prevent comosion &nd crovide th2 requlred zirength.
Neztrzn economy is rot 3 factor in the regions where these enzlronents
arc logeted, :
. . - - -

()

H. Reactor Vessel

(1) Frem the operates's viewpein:, the mast !mysrtant
progery of the reacts: vessel 1s its ducsilits, The zoce & material
can Z:i2*m uncer load before reackins ‘he Sastucs point (e the yleld
goint), the mara cuctila L is salc to b2, Good ducsilits 18 2 desirable

chzracieristic In pressure vessal materials.

(2)  Ductility Is cfien thought of a3 <zfzr=atlen under

slowiy sg2lied leads o7 ferces, bt exparierce Ras ihovm that raterials
alsn 2illar in their akility te absars ranidly epglied or “shozk” loads,

and tnat this ckility is noe necessarily the same 23 the ducility

determined for slowly appiind lozds. [n other wersz, & material which

Celcros with high :".:':tih'-,' under slowily aspling loads may net show
ugh Sustiilty undor ragidly applisd log2s. This segquicng an aiditlenal

test 3l ke moterial 1o Satermine ductility undes rénidly applicd leads.

iaell

P ' » ..
Tre Chiep

LT . .- o § - e ' - . .
these 223, a ventrallad frre Yo O S3nC2ra sized Vechagod nosch

18 ©3:% ia the Chargy tess,
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or Materials (soant,)

The energy cf the impsat teguited *2 2reak the specimen IS en indlcation

of its ductilizy — tne larzer the cnlr;y required, the greater the ductiitty.

{3) Ductulity i3 important in the reactor vesse! because
the lack of it can c3use a type of {21lure referred 1o as 2 la fracture,”™
m which t‘.e vescel .;1 ts cpen. acth:ul failuses due to brittle fracture
have heen oxpericacss :n tanks, structures, and evea ship hulls of

certain tyzes of stecls ¢mploved in ¢oid envirenments.

(3) It has been found that the energy raguired to break B
the specimen in a Charsy test depends upen its tempcrature. Tor every
specimen, there {s so~e tamperature J2low which the ensrzy requires
is neclicitls = that {s, Below thic tax;ordture the metzl becomes

almost non-~cdactile. Thiz temperitise is known as the ML DUCTOLITY

TRANSITION TEMIEZLTUSS, ehbreviated (for covious reascas) NDTT.

This temperatuice varies, even among the same xind of mutcrial, due o
miner cifierences in c2mpasition ard in the mathods and ratzs of heating,

cooling, and fabricazing the metal, Therelcre, samples m:s2 be taken

from the samo metal uszs 22 fabrizate each reestor vessel, axd these |

samples maost Se tested 12 Setermina the NDTT for each vescel., The

manufacturar can generaily maintain the NDTIT helow 3677 i the time

of fabzicaticr. It is, thcrafcre, impzstant 29t 1o sabilect the pressure

vessel 0 kich sressure swnen thi: metal temperatuse Is near the NOTT.

{3) Uafzunately, rozintion with fast neusssns is Rusun
to incrzase e NOTT. Thereforn,the vessel is manufectresd and shieided
in such 2 vy that even at the ond ¢f rlant life (after 3G cr 40 yoars) the

MDIT shechi te signifizcntdy Delow tha gporatine temeerutures.

(3] ThecEsngein ioT

fliyz uxiascn exroriensss 5y the vag

»

197¢? . 7=1
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CCORL PIRFORLIANCE E
- Reactor Matenizls (cent.) :
’ 3
. 4
(sometimes the sy=tzl n vt i3 used for & =ay “e calculated as ?
a

A
nvtinfca)=0o. t ]
-

Ty

where

L 2k L 4

Q.. ., = ‘a3t Jux at veassel (assumed constent with time) |
‘-

st g )
(n/am= - sec)

t = e in secends ,

(7) Exam:le

. i ] 10
The fast flux at the surizce of a reactor vessa! is 4 x 107 as full
power. What (s the fas: flux exposura of this part of the vessel after

1 full-power year?
. . . .

35820 soc L - . ’ :
hr xdey x J635 cays

1l year =

= 3,154 x !O’se:

 ainatte et

anvet = ¢t

-4x1010x3.l5x107 ‘

= 1.2¢ x 1012 ."l/r:z:z 3

—

a
o AN ; o " R -
(8) Since the NDTT is ia the n2izhbaracad of 20°F whesn :
the plant staris up erigirally, and since the NDTT increases with fast h

(38 B o, s 3 Mo sism e ek 2~ 1 - - - s
X exposure, R is (S P2 expecied that 32me slunt oFeoraticns Tay ce
Lo

cencuctad In the neigabsrtacnd of the NITTT or selew it. Power Cpcraticn

{5, of cource, restricies to ocour far azzave the NEIT, but heas-uiys

and cool-€zwns will ensur neur the NETT. Trerefare, to avaid ttouble, !
the aparcach tekon s Lo avold gir2ssing h2 roastar vesse! significantly -
g b

o [

untll its temporatnre is $0-75 F akove tha NDTT. Stesses are avoided

uaa . od

107¢P ' 7-17
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X s Reuactor Miateriila (cant,)
%
j .
I~
° Limising the maximum grisary gressure 19 a very
low value until the vesscl temzzrator2 is high
encugh.
fonsodm ha Lpase_., A s a) A toa S
2 smiting the heat-cp and cell-down rates (£ /50)
to isw valugs urntil the vossel temperetere is high
Y ensuzh. This avcids the righ thormal siresses
wricn m3y ¢soir wihen thar? are larce temperature
1 difizrences acrass the vassel.
.
. . . .
. .
1 & - »
]
. .
. .
.
. -
-~
—
Ly *
.
A
<
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..{. ' Reactor Materials {coat.)
\ -
P
Problem Set - Chaster 7
g 1. A typical reacter has 175 fuel elements, coch of which contains
; 1000 !bs, of uranivin 11 isctopes) when it (s [resh. The rated
core peveer is 2700 Miw(t). What is the average {ue! burnup of a
fuel clement if each olemaent is exposcd to the same integrated
neutron tlux during three years of full pawer operation? Exgress
4 your answer in MWD/ MU,
] 2. (@) The critical section of 2 reactor vesscl was expased to a
) fast neutron flux of £'x 1010 peatronz/cm**%ec in the first
$ ten years of plant operaticn, during which time the plant
: “ availability «v33 80%. VW hat iz the total accumnlated fast
flux exposcre? .
(b)  Given the gr:ph balow, what is the change tn NDTT after .
s ten years? * . . ’
] 8 , .
] 250i
- 200}
el .
o_ i .
3 [ lSOg
| 2
2 = 100
. - |
50- /
o
18 3 3 S 3 ]
2x10 sx10} 10} 2x10'%  sxy0!
N Total Accumulated Fast Dlux
(neutrons/cm)
972pP-B 7-12
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. S 8. TCCHIICAL STICITICATIONS
- . A. Introduction
in this chapter, we will exanmice sone typical Technical Syi=ifications
1 tC sce how they relate to the safety analysis and to the opcraling re-
stricticns,
} As 'we pointed cut ia Chapter 1, the tech specs consist of S parts:
. ¥, Safcty limits and meximum safcty system setiings: | n
] - Limiting conditions for operation;
3 3 . 3. . Surveillance requiremenis; | . .
! = 4. Dasign features;
. 8 Administrative contrals., .
a = ' ;
Parts 1 and 2 vre those that relate es reclally to cere performance. We
E 3 will examine In detzil one spece frem Pas: One (Safety Limit - Reactor
s Core) and one frem Part Two (Control Rod and Power Distribuiion Limits).
'
Y ve will reproduce cach specificaticn completely so that you can sae
what it leoks like. The cemiments in *ho sguare brackets { 1 are not
4 part of the spec, but are cxplanations added Sy NUS. -
B. Examination of a Tech Sgee
(1}  Appiicability;
Apciies 10 tha limiting ¢arbinations o thermal pewer, Peacter Coolunt
Systam pressurae, ecoulant wemoeratlure, and low when the rezcter i3
critical. [The purpose of ka2 "apnlicability™ stutoment is merely
to "tip off* the reader en what the spec is abaut 1
tad
1272P ) g-1
TR R——
. a
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CORE PERFORIIANCE
8. Technrical Specilications (cont.)

(<) Objectlive:

To maintain the integrity of the fugl cleading. (This 15 what we've
been concentrating on in the Ceore Pericrmance ‘eourse. You will find
that all "objectives® in the tech specs relate to safety — not to

economics or cfficiency.]

3) Specification:

{The “specification” section gives the gwact lena! rules which you must

follow. ]

a. The combinatioa ¢f thermal zower level, coolant
pressure,and coclant temperature shall not exceua the limits shown
in l’igure 2.1-1 whaen full flow from thice reactor c3olant pumys exists
and =hall not exceed the limits shown in Figure 2.1-2 when full flow
from two reactor coolant pumps exists. (Rule "z" relates to operation
in the vicinity of rated power. .\.'ou'cc that it do=sn't glve any cx-
planation of “why,” it jdst talls “what” the limits are. The "whys®
will ceme later in the "Casis"* soution. ) '

b. when full {low from one reccter coolant pump
exists, the thermal pewer ievel shall not exceed 204, the coolant
prassure shall remain betwean 1620 paia and 2429 psig end the Reactor
Coolant System average tumpaiature shall net exo ot SGOOI‘. {Rule "b"

1

covers opcration with only one coclea® pump, which {5 1ectriciend to

low powe: levels. |

C. wWhen ratural circulaticn exists, the therimal
power level shull not wxcced 124, the coolant prescure shall remain
- A~ .2

betvreen 2135 psiy aad 2409 psig and the Ruact™ Coclant System

. 40 - T
averace tomperature shall not exceed 652 . [ Pele "¢ covers operation

La7eP . 6-2
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CORE PERTORMANS

e. Tachnlcal Sgeciiicuticas {cont.)

with no coolant pumps, and is therelore restricted to yory low power
levels, Crdinacily you wouldn't operate with no piinps or with only
one pump; the purpasc of rules 2 and 3 is to make it legally clear

that you can operate under these conditions if you want to or nead to.]

d. - The safcty limit {s excecded (if the combination
of Reacter Coolant System avcrage temperature end thermal power
level is at any time above the apprepricte prcss-.zre_une in Tlyures
-

2..1-1 or 2.1-2 cr if the thermal power level, coolant pressura, or

" Reacter Coolant System avecrage temperature violates the limits cpecified

above. [ The ealy purposc of mile “d” is to avoid legal hassles by

making it explicitly clear what tegiuns of operaticn cre allowed and .
what are not allowed. s ' U ot R .
. - - . - .
(4) Basts:

[Tl;e “specification" above the four rules a-d is the legally binding
part of the tech spec. The "Basis® fs background Informatica which
explains the logic used in amiving ot the four rulcs, but statemsuts

in the "Basis” are not themselves legally binding.]

[The "Basis" star:s with a paragraph that explaing what the problem
iz and how it is attacked. The Cere Pericrmance course sheould
enable you to enderstand mast of this puragrioh.)

To maintain the integrity of the fuel cledding and prevent fission
preduct release, [t is necessary to provent overhcating of the cladding
under all oparating corelftions, Thiz is accomplivsed by maintuining
the hot regions of the core within the nucleate Loiling reqxrn"-.n( heat

transier, wherein the heat uvensfor eosfiicient ts very larse and tha

clad surface tempurature is orly a fow degroes Folvenhoit above the
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Ve ssuwanacal ,:,,._‘ Aot (\_‘;“{.)

coolant saturatinn temparature. The upg:r boundary ol the nucleale
beiling regime is termed deporture {rom nuclcate boillng (DWB) and at
this peint there is a sharp reduction of the heat transfer coafficient,
which would result in high clad temperetures and tie p csibility of clad
failure. DNB iz not, however, an obscrvable paramcter duiing rcactor
operation, Thorcfeore, the observable rarameters --thormal peower,
reactor coclant temperature undé pressure, have boen rolated o DB
through the V/-3 DB correlation. The V/=3 DNB con r';x.:uon has been
developed to predict the DNR flux anc the location of DB for axially
imif.crm and aon-eniform hicat flun distriiwtions. The local DND heat
flux ratio, defined as the ratio of tho heat flux that would cause

DNE at a particular sore lacatio;\ to the 1acal heat flux, 1S indicative

“of the margin to N3, The minimum valve ef the DNJ ratio, DUAR,
.

-

during n}tr.:!al ogerational transionts and .m:i:xpau:d.lransicms'(t'hose
transients listed on pege 14.1-1 of the ¥SAP) §s Minited to 1,30,

A DME ratio of 1.20 comespends to o 95 4 probability at a 957 contidence
leve) that DNS will not occur and is chosen as an approgriate margin
to D1 for 2ll operating conditions. The DNB rauo limit o{ 1.30

i3 a conservative design it which is used as the basis for setting
core safety limits. Bascd cn revd hundic DB tests, no fuel red damage
is expccted at this DNB ratio or greater,

[ The foilowing two ruragraphs aunlsin e imnlicatinns of rule "a".]
The curves of Plaure 2.1-1 which show the allowabie powe: level de-
creasirg with increasing rescerature ot wrelorted prossures for constant
flow Blrac-i oy oycration) repreucnt the loci of points ef thermal power,

caoolent system average temperature, and conlant system Lressure {or

which the D2 ratio is not less than 1,30, The area where clad integrity

Lo70p 8-
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CORE PERTORLIANCE
8. Teckateai Speacificauons (cont.)

13 acsured is Selaw these lines.

at all pouwer levels, arbitrary

are shown for each pressuze ut powers lower tt

The tem

tkan '.~.':>ul-:‘. b2 reguired if they were hased

of 1.20 but ure suzh that the plunt conditicns reguic

limits are precluded by the self actuated safe

generatars., An arbitrary upper safety hinit of
shown, The uprer limu is well delow the

mazimum clad s

52t channel factors.

In order te completely sp-ct

ceastant upper limits

ralure llinits at lew power are considorabiy mare

train w::i:h i3 reachic. & 140%

ty itmeiis
of averace ‘emper ture
o anproeximately 75%.

conservative

d upon & minimem DNB ratlo

ed t9 iclate the

ty vaives ca the steam

129 for therral power is

manz limit

3 e 1.7% for
thermal gowrer with Yesign,

The curves of rigure 2.1 - which show the ailzwel “le gowsr level de-

crcasxr.:; with increasing temceraiure ot ¢
low (two-lsap oneration) segrasent the los

celant system average tempsroturd,

which eltzier the DNB ratio (s egeail to 1.36 er

at tha exit of the core is 23uul 10 the o

or high temperatures the averane entha

selecte’ zrossures for
g of

end zesls

aturatica 2olee, At

constant
scints of thermal power,
% Systen rressure for

L2 sverage «nthalpy

12w pressures

lgy at the zxit of the core ¢

Mgt e & &0 Jea ol

L B s

reaches satiretinn before the DNE ratio reaches 1.30 ea!, thus, this
arzitrazy limit is consarvative with respect to malintuiniag cled integrity

In crder to campletely rrocify himits at a1l pouser ievels, ciilirary

eonstent Bgrer limits of averugn temparatures arz shown for cach prussure

at powers 1owar than approximately 4072,  The inits as 1o« power as
1

Linits bagesd en the ayerige eathalpy 2t the exit uf the cure

arc considerchly rore contirvetive then woull e reguiresd if they wvere

miniqum DNT ratio of 1,30, The !iat ennditizns required

20 vioiate these limits are precluded by the pratesiion Syatsin and the

seii-actuated safety valves on the $iCaii neneratas. AL ¢

szer limit of

15707 g-5
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echnical Specificaunns (cont.)

70 % for power is shown to acnnipletely © sund the arca where cled

integrity is assurcd. This latter limit ‘s erbitrary but cannct be reac

die to iS¢ Permizzive 8 pretection systcm setpoint wirich will trip the

reactcr on high nuclear {lux wihoen only two reacter coolent pumps are

in servize.

[ The {cllewing cne-sentance paragraph tells us that rules "b" and "c"

give us as mush raocgin at lower power 28 rule "a" gives us at high

power ]

‘The limiss specifiad fer ene<loop operation and natural circulation

result in DI:3 r7 lcs greater than 1.30.

(rte following paragraga tells us how this spec relctes tc things you
can measure or contzel frem the opurating roem - hot channel factors

and contrel red inserticn lmits. )

based ¢n the following ruclear hot ch....nel

&g

The sgecifled limats ar

facters:

= 3.13; rAH = 1.7S

-
£

Thesze limiting Bt chanre! fuctors are higher than those caic:lated ac

full power fer the range from all control rods fully withdrawn to mazimum

alloswazle carsss! rod inscrtion. The cantrol red 1nsertion limals are
coveres 5y S;er:x:’i.-a'.x:;:: 7,10, Semewhat worse hot chaane! factors

couid asemur at lower power levels becavsze ac :ditional control ad

-

ace ia the cora. Hewevar, the cuntrol red incertion limits dictated oy

N

igury 3.10-1 ensure that the DNB ratin i3 always greater ot part

pawrar thea ot lull pover, f hecall that the hot choancel facter is o atio

.

ard that the actasl am heat flux is:

1074P 8-6
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CORE TLRIORMANCE
J 8. Technical Spezifications (cont.)
\; .
IA‘

Wax heat flux = Average heat fux x hot channel factor,

When the power level iz reducad, the average haat flux decreases.
Therefore, for a flxe” max heat flux, higher values of tie hot channel

factor ar2 permissible at lower powers,

s N o

{The next paragruch merely seiat;i out that ticze limits include some
&xtra margin to account for crrors in positioning the part-length rods. "
Such errors could increuse the het channal factlors - but not be-)o.;d the
'values quoted above ) ' ; 3
The het channel factors are 2lsn suff:clendy large te account for the
: degree of malpositicning of part-length rods that is aliswed before
the reactor trip set peints are recduced and rod withdrawal biock and
O load runback may be razuzired. Red withdrawal bleck and load ru-'

back cecurs befere r-2ctor irip setpoints are reached.,

[The ne:t Faragraph merely noints cut that this whole spoe assumes
the pumps are running anrmally, end does nout cover a "loss of flow" -
event, in which flow iz last bacause of pump fatlure cr loss of all ] :

electriczl gower,)

The sulety limit curves given in Figures 2.1-1 and 2 are for annstant
tlow condiiions, Those murves wasld not be anplicable ia the casa of

a loss of fiow transient. The eveluartion of such an eveit would he

besed upon the analysis pioseated in Section 14.1 of the TSAR.

[(The fellowring paracraph gives seove of the assumetions whicl went
into the analyses thai detorminegs thosa safety=linit cuives. Note ti at

4 5* ’ ot 14 - - o e e} PO - &
Merinun neasuremant «rrors are spacified here. The:ctfore veu have

1670p 8-7 $
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O

* 2235 psig. ‘Allowances are mage in {zitlal conditicns assumed fo

- e e
(cont.)
-
to Se able 1o show that your actual meaturement errors are 1235 than

—

these. This is why we discussed heat Salunces ear! y in our crurse. ]

The Peactor Centrel and Protecticn System is designed to prevent any
anticirated cemlination ef transient conditions far Neacter Coclant

System temperature . pressure and thers | power leve! that weuld

result in a DB ratio of less than 1.30 Sased o= stcady state nominal

oparating pawer levels loss tha» er equal to 1003, steady stata nominal

OfFerating Reacter Coolant System average temperatures less than or

equal to S74.2°P and a steady state nomipal operating pressuse of

trancient analyses for ..teed" State crrers of #2% ln Fower, +3 F in
Rc.ac.:vr Cocjant °ys:cm average temperature and - .,0 psl in gressure.
The combined stoady state errors rescic.in the DN® ratloat thg start

of a transient being 10 percent lass than tve value at nominai full
poicr eperating conditions., The steaciy state nominal cpereling param-
eters and allowvances for steady =t2:2 crrors qgiven above are also
applicable for tirc-leop operation excest that the stea Jdy stat2 nominal

ogerating power level is less than ar ¢qual to 4534,

[The spec mencludas with a premise by the utility to "keep iis eyes
ogen” for fue! defects.)

To provide the commission with a24nd vorification cf the safcty and
reliability of pro-pressurized zirzaloy clad auclear fuel, 3 himited
program of aen-destiuction fuel nspaction will &o con ected. The

ETY

prograia shall cansist of a visual insp=ction (e. , undervater TV,
periceope, or ather) of the two jead Luinup ‘el wssoablics curing the
second and thisd iefunling setales, ALy condition ~heeorved '.v,- :his

iaspection watehk enuld lo2d to unecsontasle fua! rerformancy may be

o
1670 p 8-8
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o
the object of an expanded effort. The visual :nspecrion procrain and,
I{ Indicated, the expanded program will be cenducted in additien

to that being uorfermed in the Saxton and Calrera reacters. If ancther
domastic plant which contalns pre-prassurized fuel cf the same Zesign
as that used ro.' H.8. Bobinson Unit No. 2 ye2zh2s th2 second and
third refueling cutages first, and if ¢ limited inscec:ien program is or
has been pericrmed thare, then the program may not have to be per-
«formed at }.8. Reobiasen Unit Na. 2. Hewever, such action requires
approval of (he AEC. 3

(3) Exslanaticn of Safety Limit Curves °

(1) The average temperature in the cora is plotted
vertically. Te relate '.his '0 measurable quantities, It is taken as the

averdge of the inlet znz ogtlet terpetatures .
- » -
(i1)  The percent of rated therma! power is plotied
herizentally.,
fiii] Fach curve resrecents the safoly limit of the

neminal primary prez:ure azgosiated with that curve.

(iv) Pivk « priat ca cae of tho curves at the averaqga
CCre temperalura and o7w 1 whic. correensnd 1o that roint, and at the

presture corescanding to that curvz, the minimum DNS2 in the core is

.

1.30. For the sama nreseuve, ceints Delow tha curze will result ia

minlmum DN3R's higher than 1,39, Peints ébove the curve

o5

D

will result
in minimuew DNER's less than 1,20 (hctuclly, in seme plices the curves

are <iawn o0 that you g0 M ge above tham withent falling Lalow the

DNEXR limit ol 1,38, hut we acadn't worry obogt this.)

1070p : -9
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(6) Slanificcnce of the tech spec .

This sgee gives combined iimits on lemperature, pressure, and power
level. Ia echitien to not cxceecing these limits, you must not do
anything which wsuld {rnvalidate the 3s32mpticns used in deoriving these

limits. These assumpions relate o

L] feasurcment ennces
o The reactor contrel and protection system .

Taus, yowmustbe sure thst the instrumentation, bcth the automatic
instrumentation inti® conize!l system, aand the manual instrumentaticn
uscd In heat batances, ozerates grep wly in crder to keep plant operation
vsithin legal bounds. .
. 4 .
. .

C. Examinaticn of a Teck Spec - Control Rcd arnd Power
Distribution Limits. [Tha layout of all zech soecs i3 similar, so we
will restrict curselves te tachnigal comments oo this spac. ln addition,
because the "specification” is the oaly tagally binding port, we will

nat include the “3asis”.]

(1)  Applicability:

Agplies to the opcratien of the central reds and power distribution limits.

(2) Objective:

To ensusre (1) cere subcritizalily aftar a reastor trip, (2) Hmitsd potential
reactivity insertiens ficm 3 hyeothelicd | contrel red cjection, and (3)

an acceptakls core pover diztributien during power speration.

" core suhcniticclity altcr a ragcorr trip* is the sama thing as the

shutdown margin discugscad in focutor Operations. [t is important 10

Le70op
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8.  Techaicul Spaciflcations (cant.)
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5 : :
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~ H
lUmit the "zotantial reaciivity insartions” because same maxizum value

W2s assumed in the Safety Anelysis. The "core powor dlairisution®

has to be limita! ta avoid 2xcecding the hot shanncl facters used In

(3)  Szecificatica:

1.0 Contrs! 30d nserticn Limits

1.1  When *he reacior is subcritical prizcr 1o startup
3
| the shuidowm margin shall be at lzast that shown in Figur? 3,10-2,
- -.
: 3
; 1.2 Wren the reacior is sritical, exces: fa: phvsics
tests and centrel rod exercises, the shutdown cenwol rods saall be
fully witadrawn.
1 1.3 //hCn W12 reactor is critisal, excaszt far shysics
-«
1 ~ tests and contrel red exarcizes, the cantro! grous rods shall Re no
L

farshar (nsertz= th2nthe

—

Imits shown by the 331id lines en Flgure 1.10-)

for 3-!03;5 or 2-losp opzration, ‘ L

de bk and

as ce2llned Ly Surnip, the limits shall be 23jusicd ag a i
Of Surnuz teward tha wnd-nf core e valuzs 38 she

lines ap Tlaure J.10=1,

1.5 DBurins FRYEICE 8325 and eontrnl 124 o greises,
the inseriim limite rnead par he chserred, Sut che Himits showr ¢- Fijure
3.10-2 must ke tosarved,
3
[Wete that nems 1.2 10 L.4 relzte 20 narmal zoover cporation, liems 3.1 f
and i.%resn: o SEIO=PLNVer OF *ust condiiens. It ig the t&€e. T Org.N20e's *
TESTCNSInLAtY o docide hew o cat the rods 10 mret 2o hatsiewn re-

quired w ems L) any }.53

107%p 8-1:

PRE————

ﬁm r
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"/.'.’l ) 3 "l.-"a_z _~ '
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-{ 8. Technlcal Spacificetions (cont.)
\!
.
F

2.0 Power Distribution Limits
2.1 If the quadrant to averaye power tilt ratlo excueds
. 1.1 2xcopt for physics tests, o

If a part length or full lenjih control rod is

3 " mere than 15 Inches out of alignmeat with its bonk, then within cight
1 hours: y
] a. The situasicn shell be coirertad, or .

b. The hot channel factrrs shall be cetermined

and maximum allowable gower shtull be reduced one percent [ar each

] percent the hot channel factgr excauds the design viflues of .
1 ' N ‘N
1 = 3.13: =1.7 < ;=
_ }'q PAH 1.75, or .
.
. €. Power shall be limited to 78 of rated
i c power for 3-leop operation or 45% of mted power for 2-logp cparaticn.
: A
1 2.2 If after a perics of 24 hours, the power tilt
ratio in 3.10.2.1 is aot canected t= less than 1. 1: » '

a. An evzluaticn of the cause of the 2ic-
| cregancy shali bc made and 1~portec to the itomic Cnergy Commissicn,

and

b. The nuclear cverpower, overpow:r AT and
overtamparatuse AT trips shall be reducad ona perernt for sach percent

the operiting power level has been 1educed,

2.3 if the quadran® to iverage pawar tit ratio
exceeds 1.25, the reactor shall be rut ia the kot shutdown cendition

utilizing normal operating precedures 2nd the Atomic Energy Commission

shal! ¢ aotificd,
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CRE PERTORMANCE
- o ni8tansd T
- 8. Techaissl Specifications {coat.)

.
™ [The szzc on rod d:ap time is included bacause a maximum Srop uime
of 1.8 sccanss was assurcd {n the sa:fety analys:s.
oparable ccniral r23s relates to an abnormal condition. Normally, one

necd not warry about this. ).

igure i, Contrcl Group insertica

Limite.

3 (1) The gercent withdrawal is pleotied vortically.
4 . ) o
° 100% mecans thn red bank is all tha way out; 23t moans it is ail the way ’
3 . in.
3 - c =

(11) The control red Hanks arz designatec Sy the

letters A threugh: D, Croup Al s ske shusdo®n tank, which must te

completely withsrawn wheon the 'ea::cx' is criticz! an2 is therefore not
i .

shqwn on this fijure,

1 c (i1l) Horizontelly, we plet e reacter power in

percent cf ratad MVR.

i
(iv) 1Ignore the dotted lines {57 the moment. At .
any given sswar level, the positica of a senteal rd bank 2:st be
| ghove the valuz rezd from the corrazennding curva, For examzle, at i
ZEro power, greupy 3 must be gt least 91 4 withsoawa lit maw 22 fazther '
withdrewn.] Above 132 power, group B must 2e 1745 {comzliziely) i

\.

-

o
b
()
)
¢
“
(4]
Q
1
[
o
o
o
(45
o

th 858 32 % wAtRUriwna 3% 2ers sawer,
at leas: 681°% withdeawn at A0, power, ot least 90 2 «withdrevmn at €03 i
i
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