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I. S m ettre cf Fattar

Eler.ent: A sitstan:e which cannot le seperated into any other

substance different than itself by ordinary e.eans.

Q . Aten: Smallest Particle of a subdivided element having all ,

*the properties of that ele =ent. *

.

Folecule: Smallest quantity of a substance Lhich can exist by

itself. .

.

D A material that consi=ts of two or .. ore different
N . Comocund: -'-

' .

kinds of elements. *
. ,

~
.

%* )
V

,II. runda ental Pa-eleles

q . Proten: A. positive charged particle having a r.:ss of 1.67243 x10'2"gra=s
"and a charge of +1.

.

3. Electron: A negative charged ; article having a mass of 9.1085 x10-78
*

gra=s\
'and a charge of -1.

.

OC. ?!eutren: A r.eutrally charr,ed p.rti-12 !.aving a m2ss of 1.67,7:* x 10 ra=s.
\

.

III. C--:eture of At:ms ?

A. Atem Structuro

1. An ates conslets of a hard core nuclcus ecstaining procens and

r.eute:ns currwnle1 ty crtitin, oi.setrons.

2. DI,smetere ef nuelra = 10' c..
*

.

s_,

.
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- III. F en:tur - o f' Atess (Cen't)
rR

A. Ato~. Strnat*rA
.

3. Dlacotchcfaccm=1x10~ cm

t

B. Chonic.11 ara *herical Frecorries

1. Element Identificatica by the nJ.rler of protons within the nucleus. .

k
2. Isotoces: Cne of several nuclides having .the same nucher of

protens in their nucleus but containing a different

number of neutrons.*

-
. .

' .

e . . ..

*

C. Identifle-tien of Atoms
..

1. By a at,breviated name of the element... ,

* . .. .
. . . .. . 2. By the number of protons centafned in the sugleus (3) called *

' '

the "atemic nud er".
;g* *- ..

3. By the totsi nurter of protons and neutrons within the nucleus (A)

called, the " atomic :uss number".

A - Z = N 4here T equais the number of neutrens within nucleus.
238'4 . Example: Element Uranium 238 is symbolized by U '

.

92
_

*h' * Y;,, U t y|/~ , $/s (f cs '/ ," /dj u : /
/D. Atemic Volphe

cis ,7,,,

1. Atoale weight of an at:m is equal to the actual weight of the
*atom exprc ced in atd na:: units where one atomic = ass unit

-27(At:U) is equivalent to 1.5605 x 10 X-C

Examplo Atenic '*e tche (MfJ) |

Proton r.00718
Electron 0.00055
:leutron 1.00897 ;

l
I
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E. Ave.adros number

1. Nect.sdros nu.-lcr ('. 02 x 10 ) is a n.:-ler which equals the
rnu-ler of atens sentsined in one gra: s :n of any substance

or the nueer of r.olecules contai ed In one gram cole of any

substance.

..2. A.second form of kregad.~as Law a;;*Iss to gases. At , standard .

.. ,

teepelature and pressu e (ST?), enn g a.s :olecular weight of
.

any gas occupies 22.4 litters. .

..

C 0(a) STP is equiintent to G C (22 T) and 14.7 Psi. *,

.
~

. . .

. .

*

IV. Phyclesi Che alstt-/ *
*.

.
.

A. Electzenic 3truct. re of an stosc

b)
'

(a) Electrons are arrar.ged In a series cf circular orbits.

>.

(b) Each crbit h: a definite n2x1=.== .l.-ler of ciectrons 2(N)2,

.

(c) Cchit or shell iden-ification frc= in.er est shell cutward: "

X,L.M N,...et:.

.

B. Chemical P orerties cf an Aten

1. Deter =Inod by electren ecnfir;n sti:n ef -he a+.cn.

2. Most 1:qortant ele::rens - enes c:ntained In outer r::ost shell.

3. Ater.s con:aIning 3 electrenJ *n cute shell are the ::.oct stable

atoms,and theref.re, have n : tct h..:7 to undergo :hemical
s reactI:ns. These elevnt: r.m :. .! o be p :es ant aro called

F

ir ;r @ *.!G. ET. . . I'.3 , 's ' *u n 't '. O . I
t- t

'

I
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h
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4. HEAT !.V,2:5r:R A :D HCAT GE :EisAT:Off
m. , i

1

A. General
7

(1) The study of hest transfer is concerned with the details i
1

of the rate of !!:w of hect energy 'retween bodies. It has b en stated that- I

host will ft:w between two h::!!cs .f cne is at a higher tc=perature, but !

for design purp :es it is a!so impertant to kn:w how fast the process will
r

occur. Tt.e three hast: catc;: ries of heat transfer are:
..

e' cenduction --

-

* e convectt:n .

.

e radtstien -*

(2) Condectica is direc: transference cf heat by rnotocular.

!=pa ct . When a part of a metal bar is heated. =clecules at the point being

hooted vibrate = ro and = re rapid;y, collid mora vigorously with their
r

ncighbors, and trans .it s =2 of their energy to the... A goed cr.s=ple cf
m'g conduction is the ficw cf heat up a speen frc:-! the coffee in your cup to

your fingers.

(3) Heat transfer by conve tion is the trancier cf thermal
,

energy by the motfon of a fluid that is being'hcated. There are two general
'categories of consecticn, called natural conv10tien and fo ced convectten.

h'atural conycetion takes place he:ause the density of the heated fluid is
;

less than t!.st surr unding it and as a result it tiscs. This can be scen :n . I

' on automobile en a hot su==or day. The air toucht..; the metal' surface is

heated by c:nduction,and c nv-t:tten currents ara set up, resulting in a trans-

fer of heat away frc= the s;rface. Terced conwetten occurs when the i

fluid riotion is caused by sc=e fa:ter other than the d'cnsity riifference,

such as pumps er fans. Ter fereed ccnvection the offcet of tha difforcrt

fluid dcasittes usually has littla sig .ifteinca. A good axarn;.lo of con--

'

vcetion is the cperatten Of a coffee p:r:0!ater, which runs on naturel

circulation.
.

*t .s.
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CatE KPTC.U.!ANCC

..
Ileat Transfer and 1* cat Ger.e a: ten (:ent!nued)4.

\s

N .I*

;

] (4) For radiatien heat transfer, phy:! cal centact benveen two
'

.r
bodies is not required. This is the =cthod by which the sun warms the

.

>earth or by which heat is fe:t from an open !!ar e. Ther at radiation is
not a'significant arca cf concern fcr power reacters except in cc:tain *

t

, accident situations, and thus will net he die. cussed further. '

t
-

(5) All tha laws of hn transfer give relations between . .

Itemperatures and the rate at which heat energy flcws frorn placa to place.
|Thic rate of flow of heat energy is usually ex;rasse:f in terms of heat fluxt *

Ifeat flux = Heat ener:y thst ficws tNeu-h a surfere Gtu), .
'

Tirne it :ck (hr.) te ficw x Surface area (ft' f-
.

(1) LThus heat flux has the units: *

|.

Btu
2

.
hr-ft ~~~

*

When the surface encieses a steady scurce of energy, we can.also say that: )
~~

p -

* ,Pcwcr produced
by energy soJrce Heat enar:y that fitws thrc :-h surface=

r

'* * * * * * * * I IIC"inside W-

"

so that we can rc-write c:iuation(l) es *
-

Pcwcr inside ( hr. '
Sin I*

!! eat flux =
#Surface arca (ft 1 (3)

, ,

One rnust ha careful not to confuse the cencept of a flux as applied to

heat transf r with the cencept that the reacter physteists use. As used -

here, flux :s the flow of something (heat cnce;y in this case) per unit area
and per unit ti:.e. *

-

f

(6) If there is a use c,! katwin7 it, one can dcf t..e tha rstr it h
which peopie pass thr: ugh a dccr as a ".acopic flux." Tcr instanca, if a
do:r is 2 ft .: 6 ft and ICO people g: through it in 2 hours, then the pe:rie

'

f'.ux is: ''

I. :
19 - .

6

1

-
,
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CGTC PERTOFMI.NCE
4. I! cat Tr uster and !!aat Gcn.:rctica (continued)

a
4 - .. r.

1,. ,
.

,h 'OOd .

'

. .. ,

'

n *

k Peopic flux = 100 peonte

2 hr x 12 ft L

,

'

4.16 people /hr-ft.=
.

(7) Example:

One fuel rod produces a pcwcr of 253,000 Etu/hr. Its clad outsido dia.acter ,

1s0.422 inchec and its length is 12 It. Find the average heat flux at the sur- 7

. face of the clad. .

. .

' Heat flux = Power (Btu /hr) .
*

*

4Arca ([t )* . ,

e .-e . .

l'253,000 . Btu /hr *
Power =

. .
* 7,

,... - x diameter x height ;* Area .= *e 0 *
,

* ''
3.14 x O'. 4 22 in . 'x 1 *ft x -12 f t.* *" * * =

* *12 in i,.
,

". 1.325 ft. .'= .

v

191,000 P.tu ,
*

r

.
Heat flux = 253,000 Btuhr = .

2 hr-ft-
-

. ,1.325 ft
>>

-
;.

(3) The symbol q/A is citen used to designate heat flux.
!

B. Conduction*

,

|

(1) The basic law of conduction heat tr'ansfer is best illustrated .

for a slab cf mittcrial [

.

T
T;g C.

i i q/A :

1

ts
.

~
L

B

i
'

ta7ap 4 -1 .

,
-_ .

j .//./o 3 ,1. 2- 7 4.
y.. , ..

..-
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CORE PETrGR?.tM;CC
,

'4 . Ilc.it Tran:br and !! cat C.neraticn (continued) '

"
.

E' ').

!! heat is being transferred from temperature T to T , the rate of heat f!cw
H

per unit area (that is, the heat flux q/A) is :
,

g V

q/A k (TH c'= ~

.

L (4) N

,

where
..

'

heat flux through the slab (Dtu / hr-ft );q/A =

T',T' temperatures ( F) on the hotter and colder sides of the=
H c"

slab;. . ,

,

. . . .

slab thtekness (ft);
3L *=

,
. . ,

'

thctmal conductivity (Stu/hr-ft- T) Ik =
, ,

.

*
.

-

(2) in Equation ().), (T - T ) /t. can be thc..ught of as a "hll!"
f

. ,

.
. g d,

down which the heat " rolls:" Tigure 4A(1) illustrates * this interpretation by - p

d :'e.
plotting teraperature vertically and di:tance hori:entally, the hot end of '

.s
'

the slab being at the left and the cold end at the right. Since heat flows

from hot to cold, it can ba thought of as " rolling down the hill." We ca'n
g

make the hill steeper by decreasing L Figure 4A(2)),by increasing T 9"' ' 'H [
cr by decreasing 7 (rtgure 4A(4)). In any of these cases, the heat flow (that is,

;

the heat flux) will increase as we would expect.
.

-
.

(3) The thermal ccnductivity (4) depends on the particular
'material of which the elab is made. Some exparnples are:

?.t a terial k (Stu/hr- f t- F)
, .

Copper 232-
'Steel or Zire 8-10 .

Conc.rcte 0.5 to 0.8 |

Asbestos 0.1 -

- '.)Q. UO 1.5 to 3
2

-

-

.

i
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a Figure 4A. IICAT CO!IOUCTIOtl

! |
*

*) '

\m -

.
.

|.

l.

;T- Tg_H _-

i
.

-

*

.

'TE!?P TE!.!?
(OF) (OF)

*

*' T-- .
TC C- 5.

-
,

,F L - 1, P L *1*
a

.. .

. . . . *
. .

HOTSiOE COLD SIDE HOT' SIDE COLD SIDE
*

,

DISTA*:CE (II) DISTANCE (f t) ,.
-. .

P.

* *

Tigure 4A (1) HEAT C5r:00CT10N. FtgGrc 4A (2) If4 CREASING HEAT
,

00Wil THE HILL C0:100CT10N BY DECREASING L [
I,. .

C- '. -

. .

F

T *H- -
,

t

TH- 6
-

L-,

t-

. _

TEMP TEMP

. (OF) (OF) [

'

TC- 0-

TF L -*-j C- FL *-

I t t
.f

,

. . .
Hi)T S10E COLD SIDE HOTS 10E COLil SIDE r

DISTAf CE (It) CISTAf CC (ft)

. |

T!qurc 4A (3) it:c,qEASU:3 tiEAT Cor;DUCTloti T!gure 4A (4) Ir:CTIEASING 111 AT C0!;11Uti,0N

f
BY I!iCfiEAS!!;G T 3Y DECTIEASiNG TH C

q .
,r.

-

P
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Cullt i'CRrORM/.NCE
4. !! cat Transfur and'Hcat Generatica (continued)'l̂

'$ -

} >!-] You can see why asbestos'is a good thermai insulator and copper is a good
r

conductor. We have shown e range of values for the conductivity of UO
2

becausc 11 depends en the temperatura of the UO * '

2

(4) Exam 31e

A stcol tank has a 2-irch thick wall with an inner surface temperature of
300 P. The outer surface temperature is 100 F. How rnitch heat is lost
through each square foot of wall?,

..

[-.

(T -T)H cg, ya

A L ,
,

-

*"
= 8 hr-ft vr (200 F) 12. Inc!)es/ft. -

-

2 inches

9600 Btu /hr-ft=

m, '
-*

,.).

v

If 2-inch asbestos Insulation is put on the tank such that the outer stcel
-

surface is 300 F and the outer esbestos surface is new 100 T, how $1uch
heat will be lost per square foot? ' ~

-

(T C

g= k_HT1c L

r
A L

.

-

.

0.1 (200) 12=
2 7

120 Btu /hr-ft=

t

r

(5) Examnie

c

The temper sture of the clad on a PV.7. fuel rod is 613 r at the outer :ttrfaco
O [

and CGI T at the inr.cr surface. The clad tht::kness tu 0.024 inches. What |,,

Q .

.:
.

.

i
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CORE PEF.TCR!.!A?:OE
-

4, u ,-. . ..<. r a-d Staa e t :#-eration (centinued)
b

.

r
..

is the heat !! x through the clad?

o661 TT =
H * *

o .
.

613 TT = .

c .

8 Stu/hr-ft- T *
t -=

. . , . .

0.024 in x Ift = 0.0020 ft.1. =
12in .

. . .

' e 6 Btu (661-613) F .
- = x
A hr-f t 'T .0023ft

. .* ....

2
.

s

192,000 Stu/hr-ft - .= .
.

. t
>

r.
V (6) Equaticr.(4), ahich describes heat cor. duction, is written so

e

that it is convenient to ec!culato the heat flux g/A if Jhe values of k, TH'

T,, and L are '<r.ewn. This equat!;;n can be re-arranged for cases in which
other co=binstiens of the variables are known. Multipiping both sides of

equattor. (4) by f/4 gives:

T -T = h (A) ,

3 (5)
H c 5

Equattor.(5) ex rosses the to .;:rature diffsrence across a heat cond 2cting
slab in *ct=s cf its thi::'< ness L, its conductivity k, ar.d the heat flux g/A.

.

Adding T to both sidas of equatier.(5) gives:

+h(E) (6)*

T =T
AH c

L

i5
'J- .

.

.

* *

1070P ,4-7
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CORE PE:trCP.:.*Ar*CE
'

4. lleat Transfer anri Keat Ccr.cration (co.T!!r n f}.2

k .

,] .)
'

Equation (G) cxpresses the temperature T on ti.e hot side of the slab in
.

. H
terms of tha temperature T on the cold side, it:, thickness T., its conduct-
ivity k, and the heat flux q/A. .

Subtracting (!/k) (q/A) from both sides of equation (6) gives:

T =T b (3) (7)c H k A .

. Equation (7) expresses tha tempergtura T, on the cold side of the slab in h
'tcrms,of the temperature T* "I* *' ' # ** # '

' 'H, * - *

k, and the heat flux q/A. * * *
, .

' . .

*
., , , ;

, .

(7,) Some examples of heat conduction in nuclear plgnts, and.
.

, ,

the typical temperatures inv*olved, are shown below:. . .

.^ , , .s

'G - s.

I.nca tion Hot Side Cold Side
s

'

Tuct Pellet Center!!nc (3000 F) Surface (750 F)
ruct Clad Inner (650 F) Outer (60b F)

~

Reactor Vessel Inner (500 F) Outre (400 F)
'

Steam Generator Tube Inside (600 F) Tube Outside (530 F)
l.

i

e

.

.

.

.

..)(tV ....

.

'

1070f' 4-3
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CORC PERTORMAf!CC
4. Ifcat Transfer and lleat Generattoa (cent.)..

,9 .

*

.p |
.

C. Convection
.

(1) In heat transfer by convection, heat encroy is transferred away from

a sur' face by the motion of fluid on one side of it. The equation '

which describes convection is a relation between the heat flux, the
'

surface temperature, and the a'verage fluid temperature:

Heat flux = constant x (surface temp. - fluid temp.)
. +* . .

q/A = h (TH -T ) (P),

> . . c
* *.

, .

.where -
.

. * -
.

~*
*

q/A = he*it flux (Btu /hr'-ft ) ~~
,

'
l

= temperature (O ) of.the hetter material -e . . .- T TH,
,

i[ that is, of the solid surface: .

T . = temperature ( F) of the coolcr material
,

that is, of the fluid such as water:
.

h = heat transfer coefficien; (Etu/hr-!t F)
*

(2) Equction (C) for convection is similar though not identical to eqdation(4)

for conduction. Just as for conductien, increasing T or decreasingg
T veill increase the heat flux by convection..

. . . .

(3) The saiuc of the heat transfer coefficient h depends both on the.

preparties of the :st:rface and on the proporties of the fluid which

remtves the heat. Varying the density, viscosity, velocity, or
tomi crature of the fluid will char.go the value of h. Cince an&

1070P 4-9
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CORC PERTO.U.!ANCC
. 4. . Iicat Transf er and !! cat Generation (cont.)
Y -

. .

.)-

,
-

(p
~

L.

increase in heat flux itself chan:;cs the propertics of the fluid by

increastnrt its temperature, the value of h may also be thought of

as depending on the heat flux.

(4) The temperature of the inne:r clad surface on a FWR fuel rod is ..

661 P and,the to.mperaturo of the fuel pellet surface is 914 F.
'

The heat transfer .:oefficient of the gap is 1000 Etu/hr-ft - F. |
,

What heat flux is passing across the gap? .

. . , ,.
.

'

* T = 661 F
'

*

H
..

'

T = 914 F -'
.

4 ,, ,,

h = 1000 Btu /hr-ft F ,

,

~

r ~
t

v 1000 Stu
x (914 - 661)oF Lq/a. =

2hr-f t OF
~

-

.

q/A = 253,000 Bru/hr-ft "
.

*
c.

(5) Some examples of convection in nucicer power plants are given

beloiv: 7

j Lccation Het Material Cco! Material

Clad-pollet gap Pctiet surface (750 r) C!ad inner surface (650 F)
1 0
| Clad-water Clad outer surface Water (540 F) '

0
'1 (560 F)

|
'

-

;
,

.

T
,

.).. .

'.G
l

.

.
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4. Heat Trsnsfer and lient Generation (cont.) ,,.<
.

o
.

.

-
i

D. Eoilinq !! cat Transfer ;

One of the. cost effectite heat transfer rne:henistas is boiling heat transfer.

Why does b=111ng increase the heat trcasfer rate? Because the steam bub-

b!cs Ic'aving the surface carry a greater amount of energy than the same arnount

of !! quid and also csuse a greater amount of c:clant motien adjacent to the, surface, j
,

There are two kinds of besling, nacicate and fil:n.

.

(1) Nuclea:e Soiling
-

,

The word'au:!cus is closely rels:cd to the word nucleate. In fact the

p word nue:ce:e rneans to form a nucleur - to cluster. In nucleate bot!!ng
v we are generating small spheres or bubbles ci steem, distinct and se; crate.

These bubbles then, break away from the heated surface and are, carried

into the coolent where they may join cr. cluster with cther bubbles.
.

(2) Film Bolling

in this kind cf boiling, a thin film cf vaper cen plctely covers the heated

surface. The primary mcdc of hcat transfer is radiaticn throu;h the vaper.

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

rier to conductica er :o..vec:fon heat transfer.

Tcr either )! these two kinds of ici!!ng, there are two condi:!cas a: wht:5

they can oe::ur. These cor.dttio: s are called subecoled bciltng and b21%

boiling.
,

O .
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4.

, !! cat Transfer and IIcat Ceneration (cont.)

% *

O
..r )

(3) Subcooled Dot!!ng - ,

; ,

;
When either nuc!cate er film boiling is occurring and the average fluid |
temperature in which the boiling is taking placc is Icss than the satura- '

tion, the condition is called subcooled boiling. There is no net steam
i

generation since all the stcam is condensed in the cooler water when it

breaks away from the heated surface.
.

I **
(4) Bulk Dolling ~

. .

.

p When c,ithg nuc!cate.g.r.flim toiling occurs in a fluid that is at saturation
;-

* e
temperature, the condition is called bulk boiling. In this condition, not ~

steam generation is realized. ''

* *
. .. . ... , .

,

In a PWR steam generator and a BWR core whero thcro is* nct ;teduction
.

of steam, the heat transfer mechanism is nuc!cato boiling under both sub- ,

. ,.

C cooled and bulk boi!!ng conditions. In a PWR core, the priraary heat '

transfer mcchonism is subcooled nucleate boiling.
.

As an aid in further understanding the bot!!ng phonomenon, let us imaging
the following experiment. A wiro is immersed in a tank of water at room

.

conditions. The ends of the wire are connected to a sourec of electric
current . Tigure 4B shows a schematic of this system. Instruments for

;

measuring water and wire tempcrature and c!cetric power are also pro-
vided.

o Phase I - Natural Convection .

The power is turned on and the witc becomes heated. Watcr adjacent to

the wire be comes warmer and riscs, because of its lower density; and is

replaced b/ cooler water. This in ca!!cd natural convection heat trar.sfer.

Now take netc of the slope of the curvc cf this phase in Figure 4C
~. {ty) J-

1070p 4-12
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.
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4. I! cat Trannie r .ind !! cat 00ncr :!cn (cont.) '

.<
* 10

.
,

t
' ' . . * Phase II - Transi:!cn from Ccnvection to

^

Nucleate ao 11ng
i

.

Power is increased until a few steall bubbles hegin to form en the wire.
The situa::sr. r.,w locks likc Tigure 4D. Note th:t :hcro are :::11 areas -

of the w::e ah.tre no hubbles form and natural convce: ton persists. T!qure. ,

4C- shows how the hubble generation increases the heat ::ansfer rate. -

Note how the sic;c cf the curve incrocsos in thts ;.hase. The huhbles of
. .

va;,or ever.:ually :!!cpso due to cendansin; of :he buhtles in the room-
temperatura watcr. . .

.

-, , '

. . .
F

* ,.

4 . . '

* Phase III - Nucleate Boi!!ng '

. ,
.

!a:rn:.r.g pnwcr 3:1[I furthcr icereases the numbc cf hubb!es generated
'

-,

.
.

P

until the on tra ..:re seems tntirely ecvered with buth!cs, which treak <, .
* * '

away with in:ressed raptdity. Some of the b.;htles ::alesce as they
. rise :hre :;h the oc!ct rater. The va; r in the huhh!ss eventua!!y con- b

-

O ecases sn i n= ver= crises fr>= the water surface. > I'

' ,

:f:.:e thet if the wire
L

were :st !: .ed netr the surfacs, insuffi !cn: time vculd be cvailab!c for
,

the bubb!cs to =ca;!ately collapse, and wo would ese vapor 0 7.ing off
P

:he water. This type of botling is, hewever, still kr.cwn as sub:coled .*

nuclouto boiling. If the powcr as held and all the watar ree:hes 212 T,0

then the type ar c cer.dt:fons be: cme bulk nuc!eate healing.
.

Phase IV - Transition fror Nu:!eete to Tilme

Boiling
-

Instee.d of watting for the water to rea:h esturatica, power is fr. creased

further anc we pns: into a :ituation whs:re tubele a:::en is se,"icercus .

that s:me f thom :: ale::c hciere breohin? oway frem :he wire, causing
part cf :he wiro tu ht: Ocmp!<.te!/ :vered wtth a f ti , cf va;cr. Ihn flux-

where th:s start:: :o :::ur 1: ca!!ce the crt:!:21 he.it flux, 2nd, .-d this point, L

t
t.) )

. ;
.
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4. IIcat Transfer arid i! cat Ceneration (cont.),. .;

r

N * *

, ) |
t

.-

s

.we depart from nuc!cate boiling and pass into illm 1:o11tng. In fact, we call
this point D::U, departure from nuc!cate boiling. If we try to increase

flux even further, mero cf the wire becomes covered with vcpor. If the -

' wire does not melt, to sustain the ate of heat transfer, the temperature I

difference between wire and water has to increase considerably, and we .L
. '

find car system operating at point "C" in the film boiling regime. The

transition from "A" to "C" is very rapid and its path is unknown; thero-
* .

fore, it is shown as a dette:d line in rigure 4C. Note that if we de-
'

creased flux from point *e." we would start back toward the nuc!cate
, ,

tboillcq region..;
p

. .

Phase i - Film Boiling
'

e l

,

The witc is new completely cevated with a nearly cylindrical film of '

c' vapcr which stays in p! ace. The chic' mode of heat tr.ansfar is by rachia- ] !;<.; . s

tion from the w!re to the water surrounding the vapor barrier along with i
*

a little conduction through the vaper. As pictured here, the boiling is '
.

, ,

considcred subecoled. The usual material used for wire cannet with- _> . .

stand the high temperature end would melt if we did not quickly reduce
.

power, thereby sliding along the curve of T!qure 4C tcward point "B".
,

Continued lowaring of the heet flux helow point "B" would cause a sud-.

den transition back into nuc!cate boiling at point "D".

The puttica of the boi!!ng curve frcm "A" to "B" is not well known and is *

'

impossib!c to obtain with the pool boiling experiment described above.

The reascr. fer this is that we can ent/ control flu:t and not temperature*

di!!erence :

One of the im;crtant ther :i! dr sign crit:ric for the' design of a reactora i

Lcerc is tht.t unanticipatcd tscusients must net result in reaching the t

O .);
-.

.
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CORE PERTORI.iAh*CE
4. Heat Transfer and IIcat Gcnarctica (cc..t.)

5 6

N I
.

,

m u

'

cretical heat !!ux peint er, restated, must not ceuse departure from
,

nucleate belling. -

L
r

1.ct's examino how varfing some cceditions affects the boiling phenomsnon f
and how these effects are displayed to you. First *te can look at a pro-

file cf quality as e fu.. tica cf heat :urface :ength, assuming that tF.'cre is

not steam generation.' p-
L.

*
,

..

r, .

-
..

9 .2 p,. x, . 2-
.

, ,, ,,

i/ *

QUALITY /p ....

,.
-

CX /,s [
-...

., * ..
(V.'EIGHT

* * , * '

/'~
f |,'-FirACTIOff) .1*'' * - 4-

*
/ ,

. - up,

'O /
/ v

'/
V I I

FLGV/ - '

0 0.2 0.5 1.0 L

"
- LENGTH L / Lo -

rIn this instance, the first 20% cf the heated surface is used to raise the

temperature of the fluid from its subce:Isd c ndition to a saturated cen-

dition. In this region cur heet transfer . .c banism will be both conve:0-

tion and subccoled nucleate boiling. Frem 20% on, cur heat transfer

mechanism is bulk nu:Icate boiling .
*

r

Knowing the quality, we can compute the vcid frc Lon. The void fraction ;

is tha volu=c fractic . cf steam in a s ca: .-water mixture. Its preitle
.

would Icek like this:.

:.

,

b

>
r

*",
.
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4. Ifcat Train. ice and lieat Generation (cont.)
.

'4 . .

A ) :
.'

.

>

VOID - EXIT
,/,

-

,

m .8

,/ '

+

Vo|0 ,/
(VQLU!.',E

f AVG. VO!O
FRACTIOfi) / r

,/ ~21 :
C'

/
/ a

/ .

FLCW - # ' '
0 .2 *5 f.0

. . ,.
.

LENGIli L / Lo 2, . .

{. . .
, . -

* *
. ,

,-

a - *

We can Oce that the void fract!cn is a very large number when compared to
. r

[.- ,
.

the weight fraction. This is the result of steam having a large specific .
*

*
volume-ft *1b '- *

**, -, .
''

. ,^ Babcock and Wilcox supp!!cs a once-through steam generator that provides ')
-

,

q
. .' superheated steam. In the case of this steam generator (shown in Figure IL,

F, -

page 1-19), the void fraction at the crit will be 1.0, since there is ncI mois-
,

ture carryover. . L-- '

The motivation for generating superheated stoom is that more encroy por
{

pound of steam flow is supplied to the turbino. This improves the primary
plant heat rate and the overall plant efficiency. The enthalpy of saturated

i

steam at 925 psig is 1194.6 btu /lb, while the enthalpy of 50"P superheated
steam at 925 psig is 1244.5 btu /lb.

-

L

,

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

the feedwater, employing all of the heat transfer modes di: cussed in this
'

chapter. The tubecoled feedwater enters the steam generater and 1:Pmixed

with some r. team from the tube bundle arca in:cugh nor.zles in the lowerbaffle
g

plato. This rection of the steam goncrator is coor caly referred to as either I

the downcomer er the econominer section. The steam next passes under the . '
.g

.

972 P-B 4-18.
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4. Heat Trent:fer and !! cat Cencration (cent.)..

\
*

,

~

lower baffle plate e.nd starts up cleng the tubes. If reaches saturated con-

ditions in the !cwer part cf the steam generator. The void content of the

mixturc increases almost uniferraly in a region of nu:Icato boiling. At some

Icvol in the steam generater, the DN3 point is reached and fil:a boiling

occurs . The upper region in the steam generater is where superheat occurs.

This superheated steam then travels outside of the upper haff!c plate beforo

exiting to provide a blanket of superheated steam around the upper pcrtion
'of the steam generator..

3 .

,- s
.

, . .

. The amount of superheat obtained fiom the st.ecci generator is a function of
*

the plant Iced (or, more precisely, raaJn steam-feedweter flow). The figure
below shows the typical performance characteristics of the B 4 W steam,

- *
. . . *

generator.

. |, g. N' -

.. -

"
; u,

( - M*.cier $os em '( .~. g.

[
'arg h'l

5 J **M,y
( w

g*s.N'. // >
'"

cera |
m *1

'
,

0 20 40 60 31 100.

Portens Full Load

At power levels above 15% 100:1, the reacter coc! ant system is maintained at
constant flow and T The secondary system is rr.alataincd at ecnstant.

pressure, but the !!cv varics as a function of load.

I.ct's lock at what happr;ns if one fcedwater heater is t shen cut of service.
.

The feedwater in!nt temperature will bc Icwcr. This will increase the sub-

cooling load en the heet source, which means that a largcr percentage of
. the souice will have to be used to heat the feedwat:::r up to saturation. This ~

kM
.
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CORC TC:'.rCR.'.:A' 0C
4. Heat Transfer an i :icat Generatten (cent.).4

3 r .

N .
,

.O '

is

results'in a decrease cf steam generater :!umo fc making steam ar.d, finally. r

superheating. The result is that ! css su;a: heat will occur and the steam out-

let temperature will be,lewer. 7
.

,

, .
.

* Decreasing'feedwater to: perature cau:ea stca.r. gen. rater*
,

.
. .

outlet temperature to drop.
.

.

b
' What hat: pens to tha steam outlet temperature if the plant lead is reduced in

,

(

- a controlled manner from 100% to 50%7 Y.?.en lead is reduced, the feedwater h
*

7 flow will decrease significantly. The offact of this is that the same heat
L

source volume is available to heat censiderably less secondary process
u

flu'd. This results in more space being avai!chle for superheating and a re- II

sulting higher steam outlet temperature. '[
b
<

i e Lead er feedwater flew redticti ns result in an increase in the
c. ' ) ,.

v steam generater cutlet tem;;rature, e>: cept at Irt.r pov.ur !cvels. - [,

L,-

The reactor cc:!snt in a PWR system is kept under pressure to prever.t bulk

bo!!!ng in the cere. In the esse of en abr.:.-.at transient, where this pres,- 4

sure is lost and sc=c cteam is gencr ted in the core, h:w will we knew it? $
. -

We will see a large increase in level in the pressuriner until pressure is

built back up abeve the saturatica valus c:rre:pending to the temperature I

in the core. The stasm bubbles will then c:ndense, and the level will drop
P

back down c!:se t its ncrmal value.
-

!

P-ob!cm
r

L

The recends:y :ide of a en:c-thr:u-h' steam gener: tor has a net
4

value of 3500 ft At the time cf a ;' ant trip, the fo!!cwing [*

. .

>

eperati:nal characteri: tics eppiled t - the steam generater: i

k

1&
.

.I-
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CORC PERTOE:A:!CC i

4. I! cat Transfer and !! cat Gcncration (cont.) I
d |
\ .

Sf .
4

"

Subcooled water volume 10% 5

Eci!!ng reglen volu=c with average void

fraction of 0.7 '70% -

.

Superheat recica 20%
. .

If one auxiliar'/ foodwater pump (assurce constant capacity cf 700 gpm)
4

is started, hcw long will it take to fill the steam generator?
-. . .

,(5) Departure, from h*uc!cate Boiling (DNB)
,

V/c stated earlier that when we reached tha critical h' cat, flux *(CHP), we
departed from nucleate boiling and entered a region where conditions were

.,

' unstable. In this region',' our heated surface tcmpercture has to increase in .

crder to maintain.the hcot rate. This, obvio0 sly, is an c;'erating condition

Q we would like to avoid, so we will, therefero, des!gn our re:ctor so that

the critical heat flux is nat exceeded during normal operati: n and predict-

ab!c transients. This will assure us that we stay cut of the region where

the fuel clad or wall temperatures exhibit large cha.iges.' .

Operation in a reglen *.ihere we have departed from nucicate belling doas not

necessarily meen that there will be fuel damago. V/c ccitairly increase our.-

~

chancos of having damage, however, as long as we are a' cove the critidal

heat flux. %"c can define critical heat f!vx in a more pos!Uvc way as the

limit below which fuel damage will not occur. That c'efinitely is a good

region in which to operate our reacter, as long as 've can ader;uately defino

and measure the critical heat flux.

Analytical expressions fer critical heat flux have been generated, but, pri- j
m.'.sily, a correlatica based on test results is usad to piedict the flu >: at |..

which CNB occurs. The CNB currelation is a function of rystem pressure,
Y

k.

i.
.

t
.
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4. !! cat Transfer and Heat Cencration (cent.) p

1 . -
,

/

0 ?
inlet enthalpy, ficw volccitf, af.d fact assembly qsematr/. This cc.::clation [
is such that the predicted Citr covers tho <!ata points "tithin some cr ce ,

spread, such as 125%. .' -
,

L

A comparison of measured DNB flux (or CHF) with these predicted by the |

correlaticn is shown in Figura 4E. Werk continues en the determination

and measurement of DNS flux. A better under:tanding of DNB flux and how
-

it occurs will lead to better reactor designs. In a later secticn we will F

examine DNB ratio, but first we have to Icok at hcw we determine the actual
,

r.. ,

flux in Cerc. -.e c
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CORC PCRTOR Al@CC
4. Ilcat Transfer an i Ucat Gane. ration (cont.)

y . .
.)

.- t-..
,

;.

Prob!cra Sct - Chaptcr 4
.

.

1. A particular PWP. fuel rod is 12 ft, long and has a clad nutrido dia- ''
.

meter of 0.422 in. find the average h:ct flux at the surface of the
7

red if the pcwcr produced inside the rod is: r.

j

(a) 500,000 Btu /lb i
,

. (c) * 300,000 Btu /lb
. f.9'

,

(b) 400,000 Stu/lb

l..
. . ,

(d) 200,000 Btu /lb r
*

(g) 1.00,000 Btu /lb
.,

'
*

(f) 0. ,

.
. F.

22. The zire-clad PVin fuel red produces 226,000 Stu/hr-it . The average
'

-

, , i

temperature at the outside surface of the clad is 62E F. What is the
'

-

! average temperature at the clad innor surface? (clad thicknesc = [..s
.025 in.) L

O J..) 1
.

3. The heat transfer cecificient between the pellet surfece and the inner
clad for the fuel rod described in problem 2 is "

.

~
*h = 1000 Stu/hr - it F L-

What is the temperature at the pellet surface?
.

.

4. A once-throegh : team concrator with a tubo surface arca of 60,0C0 ft i

has an average heat !!ux across the tubos of 7.51 x 104 Btu /hrft2,
Tcqdwater enters the steam generator at 455 P at the rate of 5.58 x
10' lb/hr ar.d c: its as superheated steam at 900 psia. Find the tem-
pcrature of the stco:n at the c):it.

.!

'

.

,

i

J

..

. .g ..

t
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m 5. CORE T:iEi!!.*AL PERTORI.W!CE
.. ~ .

''The msnner in which heat is transfc: red with;n the co:c and the margin that

.
is maintained frcm damcge regions duri:.g that trancfcr are a measure of

thermal performanco. One term that Ico been identl~1ed and is used to de*-

termino thermal ;crformance is heat flux. Another term that can be used to
~

calculato perfstmance is linear heat rate, which is a racacure of the thermal

output of the core or a fuel rod.

A. Linear that Rate -

'
* The "li.. ear heat rate" (sometimos called the "thctmst output") is defined by.

considering a len;th of fuel red. This long;h may be an entiro fact rod, a

,pdrt of one red, cc a combination of several fuel rods, . The linear heat rate

'for this length of rod is defined as follows:
-

,

.

#' * '# " '
'

Linear Heat Rate =
O~ Length

.

The power in the r.umerator of this definition must always refer to the same

length of fuel used in the denominator. The p::wcr is usually ekpressed in

kw and the length in fcot, cc the units cf linear heat rate are: -

.

':w -
Linest Heat Rata = p

As an exampic, we will calculate the cverar-e lincar heat rato in a typical

PWR core:
I

Core power is 1650 W#t

The core consists of 121 fuel assen:blios, each with an active longth of 12

ft. , ar.d each containing 173 fuel rods.
-

.

!

-<
4,.,J 1071P-C3 5-1
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CCRC TEFTORhGi!CE |

S. Core Therme! Perferr.ance (cont.) ,

*

^3. .
1

^.g
.' -

3
10 k.i

Powcr irt kw 1650 br// x= pg

1.650 x 10 k'w -, =

Total length of fuel reds- =

.

179 rods 12 ft. . 5
x 121 assy x = 2.6 x 10 ft.- asay rod

*
.

*'*' - * 16.5 x 10 kwLinear IIeat Rate =
2.6 x 10 ft. .

.

s- .
~

- . ' -.
-

,,33 w . .,

It
-

.

Notice that we were care.ful to use the. Igngth of .fuct rod associatcd with th,e -

. -

,
-

,

specified p,ower production rate - the entire core in this cascu = -

*

m, Let's assume that a particular fuct assembly in the cero used in the prevleus -d
i- ,

- examplo is generating 20 h?.V. What is the a/crago !!ncar heat rate In this
.

assembly? .

20 hGVPower =-

3 >
*

10 F.w20 f.nV x= ,

MW
,

2 x 10 kw ;=

12 ft
Length -= 179 rods x

red

= 2.14 x 10 ft

3Averago LLncar Heat Rate 20 x 10 kw
'

"
in Assy 2.14 x 103 it ~

_
.

9.35 kw/ft=

]-
;.

f% .s
'

v

1071P-C 3 5-2
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CCRC PT.RTO't'.!A'!CC.

5. Core Thermal Per criar.nce (Con't)
,

. .

. .

O
The average linear heat rate in thic one assembly is higher than the average

fcr the ontIro core. This in not unc:cpceted, sir:ce some fuel assemblies
!.

generate :ncrc than averace power and some generate less. In this respect,
' linear heat rate is like a team battir.g average. Some players on a tona will

ba b4tting above the tcha average and others below it. Similarly, son.:e fuct

assemblics have a linear heat rate higher than everage and others have a

linear heat rate lower than average. *

.

*
,

. .

The average Ifncar heat rato in any p rticular core is proportional to the ,

thermal power of the corre. This means that the graph of lir. car heat rate vs.#

, ,

core power is a straight,1tne' as shown In Figure SA. In this figure, the per-
*

. .
cents refer to parcer.t of rated conditions, and 100% power racans 100% of

'

. rated power. 100&ltnect heat rate r.cens 100% of t! c average !!ncar heat*

! ,

rat.e at re.ted power. The figure chowr that you gat 100% itnear host rata at

C 100% rated power: you get 50% liacar heat rate at 50% power; you get 120*J.

lir. car heat rato at 120% power. So, wn can make a rule:
.

Whatever you do to the total power in the core, you da ;.o thoe

- average lincar heat rate in the core. That is, if you double the ceco power,
you double t![c averagIa 11near heat rate: if ycu halve the tntal cora powcr,

you halve the average linear heat rate..

.

L1ncar heat rate and flux cre directly related. If you know one, you can cal-
;

culato the other. It in necessary only to know the square fcct of heat trans-

j fer crea per feet longth of fuct rod. To convert lir. car heat rate to heat flux,
~ the following conversion is used.

, .

1.tecar !! cat Rate .,I! cat Flux
1 (kw/ft) 2

*

Dte/hr - it
a

,
-kw 341 ?. ntu 12 ft'

II at Pluxx x .=
2Q ft br-kw 1.3 f t

.

1071P-C3 5-3
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CORE PETrCR!.'.', 'CE
,( 5. Core Th:rn.a! Ferformar.cc (Co:s't) -

~
. .

t
,

Fc the core average !!ncar hast rata, the equivalent average heat flux is: L

/
. . .

Average Cor'e Mcat F:ux = s.35 x 3413 x 12_ , 200,000 Mu ,
1.3 hr-fr

.
'

In a similar manner, the fuct asse=bly (F/A) eqatvalent flux is: |

i.,
.. '.

Average'F/A Heat Flux = 9.35 x 3<13 x 12 , 295,000 4.

1.3 hr-ft [_-
,

.

.
..

The ratto of t$c F/A linear heat fate to the card everage lir. ear heat rate ts: [
r, .'

,

. '
F/A 9 . 3 5 **.w/f t'

1.. 7a.= .. = .

Ccre 6.35 w/ :t -
<

>'

T
' The ratio of the F/A average heat flux to the cere average heat flux is:

,

.
"

O F/A 295.000 ? 27.. - ft
= 1. ,7 5=

2Ccre 200,000 5ta/hr - ft ,

-

L.

This ratio rektes ths heat flux cr !!ne?: heat rate of the F/A to the hest flux
~

cr linear heat rete of the cere. The ratio has a specific name, but it is also

port cf a general grcup of ratics called ;cahing factors.
,

_

B. Pesking Facters

The nonantbrmity of the ower er hcat flux dis:-ibutien in the core can he;

expressed by the use of peaking fact!rs. Theuc ratios relate the accunt of

power er average. flux of a fuel red or fuel essembly to the c:re average
t

,1
values. They also rela *o the ma>:icun heat flux cr power in a fuel red to -

r
'

'.

the rod avr.rste values.'
.

.

L

Fevecr is net ur.ibr=:y dic:ributo i throug!. cut the core, because of neutren [
.

leakage out cf :he :c;,, bottom, ar.d .=ldes of the c:re. V.7.cn a nea:ron l

(Q
'.

'

-
'

-

.... ...
< . . ,

. . , . . . . .
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CORC PERrORMANCE
5. Core Thermal l'erformanco (Con't)

1
*

(
*

l i
'm

Icaks out, it cannot cau:0 a fission in the fuel. There is !ccs fissioning,,

and, thus, less power generated in those parts of the ccre whero the neu-
trens can escape.

.J
*

.

t
Along the length of a fuel red, the heat gcncration rate viitt vary as shown '

in Figure SB. The ratic of tha taaximum heat generation rato to the rod

averago is called the axial peaking factor. The design valuo in your core
for this factor will be in the range of 1.5 to 1.7.

.
.

Acros:a the hori::ontal pleno through the cere, tScrc is a variation in tots! ,
,

power produced in the fuel rods and the fuct assomb!!cs. The loca'l rod,

facter is defined as the flu:: in the local fuel rod divided by the averaga *

flux in' all the rods in the assembly. The local red powcr.!seter can be
wrliten as:

,
.-

Power Proder ed in One Teel Red \
;

Dq Assembly Average Rod Power '

.

The term in the denominator is found by divioing the total assembly power
{

by the total number of fuel rods in the c:sombly. This factor will be dis-

played to you in the form shown on Figurc SC, where it is ca1!ed the nuc]'ar
*

c
peaking facter; tha enthalpy rl:o fcctors shown on Figure SC are the ratio

.

cf the outlet enthcipy in a given channel in the fuel rods to the average
outlet enthalpy for the a:sembly. ~

'

The radial distribution can a?so be expressed in terms of the fuct a:scrably
!
I

rcdial peakin7 factor. Ti;is ratio le defined as: .

'

Powcr Prminen,I in One Pur 1 Aq.3;!g1

Average Poveer per Assembly in Coro i
*.

Figure SD shows a typical di play of the asccmbly ra<11a! peaking factor
!(P/P) .
!
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CORE FI.TPOr.: A.* CE
5. Core 7::creal Pern rmance (c .r.t.)
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CORC PERTO?J.ill.*CE
5. Core Therir.al Pc: forma:.co (Con't)
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( S. Ccre Thermal Pcrfermanca (Cen't)
a .

%
>

.s .

.s .

TI:c total red radial pcVicr factor and the a::ici p:wer pcahing fa ter can be

corr.bined te give the total nuc!:ar pcak!ng f acter (T ).q
.

.

r xF l'T =
q th z

.

*

Usin'g the maisimum design values for the. axial p: ter peaking fa:ter and the
I

total red radial power factor, the total nuclear peaking facter is
.

.

1.7 x 1.7 = 2.89F =

-
9

.
.

' The pohit of maximum flux in the core is 2.89 times the cera average flux.4

The total radial po$*er factor (7,h) can be calculated by multiplying the local
u

red powcr f4ctor by the fuct assembly radial peckir.7 factor. The maximum

. value for F. h will also range between 1.5 and 1.7.a u
4

Peaking factors are defined for nominal conditi:nc and f r derign ecnditions. -

Nominal posking fceter: are there ex;ceted to cmitt when the reacter is
operating at normal ccnditions. V.~:en = casuremon s are made, th"cy should

~'closcl/ approximate the no=inal values.

The design facter is the highest valco at which safe 0;cration o' the core is
a s sured. It is based r,n the worst conditice:r tnat could occur ar.d on the

*more conservative design calculatic s relating :: ccra fisw, temperaturcs,
and the 1; co. If meas rements of peshing fact::s in the c re yield dtsign

values, something 1: probably out of spec sces.v:hore.

The peaking factors def!ned to this point relatu to fuel a:cechlics er fact

rod:. Thcre 1 ancther facter that 1: used to ci:cfine the maximum *calues of
flux in a chcnnel. This facter ::: cal:ed the nuclear enthalp r rise facter

and is the following rctiot

# .
!6A k:c .:r e liv ~.t Ylu c ef ?*~ur = ':: i-~ n Ch & I .-

.

Cc,rc ,'t. Jrage h'. a:. T'.u:t

. .
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CO3C PERTOLMiuNCE
5. Cere Thorwal Perfemtonce (Co:1't)

k
i *
-

<[ A chtnnel is defined as the space betwoon four fuel rods. The overage heat
flux in the channel ~is calculated by assuming that each of the four rods

centributes 257. of its total heat flux.,

..

All of the factors that have been defined cre nuc! car factors. They describe

the heat flux or power distribution resulting from neutron bshagict charac-

teri'stics. There are other censiderations involved that influence the heat'
flux and power distribution, and these era norf-nuc! car in naturo.

. *.

.

C. Hot Channel Tactora
. . *

. In the precedi.ng scc!!on, wc eicamince: several peaking fcc*r.ts that can bc
tr.ultiplied to geroduce a . overall pea *;ing factor.

These fac' ors were th,e
may/ avg axial power ratio facter (F ), the :r.ax/ avg total, radial pc, wor ratio

.,

'
.

factor (Fg), and the total nuclear peaking facter (F ). Since these factersq
O are ell " physics facter," we can define a name for;his product. The name

chosen is Nuc! car !!ot C1'annel Facter. Thoro is another fceter that must
be applied to the nuclear facter, and we call that factor the Enginecting (or

-

Mechanical) !!ct Channel Factor. > -

Engineering Hot Channel factors are u.ned to describo variations in fuct

leading, fuct and cladding dimensions, and flow channct geometry frc:n
,

nominal physical quantities end dimensicas. These tolcranNs, when as-
sumccl to yield the most adverso effoet, have an impact on ti.o nuc! car
characteristics of the core.

The Engineering Hot Channel Factor is broken dc,wn into the following two
sub-factorst

T: llect Input Factorg

F ":
9 T.ocal Heat Flux Taetor at a hot spot

t.).
-

.
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g.

) - ~
,

r
These factors take into account uncertaintics in enrichment, dent;lty, rod j
and pellet diameter, and length. !

A now hot channel factor, F , is obtained by multiplying the nuclear facters -

9
by theco engineering facters:

!

q (nuclear) gF F xP=

F (nuclear + mechanical) = Fq (nuc1 car) x FQ Q
~xF"q

There Is another factor that limits the power capability of the core; this
,

facter deals with the enthalpy risc of the coolant as it passes thro' ugh *the *,

, +, .

hot channel. The enthalpy rise is dependent upon " physics or nuc! car fac- *

'

tors" as well as vari.stions from design flow conditio:fs. TJte nuclear factor * *

*
for the enthalpy risc can be represented in the 'follo. ring terms:

. -
. e ,, ,

.

Avarace Power of Four Reds in a Channel. *

].
*. .

m Average Core Power "

V ,
,

There is an eng!ncering factor for enthalpy rise accounting for the same

variations from the design as discussed for the F hot channel facte'. Ther
4

variations are evaluatcd as they affect power, and the value of the enginscr-
>

ing factor for the enthalpy rl:n is different. * *

The enthalpy rl:e factor is also cffected by c Core Flow Distribution Factor
(F . s f d r 1 apr ssed es the ratio of each fuel assembly flow toA.
the average fact acnembly flow. The finite values of the ratio are more or (
loss than 1.0, depending on the position of the asccmbly bcInry cvaluated.

The flow in the contral fuel acecmblies is gr.r.crally f are,er than that in the

outcrmart ac:cmblics. The enthalpy rise hot channel facter is the product

of the nuc! car enthalpy risc factor, the ensinccring enthalpy risc'lactor,
and the core flow distrtbution factor. '

['

t
-- !

$rM
,

'

{
|
1
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5. Core Thct=al Pericreanca (Cen't)i

_

}, .

. , . .

u

,m
The following etc typical values of the various het channel facters fer a PWR~

*cere: -

t 1!ct Char.nel Peaking Factors: --

r

* " 1.70 .F =
_ . z

F-
. .

1.78F =
ah

.

,

*

q (nuclear) 3.03 -

F =
-

L

1.01} LF = ,. q, , ,

. *
LJ" 1.014* =

Q .. .
. . .

F (nuclear + mechanical) 3.12 *=- ,

4
.n . .

.

|'

' ., . .

Enthalpy Rise: ' '
'

.

., . ;

1.r5 [.
* F (nuclear enthalpy risc) =*

O. .*F (engineering enthalpy rise) 1.10=

0.98
'

FA (inte:Icr celle)
' =

e-
,.

0.97 l.-
FA (z'al! ells)

=

r

FEN (total) 1.83 '=
'

.

*
. 'In a table of design parameters for a 2500 2.;wt, we can leek up values for

.

the average fit:x and linear heat rate as follcws:

f Average q/A : 165,000 STu/hr-ftf '

i L

i .. . _

l /wera<;c !.ir. car Heat P. ate : 5.40 kw/ft
!
-

. . To obtain t.a::i=*:n values, all we necd to da is multiply there values by F , '

i')
1 9

{
our hot channc! fac.or, to chtain the ma:ii?. u:n flux an:1 the !!r. car heat rate:

- .

g
. _

P
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*
t

]*

n
.:-

2" Max q/A: 165,000 x 3.12 = 515,000 btu /hr-ft,

,

r.

Max hect rato: 16.35 kw/ft E

The enthalpy rise factor is not as read!!y apparent. From our parameter table [
.

*

we can compute the average coro enthalpy rl:e as follows:

# "Average AH =
*i Coro Flow

*

.
. *

i
. . .

2500 Mut-

AH = i

6131 x 10 lb/hr* r*
.

h
. *,

.
- . \eg 6 -

',F
* *2-

(2.50 x 10 kw)(3413 GTu/hrg ,)
,

'. 4H =,

.
h-*

*

*
. 131 x 10 lb F

9 . /hr
J

.

AH 65.2 btu /lb=,
.

.O 3 ^

The enthalpy rise through the hot channel is: .
~ ~ ~v

f
n

AH ~
'

H xP=
max max EN >

AH 65.2 CTu/lb x 1.88 -=
-

r.

Ali ,x 122.3 btu /lb=
g

,

If we add this enthalpy rise to the coolant cntering the core, we find that
.

the maximum core exit enthalpy is 678 STu/lb. The saturation pressure for

this enthalpy is 2050 psia, which is well below the reactor coolant system

operating pressure. Thic indicates that boi!!ng will not occur la the coro.
f.

..

D. Departure from Nuclear Coaling (DNBR)

.

Departure from nucleato boiling is predicted from a combina:lon of hydraulic
I

3j and heat tran: fur phenomena and is affec;ed by Iceal and upstream conditions,
, .

'"

972 :'* B 5-14.
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5. Core Thermal Per'orr.unec (Con't)
.

r

^ ) *.
.

L |

including the flux distributien. In reactcr design, the hoot f!ux associated g

'

with DNB and the !ccation of DN3 are important. V/c are now in a position,

as a result of our discussica cf peaking factors, to calculate our local heat'

flux. From our experi$. ental ccrrelation, wa can predict the DN3 flux anii its

locaticn. With these two fluxes available to us, we can defino a ncw term, [.
*

called DNDR, as the ratio cf the DN3 heat flux to the local heat flux:

DNB T!ux- DNBR =
Local ...we- r.

V/c have previously stated that we did not want to excced the DNB heat flux ;

anywherc in the core. Idcally, this would mean: -

DNDR a 1.0
-

F

- However, the correlation'that we use te predict the DNB heat flex is not 100% ..

b..

accurate, as Figurc .tE (page 4-23) shows. To account for this uncertainty in )
ithe correlation, we require the actual heat flux to be censiderably less than

O the DND flux obtained from the ccrrelatica, that is, we require a DNBR cen-

siderably |arger than 1.0. The usual restriction is: i
}.

p.
*

DNBR a 1.30 L

Tnis constitutes our safety limit. For DND ratios larger than 1.30, we can

casentially guarsr. tee that DN3 will net occur, for DNS ratica loss then.
'

1.30, DNS rnay occur.

When we tstk of maintaining CN3R a 1.30, we actur.lly are talking about

one locatien alcnq a fuel red, a " hot spct." Some illustraticas may help, t

Frcra the core power distrib:tica, we can get a profile of the heat flux along
|the length of the fuel red in the hot channel. This flux may lock like this:

,

i
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i. $.

m -

.s
-

.
j

1.

I

|.
-

., .
,

Heat .

Flux
..

.

.

*
1 . .

Tiow -.

. - 1.0 , .

O Ccre Heigh:.I/Lo,, .

t.

With this infor=ation,'we can plot the enthalpy rise along the length of the rod. *'

. -
. ..

. .-
. . ... ,

*. . .,

', .

..

,@. .s'. .

.

'

AH
'

Btu /lb
..

,

. .

Flow ~
1.0Core Height 1/Lo

.

'Using calculctional me: hods d'crived from the DN3 f!we cctre!:tien, and having

values for inlet enthalpy, enthalpy rise, pressure, and !!cw, we ca plot the
I*

DNS hoot flux.
,

i.
a

i
!
i
t.

.

. 'j.sy j
-

-

.

.
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- |

.iI *
*

^
,

.&

. k

* -

. . t
.

.

DNS Heat -

Flux '

.

L
e i

Flux ~ i
1.0 ?,.

*

Core Height I/I.o - * . ;
-

, . ,

>
. .

*
It we comb!ne the graphs,thowing lo, cal'hcat flux and DND heat flux, we can

.
,

. r . r

then computo~and plot DNBR.
i

*

. .

. . 3. . .. .
-. .

=

.. . . . ..
,, .

e
,

rb* * .

.

\ '

2.0 8 '-

\ / .

\ /,

'~

DNDR I.5
- ' ~

. ~ ~ . ~ . _ - ,
.

1.0 -

L
-

_

'.s -

.

Flow -
1.0

,
- Core Helght (JLo .

. ,.

m. #
.

Remember that DND heat .' lax is a function cf many variabics, so it is quite
,

, ~ ' possible that the minimum DNFR ma'/ not occur at ;!fe peint of highc:t Iccal

11ux. ~

}
+

t
< .
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N
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.
,
.

.

O C. Tuct Cladding Integrit/

*

(1) Importance

The cladding that surrounds the *.f0 ' f"*l l8;the first harrier th t pravants the-
2

(P.omc=ber that the fuel becomes radicactive hecauserelease of radicactivity.

of the fission products that trasult fr:= fisciening the uranium to obtain energy.)
-

One of the primar/ aims cf ACC licensing is to eske sure that the pl.snt i's de-
To design and

signed and.run In such a vay that the c: adding rcesins intact.*

run the plant properly, wi have to kn w exactly "that it is that we are protec-
*

ting 'against, i.e., what could cause the claddinito fall.*

.

There are two fceters which co'ald caulra the clad to fall and allcw the release of
radicactivity: .

11 the temperature of the clad beccmes tco high at somee

particular peint, it could malt at thct point. ,,,

!! the prsssure exerted en the clad frc= the ir.:ide be- )..
f]

e

cc:r.es tco great, the cir.d ceuld burst.
- .

(2) Clad Tellure by ?.ielting
.

Und r ordins / c:nditicns, the temperature 'of the clad is hit veen abcut C0 F
and GOO F. The =elting point of the clad is in the 2000 -10~0*T re.nge, to no

minct change in core conditiens can bring the cicd an,.vhste near its melting

point. The only phenomen:n wh!:h cculd do this is a st.dd:n drop in heet trans-
fer coefficient, h, at the clad surfece. Cnly if ve reach the critice! heat flux;

i.e. , if we recch D'!B, dess this drcp in h cecur.

-(3) Clad Tail;re 1:y Barsting
.

| Tor preper!*/ designed fuo!, thre only thing which could cauce the c!sd :: burst
3

inside :he c!ad. Such e.n increasei
~

is a sudden increase in the vclume cf the UO2
occurs only if the CO start:; fc':! tin:;. Like mcst materials 'e:: cept * vater), UO,,.2 .

expar. is whsr. It'::elts, sc !! we w:id melting anyvrbera ir. :Sc UC,, ** : ':now
.

, > ''
Y that the clad will not fail by burstirig.

9721'-Cli 5-18 .
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3, .

" The Mttost position in any UO pell t is et its centerline. If we keep the
,'2 o oconterlino UO temperatures ' elcw abeut 5000 P cver/whero (5000 F is thec

2
approximato mciting point of CO ), w w 11 av td mclting it.

2 ,

'

The center!!nc temperatures are not directly measurable, but they can bo cor-

rotated with tha linear h:et rate. Sinco centerline melting of the UO begins
2 ,

at a linear heat rate bet vcen 21 and 23 kw/ft, if wo design and operate the r

plant so that the linear heat rate is always betw 21 kw/ft evervv.here in the

core, we will avoid clad bursting.
. ,

T. Step Back Design and Safety Limits
i

' '' '

' Stop Back Design [(1)
c.

*

We stated previously that (for properly designcd fu'el) the fuel clad wiil remain

intact as long as we always operate so that the minimum DNSR is larger than
, .

y
>

1.30, and the maximum linear heat rate is lass than 21 kw/ft. Obviously, we
t

would not want to cperate the plant so that the r.,inimum DNBR is 1.301 and the F

.

0 '

, , maximum linear haat rate is 20.99 kw/ft. Instead, we "stop back." Wo de-
sign and operate the plant so that under normal conditions the minimum DNIIR

,

is considerably ab:ve 1.3 (usually in the rcnge from 1.7 to 2.00) arid the max-

imum linear heat rato is considerably belcw 21 kw/ft (us'ually in the rance 17-

20 kw/ft). This gives us a safety margin so that, during a transient, we can
scram the plant before exceeding the safety limit.. "

The way we cperate the plant affects the minimum DNBR and the maximum linear

heat rato, becauce we can change the pecking factors by menng the centrol

reds. If there weto no alarms er trips, an operator could conceivably cross the
s DNDR and heat rato limits by moving the control rods incorrectly. We prevent

^

the operator from pas:ing these limits by:
.

Establichtng y!minir' Qc rrnendurer. which restricte g
control red :.otion;

t-
.

b
-

. .
-
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5. Cora Thermal Perfetmance (Con't) -

r

9"
r

. .. .

)n,i

. . .

, a Prov!d!ng rue!rer in.-trumentr.ttoo io obtain information

on the actual peaking fa :ters;
.

Building in clarm: to alert the operator to rotentia!!y' |.
o,

dangerous situations;
-

I
* *

.

Building in teran: which automatic: ally shut tho plant
,

e

?-- docn if certain limits are exceeded. -

,

(2) Safety Limits- *
.

Safetylimitc hsve been est blished foryourplant so that ycu will nct exceed maxi- [
*

,

n .

mum linear heat rate or havc any feel rods at DNB flux. You might expect to find * * '

,

many safety limits in yourTech Spec:, but, foryour PWRplant, you will find that

, there are usually cnly two. The firsi places a Ilmit en maxirrum reactor system,. o ..
.

*e . . . -

' pressure. *This ilmit is~ established te avolif radiation re! case, butitis cimed at the 7
secondary fission product barrict,1.s. , the re'acter coolant :ystem. Ahigh pressure l hP

'v, limit has ll;tle bearing en the DN3 flux; in fact, the DNS ff uxwill be greator at the
. / ~

'

higher pressure , so the limit placed en pressure is derived from other concir' era-
,

tions. The pressuro llrnit is the highestpressure allowed by reactet vessel and
.

piping design codos. An increa so in pro s sure to the safety limit wi!! not appreci- E

ably change conditions in the core. Since the safety !!mit is well below the pressure

, at which the reccter coctant sy: tem rn!;ht rupture, core perforr:ance != arsured.

If cur fir:t !!mit has no direct bearir.; on minimum DNDR or maximum lincar
,

heat rate, certainly the secend one mu:t place a limit en there variab:es. It

dccc and it docen't. Lirait: cn DN?R and linear heat rate are not directly

called, but rather are used as the brices for safety limits on other parameters. '

Thts is donc because there items can not be directly cbccrved. The onset of

feel damage, by clad rrelting or bur: ting, can net be rnonitored by any instru-

mcutation precently in urc in nuclear plants. Instead, limit are placcd on

directly measurahlo paratec.tcrs such that at their maximu:n er minimum values,
),g DNBR and lincar heut rate !!mits ara not excecdad. It is in this manner that *

,

. .
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.

J

.

] minimum D:!DR and maximum linear Scat rato serve as (bc basis for estab!!sh-
ing limit.s en cbuervable patameters.

Thrce other pammeters that can ba measured are:
.

o Pressurc
.

'

o Flo v (function of number of pump: operating) .

e Reactor co;! ant temperaturo

Those limits are displayed as a sedes of curves in your Tech Specs, rimilar.

,to those shown in Figura Sg. The first two curves in Figurc SE.rcpresent com- .

hination:of the three variables for whict: DNBR is never less than 1.3. As
*

.
-

,'

." long as you cperate above and to the icit of the api.tepriate cu vo, core Integ-,

.

rity is ensured.
. .

, ,
,

.

~

Thero are many other ' variables that have an effect on core performance. "There -
# *

arb mdny opportunitics and metheds to cause these parametcrs to vary, per-
' *, .

, haps in a mannc*r that could Icad us to execed our minimum DNBR or maximum
V '

linear heat rotu. How, then, can ve get by with :o few rafety limits? IIere
,

is where we get help from the reactor plant designer. We will.:ce how protec-

tion systems arc estab!! hed to head o f the apptcach ,cf conditions 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 sco how operating limits 4:tablished by your Tech Specs assist you in
*

avoid!ng the causes of uncaticfactory care performance.

(3) Operating Limits

An operating lirait is onc that != placed cn the value of f key parameter that

is important to the operabilit'/ cf an essential cystcra. There arc two classes
of operat151g limits: built-lh and non-built-in. '

.

b
'
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~
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*
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O
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.
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" * . .
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jr

#y
*

2 4 / '

- / | //./
'

u .1800 L*.,

L

I .., . .. ...p.. .

$ f "

. '
.sp. 1603 .I

'F

V 580 600 620 610 G60 G80 '
r

' ~
REACTOR OUTLET TE*.dERATURE.' F i.

-
,

. - ',

RCACTOR C00LAt4T
FLOW .-

CURVE (LBS/HR) POWER PUf.1PS OPERATING

I 137.8 x 108 (100%) 112% FOUR PU'.*FO I
2 102.5 x 106 (74/.%) 86'A THREE PU!.t?S

'

3 C3.C x 106 (42. 571 53:4 Of!E ruf.t? If; Et.Cil LOOP
POINT 4 NORf.tAL FCUR PUf.'.P OPERATif G E0!rJT

,

F

*
, .

FIGURE SE
.

CORE PROTECTIO?! SAFETY t.l?/.lTS
.

Q
'

.) '

..
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CORE PEE.ORML*CE
5. C.:r. Thermal Perfor=sace (Ccn't)

%
1 .

'. ,

A built-in ep :ating !!=1t is a limit en a system characteristic that is built !'

into the design cf a system cr ce=;cnont. The ic11cwing are examplas of
- built-in cpera*ing limitst

.

Safety infection system !!cw rataa
'

'e O!cs,ci generater vcitage-

Centain- ent s; ray pu=;i discharge pressuree .

'

e Main steam line trip valve c!csing ti:.e
1' ,

e Auxiliary steam generater feedvrater pu:np bach pressure
.

1 Because such limits are built in, the Tech Specs generally do not itemico

them. The rcquired' values cf the limits were determined from pertions of

the Safety Analysis Report, from equipment specifications, and f c= operat-

ing proce:!:res. Althcugh these !!=its are net nemally ca!!ed cut in the

Tech Specs, the capebility cf the various sy.etems er components to operate

,e within tha . built-in limits must be checked. V.T.en they arc to be chech.ed
v

and t! e 1-tarvals between checks are detalla:1 in your Tech Specs under

Surveilla .ce Requirements. Make a note that yea can find cparating liraits

in that ps.1 cf your Tech Specs.
,. , ,

A non-bu!1t-in limit is a limit t.n a ;2rameter asscelated with the c;cratility

of a syste= that dces not have the lit.;it built into it. Sc=e examples in-

clude the fr.!!cwing:
,

*

e F.eacter ecclent s/ te:n hectup and eccldewn rates

e Min!=um tem;crature scr criticality

e Ec !c acid inject!cn paths

e Scrated w:ter s: crag: t:nk concer.tration

o Dac2y heat rc=cval system cper:=.tica.

e Centrcl rod bank insc :ica limits

o .

.
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.

.m
'

These limits are determir.ed'aitalytica:ly and cre :.cniterc:1 separately. Sc-

cause of their diversity, they can net be lumped together as a series of

curves, so you will find.that they are specified in tha Tech Spces under the
,

heading of Limiting Cenditions fer Operation. Together with those listed

under. Surveillance P.cquirements. these ecnstituts ycur c;ersting limits. A,
,

typical set of Tech Cpecs fer a FWR ;! ant may hava as mcny as 25 to 30
I

operating limits included in these scetions. A majority cf those are directed

at the task'of limiting radiat!cn rel:eeke by assuting :::e intaqrity of 0.e pri-

mary !!ssica prcduct barrier, which is the clad. .

. . .

The performanco of the cere, and, in particulcr, the integrity cf the clad is

the sing!c most important item of which you must be aware. Operation of
* ~

your plant icilcwing the regturcments of t'.a Tcch Specs, v.hich is ycur. legal *
.

document, will assure you that ycu meet your res;;nsibilities as an operator.
.

s

P. The dccigner has furnished you wi:h rystems, cc:rpenen,ts, and precedures, 1

and has assisted fou in preparing the Tech Specs which put it all tcgether.v

'

Above all clge, h; Low your Tech Seecs.
_

,

>. .

.

.

.

. . . g

s. .

V
.

.
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5. Cora Thermal Ter:cr.uanco (cont.)

9 [pJ'4.'
fc

U
K5a Problen Set - Chapter S

.i 9ipc 4 gr, ft-

v
/ j)1. A pirt:culer PWR fuol asser.1bly generato: 7 f.iW . It has 173 fuel A

rods, cr.d it 1: 12 ft. long. What is the averega linear heat rate f

in this a:sembly? .* .y

ip t?! "

2. The her c a *t below shows the avoroco lineer heat re.to' for ccch foota-
,

of a prticul.ir I".'.'R fuel red v/ hen the plant is running et 100!*, power.-

*

12
.

%

I
'

10 -

>- -
.

*
'

o
. .

' * * *

8' ..
,

. ...
,

.
.. ,

~

.6 .
6 '

*
. . . .s , , , ,

*
. -4

- .
,

A
J .

2

I0
O 1 2 3 4 5 6 7 '8 9 to ~ 11 12 7g.

4, , J.. A $ = (f/

Of $s A' '

<g (a) What in the average linear heat racc for the thole red (one
number)? .

k . ,(b) What 13 tha max *:m:ra linest he >t rato alon; this rod? ,

( (c) What is the avera.:o Itnear heat rato " rom 0 to 3 foot
g i .3 ' I, abovo tha bottom?
t Y

- (d) What te tho avera e lincr: heat retc from 3 2> G fcet?

.
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-
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_

'O 3

Il
(c) What is the avere a line:r heat rate fium 6 to 9 feet?

;.

(f) What is the average linear heat retc from 9 to 19 fcct?
E
L

* '

.

(g) Plot your an:wers to parts (c), (d), (c), and (f) of this
problem on a har graph similar to the eno civen in the

-

problem. (Your graph will bc only 4 hars on it instead-

of 12.) [

3. Suppose the power level in the plant used for probicm 2 is reduced
.

;.

fro:n 100% to 50'A of full power. Cone.ider tha tame red, and re-plot ,.

the graph to r.cprosent the now power Icvel. (As:, ump that the power ,

reduction is accompliched so that control red und void distributions (
,,,

,
- are not changed and the relative power distribution is airc: unchanged.) )

.

Mswer, for the noe. power icval, all of the que:t(ens in problem 2.
~

.

* - . p

*

4 .' 'Calculato the ratio of m:::imum linear heat rate to average 11ncar heat ,
.

E.' --rato for probicm 2. .' ...
. e

_

Calculate the ratio of maxiraum lincar heat rato to average tincar heat

-) k

:* 5. k' * rato for probicm 3. * .

r ;..-

V
6. A core contains fuel reds hat ing a 0.440 inch clad cutside diameter

-

,

'and active length of 12 fcet. The maximum linear heat rate of fuel 2
rod is 17.8 kw/ft. The core average heat flux :: 176,000 P.Tu/hr-ft . ,

What is the total nuclear p!us =cch: n!::1 het channel facter? (
, ;-

"

7 In prob!cm 6, if the axial power ratio factor 1: 1.5 and the engineering .

'hot channel factor is 1.035, what is the nucicer rt dial power natio
s

factor?

[.8 If the minimum c; crating pressurc 13 2200 pr.ia tar a core pro:!ucing
-

|62560 Mw(t), and having a total flew of 120.P, x 10 lb/hr, vhet is tho
core inlet enthalpy that wu!d renuit in the ctort of bulk bctling at the
hot chanuct outlet? Assume the rgg (aucicar plus mechanical) entahlpy
rico factor for the hot channc! is 2.06.

ng rigurc SC, classify the f:llowing combinations of reacto.- coolant9. U
outlet temperature, reactor coolant pceccure, sin <i mueber of reactor
coolant purap: operating $c within tha nafety limits (CMB|t': 1.3) or cut-
side the safety !!: nits (CNC". < 1.3).

.

|e

J
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CCT'E PERTGF*.:."'!CE
5. Core Ther:.1e! P:rform .nco (CO..':)

y'..
0

- ,.
,

*.s

No. of Pumps Cut!at Terr.p Pressure
*

o rt!nc (3M fes!3)
!

(a) 4 610 2200.
.,

'

(b) 4 600 1800,

* (c) 3 G20 2000 .

(d) 3 6GO 1600

(e) 2 620 1800*
..

(0 2 630 2100
*

i .
. .

. . t
.

G

, O O

.) O s-

'
.

.

*
.. s***

s .

. -

h- O

.

.

e

hp .

s
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g | POWER DISTR!311"IO'TS

e
*

..

I. Ideal
'

.

1 .

A. All portions of core puducing equal amounts of power.
.

B. Uniforra Fuel Burn-Up
,

1. core size mini:dzed
>

.
-

i .

2. Iowest fuel cost per W .t
.

. C. Unavoidab12 phenonena cakes it impossible
.n: . . .

.

II. !!o:r.ogeneous Reactor -

0

*A. pare
.

*1. No refle: tor'
.

'* -
. < ;. . . ., ,

2. Power decsity drops nata.c edges due to neutron leakage. -

. .. .

* 3. Power dro?s abruptly to zero, while the therm 1 flux gradually falls to 0.
5%

C. Feflected

1. Scatters same neutrens which leakout back into the fuel.

2. Moderates fast neutrons.
~

-

n

III. Heterogeneous Reactcc

A. The power distribution would be of a modified cosino shape. This is due to the

discontinuities caused by the moderator and fuel separation. .

,
B. The 'themal flux is deptessed towards the center of each fuel red, while fast

a

neutrons are thermalized in the moderator ca'using peaks outside each rod.

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

!

; fuel Lundle remins intact.throughout its useful life.
I

fM *

.

. _ _ , . .
-_ _

8 ' * ***

.i, . _ . . _ _

.
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:d
q ug i'im w.mr Ly'' urien between tundles is found by the bundle peaking factor: ,

.
4:1 -VY . i.

' g;} N APT = Totst v.or generated in the fuel bundio of interest
.

)

.A.
k {.: |

Total g ewer a,,enerated in "averago" cundle -o n u ibes.
,,e f

h ! (so etires called radial peaking factor) ''

/
- !;

.

' - E. Dur41es near the edge of the core usually have lower SPr's then these near i,
.

t
. J

* *
~

center.
.

T. Increase in bundio power causes a correspondirg increase in the void content,
.L I
.;

. t
.

!which limits the power increase. This assists flattening effect. ,

,
, ,

G. In onier to try and flatten the power distribution, P'*R's usually use different

enrichmentu. The highest enrichment in the outside annulus, while the lovedt
-.. .

: enrichment is*in the* center. .,

*<
*

- H. These enriciu::ents tend to sinooth out'the neutan flux, however, the sharp
* *

-. . .

breaks in ths power generation still exists. This is be;ause the P = 9 f.f.
,

,
if the # corittant, f or enrichment cause (*f to change., 6

'
,

*

I. ' The differing zone enrichment is not desirable for lar;;e reactor cores.
3s.'

1. Zones larger than average crew flight path. ,-

2. Zones tend to act Independent of each other.
,

3. Constant ;>cron distribution makes the center zone' 10* <1 or suberitical while

the other zenes dre keff = 1.0.
.

J. Burn .blo poison located in appropriato areas can flatten the power distribution.
*

IV. Axial Power -

A. The power distribution from the botto:s to the tcp of the core.
.

~ I
B. Slico a fuel bundle into 10 equivalent sized slices, refered to as nodes. r

- !
C. Each node is generating 1/10 of the 2Pr.

D. The power production by this nede is found by the axial power factor:

APT z pouer ganerated by nede of interest i

average nodal power for chat buncle j

t,
1,9 !.

.

i. .

-2-

f
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6-15

.

.

E7 In BWR the peak axial power occurs senc* hor: belc < the centerline."

. d, '

.] r. Unifera centrol re:ults in very high axisl peaking in the botton of the cera,

while botto:s entef (2JR) results in lower peaking. .

C. In EUR the higher :sodcrator temp. at the top of the core tends to push the

axial flux peak slightly below the centerline. Top entry (P'~rt) exaggerates

,
i ' flux peaking in lower half, thorofore, it is advantageous to use uniform axial

11(che::i. shim)..

.I . contro .

r
-

.

V. Local Peaking '*'

*
' '

.

A. There is ' reflector peaking in the water gaps which increase the power generation.
. .

3
* This is most strongly felt by the fuel naar the gap icft by the removal of a

control rod. ...

<-. . ., .

,
B. Contrarf to this, when the rod is in pisco the fuel operates at a n.ueff lowe'r

power. **
*

A
'C. Local Fue.Ing Tactor:* *

.,,,,/

LPF = pose in fuel red in a given nose
,

average power in rod for given nodes

D. ruel rods in the vicinity of the control md are usually loaded with slighly lower

enricher:nt, which reduces maximum local peakin$ by ~~ 10%.

E. Ecch fuel rod consists of a length of pollets fellowed by and end connector

causing a thermal neutron piloup in the end connector unless the connactor is

made of a special caterial.
s, f ' s. 2. /. <

/g / /b s b hek ~ fe/ e Y *Y $'" 5 | *
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'9 POWER DIST.* IBUTIC:t WIT FILATIC:! TO THER:'.AL-:!YOTJ.ULIC LI::ITS

r

I. The reactor cust c;erste' within the limits of C"Et and fuel contar te=porature. ,

**

A. Physical goonetty of the bundle

Influences the heat tran:fer coefficient (te:perature of cladding and fuel).1.
I
! 2. Pressure d mp and coolant flow in core. C &$4s (CNO) .

*

C/TA y, *
;B., Tower ' dens ty (heat flux)i*

-
*

|

, 1. numerator of the cifra ,

2. needed fuel center tc=p.
3 * *.

' 3. DNB occurs at a specific point, y: ,

* . . '
.

= (3PT) x (APT)y x (LPT)y x Q .

A cre ave.. .y

The prod.uct (SPT)(APT)(LPT)Y .= total peakin.g factor ('TPT) so ,

*

e o . .* 4* .
,* . .s- . . * 4

,

\Il.. = (TPT).. x \I}l ave.
[ e .

*

O * s ,

.

C. Condition of the coolant

1. heat content per weight, enthalpy H (g).
lb ,

2. pressure tells if coolant is subcooled or saturated.

3. Enthalpy rise peaking factor .

enthalov rise of coolant in flow r.hannel*T a
4H average enthalpy ri:.:o of coolant in core

4 BWR - a flow channel refers to the entire coolant volume contained within tho.

, limits of a single fuel bundle, because of turbulence by volds, spacers,- etc.

produced unifor:a nixing of the coolant.

1 5. PWR - unifer i nixing is not assu=cd, therefore a coolant channel is the region
i -

..

between fcur fuci rods.
/*

*
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e,

-p.

*
A. (P:lR) *a'e are dealing with subcooled water and ali heat added to the-

~

*
'

, coolant goos into ral:Ing the tamrerature, Q = 5 T Cp.,
.

B .* To find enthalpy; the temperature increases is divided by the flow
f*,

rate:

' .

H subcooled = 6 = b Co _3 T Cp 47=

0' *
..

H *

.

.c. Any flow will reflect itself in the channel te=peraturo rise.
-

.

D. Example:

The peak bundle is a particu'icr F*.:R opomtes at a BPP = 1.t 5. Within

this bundle, the peak rods operato at a LPF = 1.08 Ascume that flow

is uniform throughout the cere. 'a' hat is FAHh
*

Q peak a
I) lave k (DPr) x (LPT) x (A Channel)
0

hPeak= x (1.45) x (1.08) x(A Channel)

The enthalpy rico in the channel is strap 1y the heat addition divided by
the flow rato.

'
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:
'

.
L

.

. %4
o;i reak = (c/Alhe x (1.45) x (1.08) . (A Channel)

-~:
* ~

' . .

O !! ave Channel .
- ..

. . -. .
.

?e
.

'n.e expression for the enthalpy rise in the average channel will be*

.

ithe sama as that for the pea': exce;t all pecking factors aro 1.0.*

H ave.s .
-

. ,
,.

.

ave x' (1.0) si (1.c) x/A channell
|

M Ave Channel -.

:--
.

*
< . .

.- thug ;, ,
,

a.* .
i

F d H = A H neak sg 7 x (1.45) x (1.00) x(A Channel) .

g' *

.

4 H Ava gA e
<-

In Ave d .nel I**

. ,. .. ,

7 x (1.0) x (1.0) x[A Chrniel) E

,

(O . , e. ave <* s...-~~.m .

o ..ay ,

,

,

F/a H = 1.865 x 1.08 = 1.57 y
-- . t

.
a.

4

E. Therefore, for a PUR, Td II a (BPT) x (LPT) >-

.

!-

II. the total peaking factor between BUR's and P*,."P,': do not differ greatly, although the ,t.

p

BWR has higher local pesking due to the control md water gaps, but has lower

radial and axial peakin because of the flux flattening effects of the voids

coupled with the bottom ntry of the control re,ds. '
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I. PWR operating at full ;o.er ar.d all rods are escentially withdrawn. ,
, ,
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A. The axial flux will be approximately cosine.
L. . .

B. The xenon e.oncentration will follow basic cosine by fo11cwing the flux. '

l
-

b

II. Boros dilution and control reds aie driven in to compen= ate for boren removal.

A. Power distribution goes to bottom of core
%

B. Xenon shape will n oain the same becauce xenon delay timo lags flux change.

.
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.N) .

'I After a few hours the higher flux at the botto:s of the core causins Xo to burn-outIII.
^m

quicker there, while the lower J in the top allo.s the xenon to build up as it
,

- . - - yr.. 'decays.
.

'

. . . - '

*- t ;
,
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A. The increased xenon at the top enhances the flux in the bottom. |

B. This c:uld cause the core to approach DN3 .ind/or center, melting limits.

.
,

,
IV. Eventually the xenon delay will catch the flux which will cause the xer.on g

distribution to shift towaMs the bottom. As the xenon shifts towa M the bottom the

flux will shift towards the top. [
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,

". The:e flu:tuatien: wil'1 centinue c:nstantly with tice... .

9
m- .

VI. Shifts of :cenon* *
.

A. ' Shift pe.er in core
'

,

B. Even though entire core reactivity :ay be 0, low xencn re:,lon may be on
. 1

|

+ reactivity while high xenon region may be on - reactivity.- |
1

!

-
'

.

-I .

.VI't. Rata of change of regicnal power with respect to time, Ap[{y,
-

t
,.

A. Directly related to the net reactivity of the region.

Ee C.
B. & = 4 K" + dK -

leak y x
(. T

.

i
-.

,
'

.
* 1. 4 K., = cxcess readtivity the re;ic.i veu14 posssss if no leakagt.*

,,

Region at 0 power, 0 xenen " * ** -. ,. . ,
,

-o
2. d = power coefficient of rogion in d K/ unit power.-

.
.

. a , .. .

. ..

p 3. P = regional power .
, ,

,#
-

,

?
'

4 AK leakage = reactivity effect*of ledkage

5. pxe = reactivity offect of an atom of xenon

6. Cxe = nunber of xenen atoms in region
>

C. Leakage alwcys goes frem regions of higher neutron density to lower density.

ragions.

D. If aP = 0, the pover in reg' ion is stable.
E

1. Ideally one would want one of the ter-s to, he balanced by the other terms

to keep the power in regica to 0.
,

2. This will keep reglen reasonably stable.
,

.
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. 6. CORC PERf0RMA!!CE AND CONTROL

,

A. Moacurement of L > cal Heat Cencration

-

After a rcuctor core has born designed, manufactured, and ins:alled, it is

important,to hava come wcy of measuring the performance during cperation

to insucc that the limits ara not being c::cocded. We hcve seen how to cal-

culate cycroll thcrmal power using a heat balance, but it is n'et sufficient -

*

to know mercly that the total power is at the rated vgluo. We must also be H.^ . .

sure that the power in all parts of the coro dees not c:.cced the limits im-* * .

po, sed on tbc fuc? tods. In all reacter cores, some :ncthod is brovided for r-
,

measuring the relativo neutron flux at various locatic,ns within the cerc., '

* Th'is will indicate the relativo powc'r yencration at these points.
,

'
.

*
., ,

,

v'It is important to note the word relative when referring to P.ux measurements
.

, .

[..
'

and po.v,er generation.
-

Y, The raf ativa flux menns that the ' lux cr.n he deter-
,_

*
'

mined in one part compared with ancther; if the cS otute flus: could b'c mea- -

sured, we would know exactly how many ficcions were occurricJ. Once the

relativo flux !cyc!: are mea uied, and the overall thermal, power is knovm, F

then the heat generation con be detennined at varicus points in the core.
,

:

The recults of tt:c flux measurements will give us our pcwer distribution In '

the foim of radial and axial flux shapoc. Pro.n these fliix shapes, heat gen-
cration peaking factors can be determine ! end applied to the a/crage heat

gencrcition and heat flux value obtaincd from our reactor heat balance.

This will give us the maximum values of heat generation, heat flux, and
_

entlialpf rico in the core.I

<

In a PV/R coic, the local flux levels and ter.iperatures within t''ho reactor are

meas ; red 1,y in-core in truments. A number r,f the fuel cicment:; arc supp!!ed
I

with a column for instruinentation in placc of a fuc! ;'in. A therr.icecuples isn
.V

,

972P-R C-1

.

, _ _

O

{ /us3 ,ik] 0 .

,

g 1

e

e "

e

e

9

e
6

. _ _ - -



|
r

%. %

.

.

.
-

.

n _ ,__.
-

- -

CONC TERFORMlJ!CE
G. Cure Perfonr.ance and Contrc! Wnt.).,

Ih N.

m -'
.

I .;

positicr:ed at the exit of those 'nst.- creted "uct cicmants. A typical 2500 Mwt

reactor has' 52 pcsitic..s for in-core flux and ter.:pereture menitoring. The de-
. .

tector assembly consists of seven Iceal fita dc!cctors, located at seven axial
Ipositions in the core, and ref:renced tc the bac': ground cete toc cutput :o

that the resulting di!!crential signalis a true measure of neutron flux, m

5

The in-core instruments provide infer =ation that can be used in conjunction
~

r.

with previously datormine:1 analytical information to determino the pcwer <Ils-
*

tribution. The instrument reedings can be used to calculate reactor coolant

enthalpy distribution and fuel burnup distribution an ! to estimate the c: Icnt * L
,

.
flow distribution.

* .

The flu >: menitors are miniature solid-state ncutron deicctors. The leads for*

0 >

the detecter column penetrate the bot::= cf the recctor vessel. When tho

reacter is de-pressuri:cd, the in-cera detector columns'can be retracted - -*

)e
~

. ,.8
0

through guide tubes, which are en the hsttom of the reactor vessel. 'Ihesev .
>

detector columns arc with:!rawn from the cero during refueling and later are

re-in:erted in the n6w fuel elements. It is not necosrcry to re-calitiato

the detectors during plant life, becaus:: the corr.puter output has a progrs=

to compcncato for burnup cf the neutr c.-sensitivo material.
/

. "
The data q:thered from the in-c:ro !nstrumentation is used to calculate core

patformance, both thermal and hydt:u!ic, and to detenninc other physic.=

parameters of the core. E.:t:.rnal or cu*-of-ccrc Instrumentation is providad

to measure average core powct. dct:ct f*.u/. tilts, and provide s!Gnals to the

reactor control and protecticn system.

The in-core instruraentaticn is net ar.ticipatad to bu placed in orcrutica on a

scheduled basis for the col!ccticr. ci his to calculate pcwcr di:tribution. It

will be used during approach to full p?wer for the first tim.i to verify thut g

Q control. red pattems do not cause Icrgu 'i an caleter.ted peaking facterr and )
'

.
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CO:tC PERr0RatANCE
6. Corc Perfer:.:nce and Costroi (cont.)

-
.&

1 .

e
* * * .d

,,[g g. . *4 '.
,

:?g that the cut-of-ccre instrumentation is sensitive to !!ux tilts. After the
.~". . . .

plant is in nonna! operation, power distributi:n calculation: will be made
''

to assess the effecta cf xenon on pcshin; fact:r Iccatica and to evaluate

any changes in the control red patterns. The rasct:r c$gineer .y!!! utilize
data f' rom the in-corc in:trumentatt== t: =casure fi;e! burnup. Additionally,

the data can be used to confirm that C:*3R is aheve the design !!mit. The

in-core instrumentation is an informatica system; it is not involved directly

in centrol!Ing and prctocting the cere. This latter function is accomplished
.

'by the cut-of-cc:a instrumentation, which, when combined with cther plaAt
* parameter rr.casurements, operates to limit cere operatien and maintain ec= '

ditions within the design safety tiraits estah11shed in theTechnical Specifi-

cations.
-

. ,

B. Reactor Control
-

The rocctivity control of the reactor is pr:vidad by neutrca-abserhing centrci

rods and by a scluble ch,emical neutren abscrber in the reactor ,cco! ant. The

reactivity control system functions to maintain fuel red integrity and prevant
-

>

fission prcduct reicase. A: d! cussed in c7.es 1!ct section, cr.o cf the limit-

ing therr.cl criteria is that the minimum ?!!cwable DNER during cparaticn,

which includes anticipated transients, is 1.30. The control rcds provide

sufficient reactivity to terminato any nu:-.a! ; wcr transient prior to reach-
.

Ing a DNBR of 1.30.

.

How do wo knew then to insert the centrol rods in crdar to prevent a DN3R

of less than 1.30 or a !!ncar heat rate of !ess than 21 '..v/ft? Certain con-
ditir.,ns in the primary system will cause an immediato and rapid trend to

'

cxceed the design limits. Two cuch c nditions are high rca:ter ecclant

outlet t::mporatt.ro and low rear: tor coolant system pressure. The ccaditic,ns

are rneasured and used as in:uts into the reacter prnt.:-ctica nystem. High
y . .
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6. Core Perfermance and Control (cont.)h
.

)
~ r

-

reactor outict temperature or loss of systert pressurc will cause immediate

reacter chutdown and prevent a D;;BR of less than 1.30.
.

Another r.:cnitored parameter that can result in loss of cooling for the core is
The flow reduction input is part of 'hc pcwcr/ imbalance /primaty system flew.

Ocw trip input to the reacter. The trip logic for this cetpoint is that the

powcr level trip sct; cint is decreased as a function cf,the decreased ficw
~

and corrected for any powcr imbalance between the upper a.td Icwcr portions

0 of the core. Figurc 6A shows typical power imbalanc2 beundaries,fer this
-

'

r'cactor Frctcctica function. Some plants have an additicnal trip ci:tpoint*

for los.c of reactor ecclent pumps. Typically, a reacter trip is initiated en .

loss of'onc pump for pcwel levcii: abcv' appscyimatety' 90.% and trip of two *c s
.* + . .*

pumps at any power level.

Other trip functions are cniculate' from various plant parameters fer protec- )d{ ''

tion against slowd,-increasing conditions that might lead to c:cceeding design

limits. One of there trips is th:: overpow:r trip. When the neutron Cux

level (which is prop 0rtional to power) rosches a certain scircint on two out
of four dctceters, the reacter is trippt.d. Figurc G3 chews typical pressu'rc-

.

temperature setpcint boundcrie:. When the reacter co.iditions arc determined

to be outside the bcandarins, the reacter is tripped. High reactor coolant

system prc:sure will also initiate a reactor trip. Thic trip insures that the
de !qn prc:sure of the reacter cociant system is net c::cceded; this cculd

result in a lack of integrity of the primary system boundary,

in the preceding discussion, .ze examinvi hcw the roccter protection system

functions to koop DNB!i and !!ncar heat rate witi.in limits. Daring normal

operation of the roccior, there is some control availa:Ac to the escrator in

shapint; the cere axial power distribution. This is accomplished by the use

of a: dst i:ower rhaping rod as.ce:nblics (/MIM). .qc.ca vendors call thenc'
.3
* ~1

part length rede, becauce enly 3 feet er r.o of thr; cent.ml red h.u a neutron

~
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6. Core Perkr:.ance and Cr.:ral (cont.),,;
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COr.J: PERI OP' 'ANCE
,

6. Cere'F2rior:nanc: and Control ' cont.)
-
b;
4 .

?

-

ab:.orber in it. The:c M30./Js arc manuall/ cperated and are not ecrammad.

Thc'f are used to improve the capability of maintaining der. fred core conditiens
- wh!!c provPiing the means to damp cut xenon occillations.

.

The main rearca that /JSPA': can be u:ed as an effective centrol is that they
represent the Ier ; cst percr.ntage of cor. trol rod:1t::at are still in the core.

Most of the_ full length control rods are out of the ccre. At full powcr, only

one centrol group of rods Is partJally inserted. The reason that a majority
*

cf tha control : ds are out of the core is that the .esluble chemical neutron
-

*

abscrber (boric acid) concentration has bacn c:tablished to allow the rods
to be withdrawn from the ecte." This allests more uniform powar distributicn

and svon,s fuel burnup between as:cmb!Ies. It also increascs the control

rod relative shutdswa capabil!ty. The control group of rods :till partially,

inscr*cd in the ccre is used primarily to restere T after a load change.avg
-

.O These rodt are centrolled aut:matica'!!y and are c'apable of rocctor control .v

over the pcwcr nnge of 15-100% of ' rated pcwer. The centrol system will
e

also ecmpen ste for Occo small amount of fuel burnep. Fine! E==ponsatica

for burnup is made by adjusting the beric acid concentratien in the reactor
coolant: in thic instance, the concentatica would be reduced.

The a"+.centic reccter centr:1 cystem func:fons to a!!sw the reactor to be a
.

lead fo!!cwing unit. At pcwcr lovcis abova 157., the plant Ic cperated at

constant ::ain :tc..m pres:ure and constsnt primarf T , The control sys-.

tem rc: pend: to changcc In 10ad by altcring fccdwater flow. As an example,
if the unit load demand increasos, the turbine will rcquire mora etcam to
'rr.aintain sp e d. Peodwater flow increacos to provide mero steam. This

inercasos 'the temperat :rn d!!!crcnce acrces the tuba: cad allcws more heat

to be trcnsfctred from the repeter ccolant to the etcar./wate. mi.xture in the
:tcam generat:r.

A . rr. crc h.nt != taken from t':c re ,ctor crclant, its temper-
.] cture is decreacc ! as it low 2c the stca:n gene. rater. Thi: coldcr water is

972 P-!! 6-7,
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6. Core Perfer -:n 2 cnd Centr:! (ecnt.)
'1

5 -.

.1,

sensed by the tcact:r in!ct te=;crature senser. The T cc=puter gets its
avg

signal fic the ::ac*er in'st and cut:ct tc=porature senscrs ar.d computes |

T,yg from the folicwing relati:nship: |
,

,

i

Teut + Tin.

T =
avq 2

A signalis then sant to tha reacter c:ntrol sysic=. This signal is ce=;cred
. .

to the setpoint and, if it !s foun:f to ha less than the setpoint, the cen:rol

rods aro meved in a direct!:n to rasterc the T tc the desired value.' In -

avg -

this example, the reds vieu!d be withdrawn to increase the core power to
r::atch the sec:ndary system demand. *

. ..

.

.

. ')
'

,c. . ...
v

.

.

,. .

.

.

.

.
*

.

. . . ,

. i jy .
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CCRC PTRFO!<MANCC
_ 6. Co o Performance and Control (cont.)

n '. '
1

- ," h

.
-

,

I

Prob!cm Set - Chapter 6- '

-4 .. |
'

!.

r

. r

1. Refer to rigures SE and 62 to determine whether or not this plant'will :

trip for the conditions given bolcw:
,,

[(a) r 600 r-
3 .. .

-, . '

, .

P 1900 psig= ' - --

RCS L.

.
. i

, .

4 pumps running *
, .

- o ' - .* *
, _ ;..

-
-

. . .
. .3 . . -

. , ,.-
"

(b) T *
600 t=

h .

0, ia
2100 psia c:P =

RCS '

3 pumps running
.

;,. .

.

2. Using the accompanying flu:< profile, what is the axial peaking factor?

What is the relativo asscably for? If the local pcahing fcetor is 1.15,
. what is the maximum flu >: comcwhere In this assembly?

>

4

..

P

1

*
.,
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I
i

,
Reactor core materials can be cen* eniently categcri ed with regard to their

functions in the reacter. These categcries arc: fissionc.ble fuel, fuel -

clad, neutron absorber (contrc! rods:Ison section), cooler.t moderater, and

reecto. Internals.
.

A. l'issionable fuel - *
,

,

. .
. . ,

o (1) The desira:!e ;roperties of a nuc! car fuct material are:
* *, .

.

. .

.

. It must be !Issionahic. .o
:;

.

.

e Nenfissicnablef material nust be rainimined or must
*

,have,!ow absorption cross section.,

e The matoris! should be physically stable; that is,
it must neither disinte.grato nor c:<pand too much.

:1 (^' '

- v o It shou *d n?t cerrode cast!/ in hot watcr in case
- of clad luaks.,

O lt must be ccor.cmical:7 competitive with reup0ct
, to fa'brication, enrichment, and r'eprocessing costs.

o The thermal propertier, of conductivit'/ and rneiting
temPrature should be such that it vill not rnett
in operatir.n.-

,

(2) Urantu:n is a re. oral. and consideration wets once given to

using it in metallic form. Uni:rtun:stely.urcnium corrodes ra , idly in wa:ct

and also cx::ibits undesirable ..Y sical beh2Vior when irradiated. Unless/

stringerit r anufar:turing contrc! are: u:crcised to in:ure that a certain

metallurginal crystalline structure exists, uranturn metcl tc:1ds to grow under *

I

Irradiation. Another problem is that while tho .::lting poir.t (2070"r) is |

satisfactcrily high fer Itc t res: c)nh tivity (shout 1/10 that cf aluminer.i),
,

_

.

1070P 7-1
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CORC PERTCit!.L' NCC
7 Reactor Matcrials (cont.),_

s,i i
. ,

LD.

it undergoes seveqal menllurgical phare transfer: nations between rocm

temNrature and its r.: citing point. A phase transformation involvec a rc- ;

arran;ement of the =clacular stru'eture, and,as a result,the volume wil! -

,

change if not const ained. If it is constrai: ed as in a fuel element, high
stresses can develop within the cladding. The only ex:ensive use of uranium

.

;

t

' '
,

metal as a fuel has hcen in reac:crs dcsigned for the production of p!utonium.

-'

(3) The abotc considerations !cd to the investigation.of
.

'
-

ceramic materials fer use as fuct naterials. The two ceramics cf pfincipal ..

i
'

7 interest'are uranium carbide (UC) ar.d uraniu 2 dio::!de (UO ). Thcr=al
'

2 ,.
,

conductivity and nuclear properties of UC are bot:er than those of UO2 but f',

the melting point cf UC is somewhat Icwcr (t.' ; 4 230 T: UO 4SB0 T). OneJ 2

picperty predomina:cs, however, in .the exclusion of UO from water r?ac: cts: I-

it deccmposes read!Iy when exposed to hot ws:er. One of the prcducts of ;
a

8 deco = position ic acetylene. vhich could create problemc if generated. -3 7
& .* w

r

Uranium diaxide has turned out to de the bes: meterial int water renc:crs
Lwhen considering all the factors :sf safety; thermal, nuc!esr, and cherrical

properties; and the eccnomics of pro fuction ar.d utill:ation. Its : .a f or -

'

disadvantage is a relatively low thermal cenductivity, but that is co'npen-

sa cd by a high mc!:ing point and no phase transformations. Ura r.ium

dioxide retains fistler. produe:s .1c11, decs no: drastically expand in volume -

until high hurnups' are reached, ar.d is not a neu'rcn poison. Some er. rich-

ment (3 to 6 percen:t is rcquired he'rause of :he dilution of uranium a orns

by the oxygen atoms.
-

A

rB. Puct C!ad -

(1) The desirab!c proper!!cs cf the clad :naterial are:
t

(d . s'
s

.
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7 Reacter .'. tater ml - (cont.)-

~.d g

', |3
.

.y

9. ..
o Goed strength at operating temperatures

.

,
e !!ot susceptthic to corresion ;

!.ow neutron absorpt!6n cro:s section -
- e

o Iligh ther tal conductivity
-

.

.L.
For water cooled power reactors, two metals hgve be:n used for clad
rnaterials: stainless steel, and zirconium alloys, *

*

.

:
(2) Stainless s:cel was used extensively in the originst

,

PV.2 and B'.C designs. It has given way to Zircaloy . however, in both types I
- *

P
.

of reacters. The on!y significant prob!cm of stain! css steel in PV.Ts is that

it has a higher neutren absception cress scetion than Zircalo'y, and thuc a ha
* *

'

fuel with a somewhat higher enrichment is rqquired. In @VR's, statnions
*

steel is inadequate for another reacen: it is susceptible to stress-corrosion
b cracking. Small interocracks form, stcrting at the surface, and weaken tho |

raaterial. Since the clad is thin to start with, cracking is unacceptabfe.

(3) Zircaloy-i (1.5 perce .t tin, 0.18 percent:fron, and 0.10 -

percent chromia:a by weight) is now the pcierred fuel clad raaterial in *

water cooled pcwer reac::rs. It is not as strong as statnicss stect, but
*

!!S Icw neu*ron cross section and imrnunity to st-ess-ccrro: tion cracking -

outweigh the lower strength. The lower strength is comper.snted for by

usin a thickcr tube wall.
1 i

<

Cne possible source of trcubic with Zircoloy clad is h_ ydrid!..- This refers
; to the te .dency of circonium and its allcys to combine with any avuitable

h/ drag:n, fctming :tre hydrido platelets which decrosso the stroncth of
tha 2'rcalcy. It/ tf:iin; i: avoided or minimi:ed by: Id

Carefa! m nufacturing go.:cdurcs which provent hytir gen fromo '

3 .. ge:".ing inside th: fuel ro:': in tne forrn of water vaper.&

.

.

.
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CORE : CRt'OR.W.NC*d
7 Reactor Materints (cont.)

% .

s . ,
. .

.
$
-

'

Control of -.ater chemistry in the plant to avoid cerroc:en of ia
|

- the Zircaloy from the outside.
,

'

.

C. Nuclear Puci Performance

(1) Puel Damage Criteria

Tau funda:nontal criterion is that no fuct element deraage is to occur during

stoody : tate operation, operational transients, er r.:aconably probable"

accidental transients. Examples of operational tron:icnts are reactor startui.*

.,

or change of load. Examples of reasonably Froh'.hla .3ccidental trancients-

..

' arc loss of clectrical power to a circulating pump, conti.nuous control rod.., .
*

. .

c, withdrawal, or loss of turbinc load. Por at ! cast,sorae of these accidental
** * transtentst the scactor sould bc protci: tad by scram. The criterion of no +

fuel element damage does not by definition apply to the highly imf.robable
**

g ~}.D MCA (t:uximum credib!c accident).
** *

The consequences of fuel fa!!ure range from cuhntantic!!y unnot!ccable

pinho!cs in the c!cdding to scvero activity releace couned by gross failure

of cladding. Ncrmally encountered fuct fsilurec allow unrestricted normal-
.

operations and cro not a h.uard to the s.:rrounding rmrulation, b.st severc
*

cases may requirc restrictions on puwer Icvel to red +.o rcleano of radio-

activity to the envireninent.

(2) Puct Burnup tinits

The moEt ottrn used units of fuc! burnup are megawatt days per metric

ten of .ranium (.'/"/D/ Mtt.f) . One W.'/D/t. til is equivil :nt to operating

with 1000 kilogra .:: face metric ton) of eter.tained uraa!.im at a power of one

mcqswatt for one day. The uranium rufcried to hurc is tctal uraniuq not
,

y. . /g
-

.

.
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|'y 7 Reactor h!aterials (cont.) J
t

T l-

|.e.
.

Just !!-235, and not UO ' W# ##n t# ' #b#"tth* tu#n"E #n7 **'unt
2

uranlurn that we ;! case-the urar.ium in a fuo! pollet, in a fuel rod. In
a fuct assembly, in a wh;le bat:h of :uel cr in :he / nolo cere. -

When referring to a whole core of urar:tum burnup becorre.s another way
,

of measuring full ; wer days. In mest arge r.u !cir plants , or.e full-power
rnonth is c utvalen: to 1000 to 1303 J//D/.'.':U for a PWR. Considct:ng

that a plant is no.t opercted at full. power all the time, age finds that the
,

typical PWR cero accum;1ates a bur..up er 10,00G-11,000 f.:WD/MtU overy,.3 ,

year.. Fuel is typically used for about 3 years, so that the everage bt.:nup
of fuel wht:h is discharged for rc; recessing is somewhat above 30',000 NCND/

.
-

.

,
-

MtU. Particular fact reds and particular,;cilets in this fuct will hav'o much
.= .

higher burne.cs. *

.

- . .
.,, . .

For a SWR, or.e fu!!-power month !s equivalent to 5')G :s "'00 ?. WD/h:tU, so *

.r. a
U that the ty;!:21 E'.'/R cere accumuls:es a hurr. p of 5,000-6,000 MWD /M:U

cach year. 3WR fuel is typically used fer 4-5 yr:ars, so ths: the average
burnup of fuel discharged fcr reprecessing is :e rewhat :.h:va 25,000 MWD /h:tu.

D~. Operating Experienec vi:h Pe.est Reac::.r Tuel

(1) Zirca:ey-CIsd Tuel

Dur:ng the past few yc:rs, soveral reacters vith 7.tecal:/-e:2d feat hcvc

been placed in operation,and they arc cu rently accumuls:ing sigrificant
_

additional trr:9ation experience. Sam:r of :he a :.2 mule:cd c:qcrience
will be dis:2:nd in tha fe!!cwing paragra,:hs .

%(&

.

.
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CORE PTRTCR'.tM C:C
q 7 Reac:cr Mn:c;ials (cont.)
il4

3,1 .

O..,
'

.

'

(2) Zircatoy D:;tt:ence in 3V.~'s-

As of the compM: ion of the ,1957 Creeden * refueling cu:sge, failed fu'el

loca:!ca tests end undenvater visual in=p2ctions hr.o she.<n that between

22 and 30'out of 53G original Type I fuc! cssemblics hSd developed clad
.

perforat8cns in service. By the !.Iarch * pr:11063 refueling, s* ! east ten

other assemb!!cy (Types III and :*1) w!:h Zir:s!oy-2 c!cd o:::dc fue! including
..=. ..

several with vibra: ry compac:ed UO pw d rfuel,had defected. Ap;.ror.1 *
2

~

mately 23 as:emblies with adclition'al failed Inc! wert-rceoved in the 1969
.

. .
~ .

summer shutdown. !.*any of these fa!!urc: were attributed to fue! being .

.

operated to ap;toxt=ately tutte its dest a exposure, and to manufac:uring
~

. .

defects.
a q - *

.

Dig Re:% Point c::perience with Z!realoy c!ad UO urt .; he ;cri d 1966-
2

*C 1953 Ir.:!udad failures :n .:.ure :han ferty asse:.b!!cs. Tnese failures can,
. v .

be divided into two types: '

(al rai!:res in Dynt.;2% ?:wder,vitrit:ry ecm;icted
assemb!!es ap;crer.tly cause:i by hydtc;er.:us materia! =cn:hmina:icn during
manuf ::ure.

(b) The romsinder cf :he Zir-alo/ clad failures were
chara::crized b/ gres; crater: :n area: cf 1;31:ed crud. Cbserva: ions and
analyses to de i-ficnu thn the fuel r,::: fr.iluroc rc:ulte:! irem heavy '

but! dup of crud c: ale tha: caused the c!sdjing surfacca to oper+,te et ab-

norma!!'/ high :e-.peratures : .d ::rrode at tr.c high rates cx,:ceted at these

high :emperritures e the peak pcwor toet:ia..s. The crud apparcr.:ly resulted
from :he materL11: In th8e !cc-! rater-con is::ste systa 1.

.

.

.

The : Ljor fus! fath re cxrtrier.000 with a E.r:;:c:n EV.'R has occut cd in tho

() KRB rea:::: 1. '//c::t German / which has b;en cuera:ing sinre,1965 Seriou:
,

1070P 7-6
.

, _ _ _-. 8

.

i /:.us l_. ' 4. 9 '! ..

. e

.

e

*
. *

.



s

*
..

. .

.

-. -. . .. -
- --

'
^

CCRC PERT 0a f.t!.t.'Cr.
7 Reacter i.*.titerial:. (cont.)

~

' 1\
-

9 *

.̂

- .,

failures of Zircoloy-2 clad UO fu ! reds have cecutTc:d in this Cencral
2

E!cet-!c fuel. By the tin:o of the first refueling in the summer rif,1969,
- .

appra::imately one-third of the core assemblies were defected. Many indt:-.

.
vidual rods were found with identifiabla defects. The defects have been
attri$uIed to: fretting of wire sog:-onts carried fro:n a failed steam

separator into the fuel assemblics, internal hydriding and tubing defects
that occurred during :::anufacture.

.

BV!R Zircaloy-clad UO experi ne in r:: st other reactors has bcon rela-
2

tively good,although failures are known to have occurrad in TV.*L (iingen),
o KAHL and Dresden II. In Dresden II, 23 assemblies were identified as

failed on the basis of sip signals or visual inspectio.ns and were replaced
soon after startup (summer of 1970). Activity levels in other EV/R's such

-

as Tarapur, Tsoruga and Oyster Creek have been slightly higher than normal,.
,

'

~ . - . which is probably inJ!cative of a few fuel fa!!ures,cr defects. 1*/ith the,

~)
!arge number of SV/R's current!'/ o; crating er due to be started up in the near

future, considerabic additional ca.perience with Zirecloy-clad UO u I should
2

be accumulated rapidly. Howc ter, except for unusual circumstances.
>

significant fuel purformance experienc.1 is not availabio until after several

years of operation and/cr the first refuelir.gs.
.

In surnmary, peak linear hect generatica rates from approximately 10 to 16

kw/ft with barnup up tes 33,000 !#//D/MtU have bee:i achieved with BWR

Zircaloy cla*d oxids production fuel. Sevcrat failures have been experienced.

However, when all General Electric production fuct typ3s are con :tdcred,

less than 0.55f. have exrdrienccel fallt.re due to cladding pcrfdration. Mos t

fatlur rs to date : ppear to have I-con caused by m;.nufr.cturing dofccis,

quality control or plant cher.:tstry probleras rather th;n the onccecling of any
desi n er materials !!=!tatir,ns,

g

us

1..d i

I
!

!

.

1070P 7-7
,

,

one hem~

,/,*/4,3
. h. .- h.-

.

.
--

.

.

4

I
.



i-s
!
I

J

1.

i
!.

- __- : - .

CORE Pi:RPOR.'.*A::CC
7. Resc:cr Materials (cont.)a

,V i

9 . . |
:- <~ '

" -

t
--. ,

(3) Zircaloy Exp trtenec in P?/Rs ,

'
PWR cxperience in the United S;ates with Zircaloy-c:ad oxide fuel is mera

.

limited than M1 experienc'c. and few faib:res have t :en reperted. A limited'
aracunt of. Infer:r.atten en fuc! In!!ures And opcrati .; aperience is given below.

- .

T1.e Sh!pping;crt b!cnket represent 2d :ho !!rst contr ct:!al use of Zircaloy-
-

- * clad UO2,fuci clen:ents. Ci s:me $4,000 ZLrcaicy-:!ad fuel rods fahricated
a; , .

.

for Shipping;crt Core 1, only thrco showed .tny evi.!:..r.a of Iceks dering or

,- _ after irradia::en. Two clad perfera: tons were rep:r:cd in 16,000 rods during. -
- . .

the six-year life of the Ccre I blanket. These were attributed to ransverse .

tubin.7 cracks criginrating at the inner surface during f ahrication. Thase ,
;

defected rods were c;e;sted for lon7 ;>criods iq the Chippingpert teac:: -
- ,

* .

viithout any interference with pla%: o;cration. The ZE:21::,y-clad fuel in

the blanket reds of Shippingp :: Ccre I a:tained max!=cr. burnupt of 37,000 gf.

KfdD/MtU withet: significant char.ges in fuel rod d!=ensions er change in -JI
V

e

correster. behavice as a result of tr adiation.
.

Although CVT2 war, a heav/ e.ter c:oled and moderated prepsure tube th.er-

mal reac ct, ir adiati:,n experience there is of intsrcs:. !. ost of the fuel
e

for CVTR was Zircalcy-clad UO; ::a..ufsetured by Wax:!nghouse and similar
~'

in design to presen: FWR fuel. Approx:mately 1,40" /::catoy-clad CO
2

rods were ir adiated wth failcros in fiva nssentli.ts evt.r the period

Cc:cher 1965 .*c..;a:/ 1367 Thes e Isilures ine:uded three R&D hi;h ;oever

density assemblics ehich failed at re sk rr. tings bc:we en approxima:oly

16 and 21 kw/f: and eeo s:ari:.rd elemern:s cperatiru .2: opprcxtrretely 12 to
|

14 kw/ft. Exsmier.; ton of thd f ailed reds showed cross pracktr.g and
!blistcring nad o e.r ed ti:h Iccr.1 r.ron:: of mast;tvc hit i.!! r.g .

s'

n 8*~). .

I
i
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CCkE TOtrORf.".A!!CC
7 Reacter Materials (cont.).-,

-
s.h c

.1 .
-

. . '
' 1

.-

Zircaley-4 c!cd oxide fuct in also utilined in the Zerita, Beznao and
. E

Obrighheim reactors in Europe and the G!nna plant in U.S. In each of these (
reactors, thare has been some evidence of apparent' foal defects. Zircaloy-
c!ad UO uel has been tested in Say. ton and Yankec-Rowc with no known

2
'

defects. All P'.'IR plants titat cro currently in vcrictis stages of early opera- [
tfon or conct.cetion utilica Zircalcy cladding. Similar to the case for SWRs,

significant additional fuel performance experience will be accumulated r
t..

gradually over the next few years as more plants come on lino and/or tho .
,5

.above plants arc refueled. h
* * *

-..
-

.. .

.. -
Stainles.s SteelExperisnce in SWR: ,'(4)-

.
.,

- "
- .

Perfermance of stainless stcci c!cd fuel in the LW.'R has not been goed. (
. . . . .

. ':.

Most of the f:ilures reported for stainless steel c!c=ents have occurred.in f.e
~

*

thcs*c reacters. C:<pericnce at VBWR chowed SS-104 suscaptible to inter-
. s

, -
.,

.. .granular crachi: g originating at the surface.v

_

The same bad experience has ' occurred in Dresden, where 17 sev'ere '

failures occurred (from one assembly about 111 inches of f$el red were

I-missing), in Sig Roch an'd Humbolt Bay, where severo cerro:: ion damage *

was observed, and in Elk River,where several fuct rods were bowed. I
*

.

.

On the basis of the poor performance of free-standing SS-304 above

!!,000 f.!WD/t. plus inwroved economirs with high burnup Zirec!oy-c!cd ~

fuct, General Electric no longer uses c:ainless steel clad fuct in boiling |

water reacters.
.

. (5) Stain! css Stce! Experience in PWR's
.,

P'.*/R irradiati,n constitutes the bulk of stainless stec! cxperience. These
FWR c!cments have been rulativc:y free of faih.re. T. tact c::perience has

L.~h

.

>
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CORC PERr0RhiANCE
7 Reacter *n.tati: rials (cont.)

:
K ,

- s
r* .. a ;

'

been ebtained with anticaled SS-348 and SS-304 2 0.02 inch thick. Local
r

peak exposure obtained with such fuel is 46,000 MWD /t at Yankee.
L'

To improve ncu*ren economy, seccnd generation PWR fut 11ernents have ,

* used cold werked SS-304. This parmits a reduction in cladding thickness L
u
bto 0.014-0.016 inch. Como faileres have occorred with this fuct in

San Onoftc. Connecticut Yer.kce and Indian Point. ,

C*

Because.of improved cconomics, all new PWRs will have Zircalay-clad

fuel, and it is anticipated thet,in cri::tir.g PWR':,Z!rcaloy-clad fuel will
,,, _

,

' graddally replace stainicsc steel clad fuel.
- . ,

. ..
:-

. . .

E. Neutron Abs,erber .N!aterials -

.,,, , ,
- , . ._

(1) The main requirements for a control rod absorber material
, *

, :
f arc that it have a high acutron absorption cross section over as large a ,,) (u

spectrum as possible,and that it last fer a reason:bly long tima, that is, , h.

.

not burn up rapidly. Burnup muans that the obcorhcr atoms, after having
,.

[
absorbed a neutron, cro no tor.qer of use. Ancther decirable quality is

L-

ccrreston resistance to het water.
;'

(2) The best single material, cost not concidered, for ther-

mal reacter centrol is hafnium, a metal. Hafnium has fcur major isotopes
Ithat have moderate thermc! cr ss scetions and gcod epithermal cross sec-

tions. Hafnium has a Ior.g !!iett:..c, beer.u:n, when it abicrbs a neutron, the
result is anotMr isotope of hafnium 'vhich elso h6s a good cross =cction.

-

.

~

(3) Cadmium, a .other t.ntal, has on cxtremely high ther: .at

absorption crona scction, hut in'the epit'.crmal range its cros detion is nil.
Decaur.c of this, and because of its low molting ruint, cadmium cannot bo

[

used alonc. . I
&

.

)
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7 Rese:cr .\fa:r'rf.11s (cont.). . ,

9 , ,

-

C (1) An alloy bein; successfully used fer centro! red ma-
'

terial: is silver-indiur:-c.sd=ium in the wel;h: percen: ra !o 00-15-5.
This r:ater!.11 cerabines the cced epithermal cross sectica: of silver.i

,

and indlJm and the I'lqh thermal cross secticn of Cadmium. This rnaterial
/

is used fer *he control reds ef =any recdcrn 7*.G's. It is ex*ruded into

rods which are then inserted in:0 s:ainle:s steel :nbes. ''hc stain! dss '

steel tubes are the red ' fingers * wnich ride up and down w*:hin a f.:el!.

.
assembly, carrying t,he absorber material inside.

*

(5) Four rare earth eleman:s:' sarnariurb. curc;iura, *

t

gadolinium, add dysprcetum, wodid make goed centrol racterial: but

their scare (ty makes tham too er: pensive fer general use. They are
usually used in the oxide form discarsed in stain! css steel.

(6) The last rnaterial to be censide.ed is beren, of which
g the isotop E-10 has a high thermal crits sectier. and goed epf *hermal
v

cross :ectien. 5-10 occurs in an ebu .danco of aboat 20 percent by

weight in na:aral bocca, which 1: rr.adily ava:lable and cheap. 1: is

usted in the form ci powdered ceramic ma:srial in stainless s:cel tubes.

In General Coctric 3'.Ws a series ei these tubes is at:0n; d in a
cruciferm pattern.

The ecramic ma: trial is bnron carbido (3,.C). The

large numbcr Of tubes clin.icates the possittlity of gross fa!!.:re due to,

water inlcaka;c and rca :fon "c!:h the carbido. The major pirblem in
i

the use of heren is that the byerod' c: cf the ne ::re:n abscr;;i n recction
is helium cas. This re:;utres :ha:

tF.c denst:y cf the 3,gC be held to
63 to 75 per:ent of m.3::imum ;cs;;*::!c :) a!!aw : pace for helium relo. se.

At one time a cis;ctsion of bcron ' stal:!ss: s:cel aac csec,but the

helium relotse resu!:ed in brit:M hhu.*icr ei the stainless v.cel in
whir:h severo cracking neu!d rt sth. -n ?*. Ts the 'f!n cr'' reds 7.re
:o ::ctimes r.ai: eu: ef f.,C cncared 4:3 stai .!es: s est :.:bs.c.

.,

tJ -
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CCRC PEdrCR .!ANCE
7. Rwtor i!^teric.1; (cont.),.

4hm .

P. Coolants

(1) The choice of c:'olant for a nuclear reactor is acverned
by a number of factors. Some of the factors to be considered and their

.

desired characteristics are:

* Heat transfer and tran: port l'ropertics: the

ecolant should have a goed heat transfer co- '

efficient and a goed heat capacity on a volume
- basis . *
-

, .

,

.

* Nuclear properties: for thermal reactors, a low :
!absorption cross section is r.ccessary for good * **

* ~

neutron ecenemy, and good modettiting properties*.

are desirabic. -

~

- * Vaper pressure: the coolant sheuld..have a low
vapcr' pressure at the operating temperature in |.

order to minimize the piping and container I'
,' thickness rc:;uired. . !.'

t

C1 :* Cctronicn cr.d chemic:1 activity: there shculd bc - r

a minimum of corro:icn or chamical reaction bo-
tween the coolant and the material (fael, structure,
air, etc.) contacted hy the coolant. ,

8 Rad!ccetivity: ccolants that becorno activated ar5
*form hard verr.itter: with long half-lives shculd

be avoided. Activated conlants that arc or and
$ cmittern can easily be shicidcd, but must be
contained.

.

* Deco'::po:ition: coo | ants should bc stab]c under

irradiation and at the op : rating ter.yeraturcs of
the reactor.

.

* Melting point: the mciting point of c:;.olant that
are solid at roem terarr.rature sisculd be casily
achievable by compartaient heating. .

The choice of a ecclant usually derends on a compton.ine, sinco no known

coolcnt e-cbedics c!! the desired cht.rar:t:ristics. The con.' ant unt.d in alls,4 -

lorge power touctor.: in the U.S. A.10 w.urr.
.
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CC.7E FCRTO"MANCC
7. Reactor i.!nterials (cont.) .,

y\ .

P (2) Water is a fairly gecd heat-transfer agent, is easy to,

hancie, previ6:s so.no lubrication, offers no serious corroston prebloms

that are not surec.ountable by prcrer eheice of materfals, and is readily

available and ccenomica!. or these rescens, it has found wide ap-"
-

plication as a reacter coolant.

(3) Althcugh the (n.p) reaction of O-10 fctras !!-17, a

very hard Yomitter, its half-11(c of 7.5 see is s!. ort oncegh so that

thi.re is no serious activation problern. Thore is al o a minor activation

of O-18 with an 18-sec half-life of no particular consequence. The
,

water must be centinuously puriP.rrJ with raixed-bcd ion exchangers or'I +

e ,

other means to keep down the activity of corrosion products. The most *

serious drawback with water is its high vepor pressurc; cv$n the modest
e s * *, a' *

coel. ant tc.=pera;ure cf 550 F requires a primacy systern pr.essur.e of . -
*

*1,500 psi. ..

c. .

v
G. Reactor Internals

(1) The reacter internals are de:!Gr'cd to suppert Er:d crient

the fuel asse=blice and control red assemblies, absorb'the ferccs gencr-

ated by dropping the centici reds, and transtnit these and etner ! cads

to the reacter vencel flango, provide a passagoway for the raacter
.

coolant, and support in-ccre instrumentation. The h.ternals cre designed

to r.Ithstand the cor:b!ncatter. cf forct:s due to wcicht, proload of fuc!

a s s e:.a'elics, differential hydraulic r.rca:: ore, centre! rod dyna:r'c loading,

vibr.a.tlan, and carth cake acc:loration. The compr nonts of the react 0r

internals are divided into three parts, consistir.c of !!.c lo..e cero

sop;ctr s:r.acture including t!.c entire co:o barrel and thermal shield,

the uprar coro support strur ture, and t!.e in-ccrc instn,:mentatton support
s tra cture.

T
I-w'

.
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CC:tt PCREOR!.fANCC
7. Reactor Metern!s (cent.)

'r.
.

e 1

5 .
.'r',

(2) The major containment 7.nd support member of the-

reacter interr:als is the lower cerc support structure. This support

structure assen:!ily censists of the core barrol, the ccre baff!c, the

lower core plate and suppert columna, tho thern:al shic!d, the inter- -

. mediate diffuscr plate and the bottem support plcto <<hich is wclded

to the core barrel. A$ the major c: steric.,1 fcr this structure is Typo '

304 stainless. The lower core plate is perforated to ellow water to

flow through it, and it contains the lower locating pins for the fuct

assemblics. The lower core support structure also provides passage- '.*

ways and control for fhe coolant flew. ' Inlet coolant flow frem the
,

*vessel inlet nez:r!cs will proceed down the annulus between the core

barrel and the vessel well, en both sides of the thermal chicid, and !nto. .

- a plenum at the bottoct of the vessel. It w!!! then turn and flow up *
.,

through the bNtom support plate, pass thrc';gh the Interme.dlato diffuser*

plate and th[n through tMe !*ow.tr core plate. The fiove holes in th'c
\.n .* diffuser pMte will be arrar:ged to prever. gross in!st flow m:ldistributien

to the core. Aftcr passing through' the ccre the coolant will entor the

area of the upper suppert riructure end it:en geno; ally flow radiolly
"

to the core barrel outlat nozzles and directly thrcugh the vessel cut!ct
no:zles.

~

(3) The upper cere su; port assembly consists of the top support

plate, besm sections, uppcr cere plate, support ce!urr.ns, and guide

tube assemb!!cs. The upper core supacrt cascr.:bly is removr:d as a

unit during reforeling c;er.stion. Tuel os. ten.bly !ccatirig pins protrude

from the bottcm of the upper core plate and e ac..co the fuel aEscEbilhs
.

as the upper core support ammbly is lo.ecrcJ into place. Proper
,

a!!cntnent of the !cwcr cerc support c'.ructure, the upper cora support

assembly, the fu< l asse:abiles and contre! rr.dc is arcurcri by this
qu! dan'cc arrcar;cr. ent.

I ,,' *w
.
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7. P.eacter !.ieterials (e:nt.)..

*
.

D
- . (4) The in-core inst.;mentatica : ;;;rt :tr ctures: consist

.

-

of 4. up;cr system to cc..vey and se; pert thern:: uh!es pene:Tating

thrc;gh the vessel head, and a lower sys:cm of flux thichics pt:netrating
4

.

the t. : tem cf the vessel.

.

(5) Per the most part, reacter :nterna.!s are rnada of *

'

stainless stect to p: event cerrosion and provide the required :rength.

Ne: ren ecenamy is not a facter in the regions vhere these cedpenents
~ .

arc located. *

o
.

,. .,
, . .

. .

H. Reactor Vessel .

,
. ,

'

(1) Frca the operater's v!ev,.peint, the cost !=pertsnt
.

.. .

proper *y of the reactor vessel is its due:!!!!v. The r. e o a r*.aterial

carr fef m under Icad hefere reachirg the fract:ro ; 1.. (cr the yfeld
I poir.t), :5:e rnero cue:ile 1: is said to be. Good due:111ty is a desirab!cv

cht.r10 cristic in pressure ve'ssel caterials.

(2) Dactility is often :heegh: ef a: daferd.a:Len under
.

s!cwly 4;;!!ed 1: ads er fcrecs.,but cx;erier.ca has shewn th:: tuterials

also d !!ar in their chill:y to abscrb rn , Idly e;;11sd er " shock" Icads,

and thst this ability is not necessarily the same as :he ductility
determined !:r slowly ap;I!cd Ic:ds. In other w ris, a caterial which

deferms w th hic:: due:Ilt:y under slowly ae;!:.ed trads may nei show.

high d.::111ty under ra;!dly a; plied Iccds. This requ:res an cdditional

test -! !he ms crial to datermine due:1!:ty u . der rc;;dly a;;! icd Icads.

The Cn :r;y te:t is one that is used ft:quently ar.d cc..:Ists cf swinging
a wei-hted pr .dulurn again-t a :tand:rdized s;.ecirJ:n. Eaccuerr the

precen:2 cf Ourhec irregularitfos wa found to affact the reselts cf

the;e it::s, a contre!!ci irrc;212rity, or s:sadtid st:ed 7-canged netch
is us id in the Charpy tests.s iW .
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.

m
4

Tno energy cf the impact required to t'rca! the .s;cc!=ca is 4:n indication

of its doct!!ity - tne Ir.r.;cr the ,;nar;/ required, the greater the due:ility.
.

(3) Ducta!!Pf.is !=;crtant in the reactor ves c! be.caase .

the lack of it can eduse a type of failure referred to as a brittic fracture,"
'

in which the vessel s;I ts open. Ac:uul failures due to bri:-!c fracture

have been experienced :n tanks, strac:ures, and even ship hulls of

certain ty es of steels c=;1oyed in c:!d enviren=ents.
,

(4) It has been found that the energy required to break (-.

'I the speclec in a Ch:r;y test depend 4 upon its tem;crature. For every

specimen, there is some :c=rcrature below which the enerTy requirco

is nee!!cith - the: 1s, belew thi: ::=;craturc the =ctal becc=es
almost non-ductile. 7. is ternperature is known as the **R S*JCTTI.!TV

>

Toi.NSIT'O:' ?M'J-*31.!PTE, abbreviated (for osvious ressens) '!DTT.
e

.

t This tempers:ure varies even'among 2e same kind of =atcrial, due to I
, . . .v

miner cifferences in ec=;osition ar.d in the =c:heds and ratas of heating, ;

cco!!ng, and fabrica:!n; the metal. Therefore, carr.p!es r.:s: be taken

from the sa=c =c*al used c fabrics:c each reactor vessci, a.^.d these .

ta:.ples mut be tested :c detcr=;ne the '!DTT for cach vessel. The

manufacturer can genenlly maintain me I;DTT helow 30'? c: the !!rne '

- of fabrica: ice. It is, *icrcic.re, impcrtent no: t:, subject the ;ressure

vessel to high pressure enen da me'.el tempera:urc is nc:: de 2 DTT.

(5) tJnfertuna cly, rar:t.v.ica wtm fast neu:-:ns !s kr.cwn
,

to iner.u sr :r.o .':DTT. TSrefero,ths vessel is manufactursd c.nd shicided
,

j in such a way tha: eve . at the cr.d cf r: ant life (after 30 cr 40 ys ers) the

?!DTT should be signih:;r. ly below Sc evrat!nc tc=.srk:cres.

-

(5) The chcr ;c 1. : 37. can be ccrrelaved .eie :he fast
,

flu i r < sera exrcriencM by the e-::.irl. The f.ts: f!n: m:;.:sure
.!Id . ,

_

v
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. "

n
. (3ornetimes the sy .b:1 n v t is used fcr it) may be calculated as :

7
.

n v t (n/cm~) = o t
Fast.<

.

where
.

. -

p .,a s t = fa t Uux at vessel (assumed constan* * :th time) .
"

9 m6 (n/cm - sec)
t = time in seconds

.

.
.

. ..

(7) Exam;1e t-
,

- The fast Oux at th'e surfcc*c of a reactcr vesse! is 4 x 10 0 ,t fu;g .

powcr. V.1.at is the fast Sux ex;csare of this part of the viessel after
-

1 full-power year?
i,,

-. .
...

,
, o

1 year = 3 M O see 24 hr *

L
*

.

x 36. daysx a
he day ,

,

, a--

'd
= 3.154 x 10 sac

~ .
nyt=ct

3

0
,.

4 x 10 x 3.15 x 10 ~=

12 21. 2 E x 10 n/cm .=

,

(8) Since the ? DTT is in the na!;hbcrheed cf 00 F when

the plant starts up crigi. ally, and since the *! 2TT increases .vith fast

f!ur ex;c:ure, it is tc b2 expected that scre ;1 ant opersti:ns may be
conducted in thrt nolgnbothco1 of the : OTT or ::clow it. Fower c;cratien

is, of course, restricted to occur far at:cve the ND'sT, but haat-ups
,

t

and cool-downs will cecur near the ."E''T. Therefore, to ..esid trouble.
the approach taken is te avoid str.tsain:; the r.:cctor vessrd si'Jnificantly -

unt'l its ten.;ctr. titre is 50-75 P atore tha :sDTT. Stresses are avoided i

i

by: e

.g L

M $'-

*
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7. Reactor '. tater:ala (cont.)...

..

g3. .

< . .

Os
..

- o LI:.itir.g the m:wimum primwy pressure to a very
lo.. value actil the vessel tem;srat.::: is htch

encugh.
. .

o Lie: ting th: heat-up and cc:1-de.en rates ( F/ht)
to 1:w values ur.:11 the vcs:el te.v.pr.rctere is high -
en::;h. This avoids the high thermal stresses -

,
wrden may cc:2r when there ere large temperature
d!!!srehces across the vassel. -

.
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74 7. Reactor Matericts (co.:t.)
, . . . .q .

,

, r.
-

Problem Set - Chapter 7
.

.

1. A typical reacter hos 175 fuel elements, each of which contains -,

1000 lbs. of treniuir. 411 isotopes) when it is fresh. Tha rated
coro pcwcr is 2703 Mw(t). What is the awrarJe fuel burnup of a
feal element if each e!cment is e. posed to the same lutegrated
neutron flux during three years of full pr,wer operation? Express
your answer in MWQ/MtU..,

T .

2. (a) The critical section of a reactor vesict wqs exposed to a
fast ~ncutron flux cf .t*x 1010 neutronc/cm'*ccc in the first3

a -
. ten years of plant operation, during which time the plant

- availaL*ility w:s 80',a. What is the total.accumuldtcd fast. ,

flux cxposcre? -

. . -

(b) Given the gr ph below, what is the changg in NDTT after''-
- ten years?

'
.

* * *
.

.

.

* *
,, , . .

.

h
250I

.

200].. >

o.", l
, .

150- -

# -

c -

::t 100
4

50

0

IE I3 I2x10 5x10 10 2x10 5x10

,, _ Total Acct muloted Past Tlux
(neutronr./cm)

-

..
,

.
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A. Introduction.

In this chapter, we will c :arnice so:ne typical rechnical Sp;cifications

to sco hcw they relate to the safety analysi:s and to the operating re-
'

stricticns .

~

As we pointed cut in Chapter 1, the tech specs consist of 5 parts:

1*. Safety Ilmits and maximum safety systera settings:. *
.

2. LI. biting ecnditions for operation:-

I " ,

2 3.. Surveillance requirements:. .
.

4. Design features:.

5. Administrative controls.. *

r) P~

Parts 1 and 2 are those that relate especially to core performance. Wo
-

.

*J
"

will examino in datcil one spec frem Part Cnc (Safety Limit - Reactor,

'

.C.
Core) and one frcrn Part Two (Control Rod and Powcr Distribution Limits).v

, We will reproduce cach specificaticn completely so thr t you can see
what it Icots like. The ccmments in the square brackets,[ ] are r.ot
part of the spec, but are c>:planctiena cdded by NUS. -

B. Examination of a Tech Spec
.

(1) AppI!cability:

Applies to the !!rr.iting camb! nations of thermal pcwer, Peacter Coelarit

System pressurc, ccalent tem:erature, and f!ow chen the reacter is
critical. [The purpose of the "applic4Sility" stt,tement ic merely
to "tip off" the tc3 der en whi.t the spec is about .]

*

.

'tj
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C0rd PERrORI.tANGE
|8. Technical Spect!!c.ttions (cont.);

'N) .* 1
3,

-
(2) Objectivo:

.

To ina!ntain the integrity of the fuel cleuc'ing. (This is what we've
bctn cencontrating on in the Core Perfermanec' course. You will find"'

i-.

!that all "objectivses" in the tech specs relate to r,afety - not to 3

l

I economics or efficiency.] j

,

. ".<
'

(3) Specifica tion:

(The " specification" section gives the c caet !cga! rules which you must

,
follow. ]

The combination of thermal power levci, coolanta.

pressure,'and ecclant temperature shall not excicuc the limits shown
' in Tksure 3.1-1 when full f!cw from thrce reacter csolant pumps exists

,

and shall not exceed the limits shown in Figure 2.1-2 when full flow

from two reactc; coolant pumps exists. (Rule "c" relates to operation ')

b in the vicinity of rated power. Nctice that it de.asn't'give any ex-
!.

planation of "why," it just tells "what" the limits arc. The " whys" !

will ccce later in the "Casis" se: tion. ] .
-

>

- ,

b. When full flow from one reccter coolant pump

exi:ts, the thermal power Icvel shall not exceed 20 /., the coo! ant

' pressure shall remain between 1R20 psic arid 2400 psig and the Reacter

Coolant System average temperature shall net excred 590 r. (Rule "b"

ccvcts cporatien with only cno coc!J.it purnp. ,vhich is :r.:tricted to

low powcr !cvels.],
.

<

V.htn naturni circult.ticn exists, the therr.talc.(
i

j pcwcr level shall not execed 12L the coolant r.r(scure shcIl remain
between 2135 psig and 2400 psig and tbu 3..oc'er Coclont System

average tempr.rature chall not execed f.02 P. [ Pulo ''c" ecver: opera:Lon
.

Q .<
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8. Trichnical S,eccifications (cont.)

1, ,
..

M *

IO
with n.o coolant pumps, and is therefore restricted to verv low power-

Icyr.ls . Crdinar!!y you wouldn t operate with no pJmps or With only
- one pump; the purpose of rules 2 and 3 is to make it legally clear

.

that you can operato under thosc Conditions if you E3n,t to cr nact! 10.]

The safety limit is exceeded if the er,mbinationd. .

of Reacter Coalant System' average temperature end thermal power

* level is at any time above the apprcpriate pressure line in rigures
,

2.1-1 er 2.1-2 cr if the thermal powcr level, coolant pressure, or
'*

Reacter Coolant System av,crage ternr.croture violates the !!rr.!L; specified
*

3 ,

'

above. [The caly purpose cf nt!c "d" is to avoid legal hass!cs by *

'

. making it exp!!citly c] car what togicns of operatien crc allowed and .
.,

*', hat are not allowed.].~ * w - * *. +,,
. . . .

, , ., .
~ *

_ (4) Basis:-

n
'

'D [Thc " specification" above the four rules a-d is the legally binding '
*

'

part of the toch spec. The " Basis" !s bachground informatien which
,

explains the !c;1c used in crriving at the ! cur rulca, but staterxuts
~

in the " Basis" are not themselves !cgally binding.]
.

,

[The "I3 asis" star:s with a paregraph that explains what the problem.

is and how it is attocked. The Ccre Performanco course should

enabic you to understand most of thi.s paragraph.}.

To maintain the i..tegrity of the fuel cladding and peuvent fission

picduct release, it is necessary to prevent overheating of the cladding

under all oper.iting con !!tions. This is accomplished by maintaining

the hot regions of the core Within tne nucleate taoiling regime'of hnat

transfer, wherein the heat transi<.r coeft!cient is very !arr e and the,

,

clad surface temperatura 12: cr. y a few ciegrecs ruh:enheit abc.ve the
h
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CC;ti: 1 i.:t rCr<g;nct-
*j 0. L4..ical Opccifica*!c .; (wont.)

.. . :.% . . . . ,

b
'; -

;

coolant saturation temp::rature. The uppr boundar) of the nucicote

boiling regime 13 termed departure from nuc!cate bc.iling (DNB) and at

this point there is a sharp reduction of the heat trancier coefficient.
-

which would result in high cli.d tempcrettires and ti.e po:cibility of clad
'

failure. DNB le not, howeve r, an observabic para:ncter dusing rcactor ,

operation. Therefore, the observable parameters --thermal pc ver, I-

reacter coclant temperature and pressure, have been related to DHB j
.

, .

through the V/-3 DNB correlation. The V/-3 DNn coirclation hos been 7

developed to predict the DNn flux and the location of DNS*fer axially
*

c. . .

6niferm and non-uniform heat flux di.6t:f;s.tions. The local DMU heat
L.

-

* * '

flux ratio, defined as the ratio of the heat flu:< that would cause'
/.

DNB al a particular core lecatio'n t'o the Ic5al heat flux, is, indicative E.

,
of the margin to D!,l3,. The mini:num valec of the DN3 ratio, DHall, g

4. . .

.

during ner.pl oyrational transiente and anticipated transion'ts (those
4
p* ..

. transient listed en page 14.1-1 of the FSAR) is limited to 1.30. ,.)m
.s

A DNE ratio of 1.30 correspcnds to a fl5 ', probability at a 95'4 con!1dence y
level that DNS will not occur ar.d is chosen as an aripropriate margin ;

to DN3 for cl! operating conditions. The DNS ratio !!rnit of 'I .30 ,

10 a conservative design limit,'vhir.h is u sed as the basis for setting ,

I
cerc safety limits. Based en u.d bundle DNB testu, no fucI red damage

is expected at this DND ratio or yrcats*r, ,

.

[ The. fnllowtr.g two .earagraphs c>:n! zi i thi i rp!!cc.tions of rule "a".}
4

The curves of Figure 2.1-1 which ::how the allowable pown level de-

creacir g w!t5 incrt:nsing ter..perature at .clected p-essi.toa for constant [
.

'

flow (thrac4%p orcration) rc par.: cut th( loci of points cf thermal' power,

coolunt system averege temp. rature, and coolant system ;,rc:sure for |

which the DNn ri.tio is not len:: than 1.30. The area where clad integrity 7

',,,) )
,,

,

-
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6. Technicai Socc:sftcatic,as (cent.) k

.

. 3,
3 .

- '9
, is acsured is below these lines. In order to complately s; ruity lifcil5

,

. I

at all pcwcr Icvcls, arbitrary ccnstent upper limits of average ',cmper?turc

4 are shown fcr cach prussure at powers lower than upfrcAi ately 75%.
*

The temperaturc 11: its at Icw power cro consideretly more conservativo t

than yrculd be required if they were basc-d upon a rtinImem DNB ratio

. of 1.30 but are su5h that the plant cend!ticna required to t iclate the
|

limits are precludcci by the sclf actuated safety valvos en *.he stecm $
generaters . An arbitrary upper safety ! r.iit of 12E for ther:ral power is (

i
*

shown The upper lim. it is well below the dact.';c limit cf 1.7?, for Ig,

,

. manicam clad strain which is reachou e,t 140% thermal po.rer with tiesign,
,a

hct channel factors.
.

4

The curves of Pigarc 2.1-f which thew the allowab!c ;~.ec.- Icvel de-*

, .
-

*.
e .

creasing with increasing temccrature et salectr.d pressures for constant

flotr (two-!cep operation) rerrnsent the !cci c.f ;.cints of thermal power, , i.
.

O coc! ant system aver 0ge temperature, end ccolt.nt systere.. pressure for L-

.

v

which either the DNil ratio th e:lual to 1.30 cr the t.verage enthalpy

at the exit of the core is cauu! to the r.aturatic.i vi!ce. At Icw p'rcssures :
>.

or high temperaturem the avereige er.th.!py at the exit of the cero '*

reaches saturation before the 0.% ratio reaches 1.30 a.sd, thus, this

arbitrary !!=it is consesvative with respect to m2intaining chd integrity. f
*

In crder to completely . recify limits t.t .211 ;c.ter levcis, crblirary
{.

, constant up;er limits of averego tcmpcratures ar2 sho in fcr each pressure

; at pcw trs lower than appcoximately %v. . The limits at la.. ;owcr as
,

a
' well as the lisaits bascd en tha n'serar;e e.:thalf.y at the exit of the core

are const for:bly r.iore co.:r.crutive: thun wcul.: .*9 requiru ! if they vero
;

based upon a minic. urn DNC ratio of 1.30. The ::hnt cc..ditiens required

to vio'ato thrae limits are precluded by the prete :ti?n s/et:hm and tho
,

self-Octuatc'.i safety valvna cn the steut.6 genercter. An t;;er lirr.it of ;
t.

) ~**. * h'*- - s'9- "*

K. . . t.r * %y# -
. ., .

..:
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a 9. Technical S;ecifications (cent.)y

N .

.

.iO. 70 ?. fer pcwcr is t.hown to enr.:pletely Mund the arco where ciud

integrity is assured. "?.!s latter li: nit is crbitrary but cannet be reached
due to the Per:r.issive 8 prctoction system setpoint wnich will trtp the

-
-

reacter on high nuclear Uux whan only two reacter coolant pumps are
.

In service.
*

.

[The fc!!cwing cne-sentence paragraph tcIls us that rules "b" and "c"
.

give us as mich raor;in at lower power as rule "a" gives us at high

power , j
.

'The li..!:s specificd fer enc'Icop opcrc. tion and natural cliculation
e rescit in D:;3 rMies creatcr than 1.30.

.

(The following psragraph te!!'s us how this spec relates tc things you
can measure er centrol frem the operating roem - het channel facters

n T-C and centrcl red insertien limits. ] -

. .)

The specified limits are based c:. the fc11owing nuc! car hot channel

facters: >-
.

N N 1.75P = 3.13; F =
q AH

Those ll=1 ting het channe! factors are higher thar. those calculated at

full power fer the range from all contro! rods fully withdrawn to ma::Imum

ellowntle cor. trol roi insertion. Thu control rcel inscrtien limits are
covere:i by Specift: ation 1.10. Semev. hat worac hot channel facters

could occur at lowcr power levels because additional control rods

ace in the cera. However, the control rol insertion limits dictated by

Figura 3.10-1 onsure that th'c DNB ratio is always greater et part |

powcr than at full power. { iicesil thot the hot ch nnct factor is a ratio ,

t.

anti thh! the actcal t".4:: heat flux is: ,

)
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0. Technical ffpccifications fcont.)

'

. st
3 .

^
.

-

Max heat flux ' Averr.gc heat flux x hot channel factor.
.

-

|

When the power'1evel 1: reduced, the average boat flux decreases.
.

Thereferc, for a fixed max hest flux, higher values of the hot channel

. .
factor are permissible at lower penters.

(The next paragraph merely pelat:i out that these !!mits include some

extra margin to account fc.r c: rocs In positioning the part-!cagth rods. *

Such otrots could increase the het channel facters - but not beyond the: .

, values quoted above.]- . .

-
,

.

Tho het channc1 factors are clso sufficientky large to account for the

degree of malpositioning of part-length rods that is aliowed before

the reacto trip set peints are reduced and red withdrawal block and
load rur.back may be reruired. Red withdrawal bicek and lead $2n--
back cccurs before reacter trip tetpoints are reached.

.

(Tha nent paragraph raernly ;;oint: out that this whole spec assuir.cs

the pumps are running normally, cnd does ncet cover a " loss of flow" -

event, In ".hich flow is lost bceauce of pump failure er to:s of all ' *

clectrier.1 power.]

The safety limit curves gt ren in fricuroc 2.1- I and 2 are fcr constant

itow cenditions. T1.ne curv+s .eneli ncit he applicable in tha casa cf

a loss c f f.ow trancie:nt. The r valuatio, of such an evcat would bea

based upor6 the analysis p:ctented in .%ctic.t. 14.1 of the PSAR.
.

.
(The follo-ring parn9taph gives cen o of the as.surnptfor s v.-lite:b went

intea the opolyses t!ait i!cternrined the:e s..f.<ty-Ilmit cusves. Note ti at

maxinium 1;.cacurement errors are specified herc. Therciore , you have
.

b
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3. Technic.:1 One cificatic..3 (cent.) -

1

YN
.

to be able to show that your actua! mea:urcr. cat cerors are less than )n
'

thcsc. This is why wo discussed heat balances early in our cearse.]
.

I
!<

The Reacter Centrcl and Protectica Sy::crn is designed to prevent any
.

anticipated cerhination of trancient condition: fer I'.cactor Coc! ant-
4

System temperature, pressure and thercc1 power leve! that would

. result in a D?;P ratio of less than 1.30 based on steady : tate no:ninal

operating powcr Icvels Ics tho, er ecual to 100?,*, steady stata nominal
operating Reacter Coolant Sy: tem average temperatur'cs less than or

equal to 574.2 P and a steady state nemical operatinq prcosure of .

* *

2235 psig. ' Allowances arc =afe in it.itial conditices. assumed fcr *.
. .

tran:1cnt analyscs for steady state crrers of +2% in power, +4 F in.

. *
#

, jtcacter Cociar.t System uvercgo tem;,erature and - 30 ps! In pressure. 'c T' . *,
' * -- "-

Th,e combined steady state errers result.in the DNt! ratioat thy start
*

* *,,

r
.

of a transient being 10 porcent lass than :Sc value at nominal full

G,. pocict operatir'g conditions. The steady state nominal c; crating param-
s

../

cters and allov;4nces for steady :: tate errors given above are also

a pplicable for twc-loop operatica exce t that the steady state nominal
oparating power level is less than er vtual to 45:'..

.

[The spec cencludes with a promise by the utility to " keep its eyes '

open". for fuel defcets.}
*

.

To provide the commission with added verification cf the safcty and

reliability of pre-pressurizcd :fresloy cIc:t nuclear fuc1, a tier.ited

progrcm of non-destruction fuel inspectica will to condveted. The

program shall consist of a visual ins;:ction (e.g. , undere atcr T/,
periscope, or other) of th r two lead Lu:nup fuel esr.cn.b!!c:. dertng t!ic

second and third acfueling cu:(;cs. Ar.y condition .?beerved by this

Ins;2cetion which enuld Ic'd to unecceptable fuel performance may be k

.

.
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8. Technical S;,e.~ificat ols (cent.)
b4g

i

) .

.

{ the object of an expended effort. The visual :nspectica prograin and,
~

if Indicated, the expsnded progr:m veill be ccnducted in addition '

to that being per! creed in the Saxton and Cahrers reacters. If another
idomestic plant which contains pre-pressurized feel cf the sarne design .

as that used for N.B. Robinson Unit No. 2 teachas the second and
third refueling outages first, and if a limited ins.cectica pregra'm is or

.

e-
~

has been performed there, then the pic; ram may not have to be per - {
. formed at H.S. Robinsen Umt Nn. 2. Ucwever, such action rc.cires 6

- approval of the AEC. -
. . L.

. . L.

, . -

(5) Explanatten of Safety I.imit Curves *

9

4 -

(1) The average temperature in the ccre is plotted 3

%.*

vertically. To relate this to measurabic quantitics, it is taken as the ,

k*
.

# *

avera'ge of the inlet ar.: o,:tjot tempehturcs.
. *. . .

.

O tit) The nercent of ratee enerna.' power is plotted t-
'

hcrizentally.
.

(iii) Ecch curte re resents *he safety lib.It of the
i

,

, nccinal primary p*es:.are a:sociated with that curve.
.

(iv) Pir.k e p Int en cac of the curves at the averaqi
,

*

ccre temperaturo anc P0w?r which correscend to that point, and at the I.,

pres:ure co re sponding to that cu:ve, the minimum DNS't in the core is

1.30. Fct the same o.escure, points bele.r tha curve will result in

minimum DN3R's higher than 1.30. Pcints aboi e the curve will result
_
,

in minir.um DN2R*s less than 1.30 (Actucliy, in sorno p! den ~c thi curves

are dcawn co that yeu _en.:M ge above them without fa!!!nc b3:ow the I

DNCR limit of 1.3C, but we condn't worry cbcat this.)
,

L
L
.

.
sq
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(G) Significcnce of the tech spec
.

~

This spec gives combined limits on temperature, p:essurc, and power

IcVel. In cd:litlen to not execeding these limits, you must' not do
.

anything which would Ineslidate the assumetlens_ used in deriving these

limits . These assumpions relate to

o Measurement crrcrs
The reactor centrol and protection systemo ,

*

Thus, yo.fmustbo sure that the instrumentatien, bcth the automatic
o

Instrumentation in thb centtel system, and the rnanual instrumen,tation*
.

used in heat balances, e;erates preperly in crder,to 5cep plant operation

within legal bounds. .

. -g ,

C. Examinatfen of a Tech Spic - Control Red ar.d Power

Distributio., I.imits . [The layout of a!!'ecch scecs is similar, so we -g
i

y .

will restrict curselves to technical c?mments en this spec. 'In addition,. . .

because the " specification" is tr.c only !cgcIly binding part, we will

not include the "3 asis".] ,

.

(1) Applicability:
.

Applies to the opcratien of the cer. trol reds and power distribution !!mits.

(2) Objective:

To ensere (1) cere suberitica!!!y after a roccter trip (2) limited potential

,

reactivity inu rticas fica a hypethetical cer.trel red election, and (3)

an'acceptatsl core powcr di:tributica during power operation.

)
" Core suberiticality aftcr a recct0r trip" is the same thing as the

i shutdown :ncrgin discusscd in Ecccter Opctations. It is important to

' .

_ ' ~
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CC2P. FIP.FCR:.:.',i'CE
8. '"echnical Speci!! cations (cong,}

,

Y,

y .

['
m
r

limit the "p0:enti.? reactivi:7 insertions * because some ecximum vaIce
~

!

was assumed in the Se.foty Analysis. The "ccre power di::rthution"

has to be 11mitad to avoid exaceding the ho:,:hannel f::cters esed in

the tech spec on Reactor Ccre Safety Limit.
.

.

- *

(3) S;cetficatica:
.

1.0 Contr:1 Rod Inser:!ca Limits
.

.

1. 1.1 V. ten the reac:cr is subcritical prior to star:up
* th2 shutdown margin shall be e Isast that shewn in Figura 3.10-2.

! .

1.2 When the reac ct is critical, exces: f0r physics
-

tests and centrcl rod exercises, the shutdown centrol rods sha!! be
fully withdrawn.

'

1.3 V4.cn :ne rcector is cri:1:21 exco;t f r physics.'

,e
tests and centt:1 red ercerci es, the con rc! group reds shal! be r.o.g

farther insertad thr.n the limits sh0wn by the 3: lid !!nas en FI;;te ~1.10-1,

for 3-loop or 2 lo ,p opsratten, *
o

..1.4 Af:er 704 cf the seccad cad sub:e:;;en: cycles
,

as do!!ned by bur..up, the I!=its shall be adjus:cd as a lir. ear func:!cn
of burna;: tcward.the end-of ce:e life v. lue: 3s shown by :6 a detteet
ItnsF e,r' TIgure J 10-1,

1.5 Durinq ;h/ sics :cs:s and co .tre! r:i exer:icos,

-the inser:na li: nits r.eed not he cbserrtd. but the ;tm!:s shc.vn t . Fi;tre
3.10-2 must bc bse/ed.

[ Nete !hnt items 1.2 to 1.4 reis:e :o normal powe:r encrativ.. I: : .s 3 .1
and 1.:~ re.e:a -0 :ero pc ver or %: ccnducts. It :u the re,.r ter .=n .ncer's
res;0r.3ia..aty to decide how to set the reds to meet :ne sba:dewn re-

'
i

qui:rd ta 1.cr s 1.1 er.: 1. 5.]
,

,
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'

-( 8. Technical Specifications (cont.) |

3 . ,
n.

s -

2.0 Fe,wer Distribution Limits'
i

2.1 If the qucdrant to average power tilt ratio excr cdsa

'1.12xcept for physicc tests, on.

If a part length or full len)th control red is
*'

more then 15 inches out cf alignment with its ban):, then with!n cight

hourat ,

s. The situottoa shall be coar,ected, or .

'

b. The hot channel facters shall be determined

and mcxtr.iurn all'owable p*cwcr sh'all be reduced or:c percent for cach .

.

percent the het channel facter excacds tia design values of .

-
-

'
N NF = 3.13: 'F = 1.75, or * - -.

.
q AH . .

,

c. Power shall be limitad to 75Y. of rated

power fer 3-Icep operstion er 45*', of rated power for 2-loop cparatien. },

' 2.2 If after a pericd of 24 hours, the rower tilt

ratio in 3.10.2.1 is not conected te less than 1.1:
.

>

.

a. An cvr.luatica of the cause of the dis-
.

crepsney shall be made and reported to thrs Atomic Energy Co.nmissien,

and

b. The nuclear overpower, overpow. r AT and

overtamperaturc AT trips shall be reduced one perce-nt fer ecch percent

~

the operating power level has been ieduce;d.
.

2.3 If the quadrsnt to werogr: power tilt ratio

execed 1.25, the reccter : hall,bc rut 1.1 the hot shutdown cer.dtt!cn

utili;:fr.g nermal operating precedure:s and the Atomic Energy Co.amission

shal: be notifiJd.
.

U .
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8. Tcennical S ecif::attens (.. .. )-

e ...
.% .

3, .
.

,m
'

[The power distrib tien lima:s _all refer to abnor:t.! conditiend. Il--

.

cverythin; is r.ernal, one needn't i;ct:y abcut these s;*cs. Althocqh'

,
-

it is the reae:Or *: .;inscr's respensabi!!!y to ca!:ula:a ;cwo ti::s,

.

and het ch n .cl fac: is, c;creter: Sr.d tnst .: ment cchnir!!n3 are in-
volved in koo;!ag up the inst..:=ct.ts and may as it: in = nin; ceasure-

ments . Since certain c:ndi:! n . :cquire red.:cing ;;wer t nci ttpe::ing
'

to the A"O, it is im;0-"2r.: that the Instruments he werking ;;0;ctly
;

L and that the me: e:cmen:s be m:do carefully. Ter:hermerc.1: can be

almost as costiv. to errenceusle. thin - v. ou've ex: ceded a tech scee.
..

.
* '

limited as to .s.e!as!!v e: 4 ce ! it, j *.

x . . . .
;

. .

. .
.

3.v- a . ,Ro .r. . .1 .
. .

. .. ..

.
. ,

'
* 3.1 The dre;:1.'ne of ec:h ecetrol red shall be no- *

- , .

. ,

greater than 1.0 seconds at f;!! !! ,w and operating temi entarc":cm*

m
t .'. e b e . t .. ..' ..~., . ', re d . . .i . . . ., d. .*. . . ,. . *. a. v y . *tv . . .. . . . .

.

4 '. 0 !n:; arabia Control Kcds
*"

.

4.1 o'.' c a..*..-a.'..-d.. h !' ' ..s c . ..a d c <....ed. 1 . e, e. .*. . 4. '. .' (.' )
.

the rod i: mizeil ned by m::e than 15 in:hes vith ats be.nl:. (t) if7
* the red cannet be cosed by ~1:s drive mechani:= c (c) !! t:s red drep

time Is not cet.

4.2 !*o = crc : hen eno ins;r:rtele cc .::ci ren shall

w ,., ,. ,, ..;. . i e....a..,.,.....c,,.3,.e..- . . . . ...... . . . . .

>

I4.3 If a c: :roi cd cann : Le =cvcd by us ccenanism.
boron cen 2ntra:iin shall be changr.d :n c:mp.asa:e in; tha i:. t re.n.

.

werth of :1.e in ;crable red :uch th ? &; d wn :.a: gin aqual :.: c:
c catar th.. . :hown cr. Tigare 3.10-3 re sul:3.

t) .

,

i
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8. Technte:1 Specifications (c:rnt.),;
<

.S
.

C [The spcc on rod drop time is ine:eded bacause a r 2>: mum drop time

of 1.8 sccc .ds era assured In the safety analysis. The sp+c ca in- ,

t

operabic centrol rods relato: to an abncimal cendition. !!cr: a!!y, one

need nc: 'va ry abcut this'.). -

(4) .Explar.n:icn of Figure 1, Cen:rcl Group Insertica*

Limite .

(1) The per: cat withdrawal is p! ::ed v:.r:ically.

o, . 100X rr. cans the red bank is all the way cut: On = car.s it is all :he way .

a ''

*
In.

..

*

. -

(11) The control red banks art designated by the -

'

Ictters A thrcugh D. Group A is the shutdc*.vn bank, which must be *

4 . .
., .

completely withdrawn when the recetet is critic 2 and is therefere net
-5

shq'.vn on this f.icure,
e . - .. ..

..

O (iii) neri=ce. cl:y, we pict the re cter power in
percon: cf rated MWt.

n >

(iv) Ignore the dotice; !!nes ist the r. cme..:. At ,

nr.y given power level, the positica ei a cent:01 r /.! b .nk m;:t be

above the valas re:d from the corresponding curve. For exam;le, at
,

zero power, grcup 3 tr.ust be a: !eest 91,5 'vithdrawn (it .~'ee b? ferther

withdtcwn.) Above 13 X power, group a raust be 100.', (ecrn;1e:cly)
'

wl:Mrr.wn . Graus C r ust be e: losst 'i3 . ' .the;r:.wn :: scre power,
.

j
.

at Icas: 51'1 withdrawn at 40;', power, ..! Icast F. ': vithdtcwn at ec t;

power, an:f'100~." GIthdrawn aceve 04'1 powcr. A: 10C % power, greap

D :cust he at ! vast 475 with frawn. ,

, (v) The d::*c i li .cs are re c Jed |1' .its Sich a;;ly !

after 70M cf :ht es n. .d eyele's !!!c. i','c v.c .' werry cbc :: .he: h: r .

. .
t.)

-

.
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.

),

1 .

m
e *

(5) Significance of the toch r.pec-"

.

These 11. Its on centrol rod m::ertien are Important because you must

41 *'a ?s cbserve them in operating the plant. If yeu violate thesn ' limits-

you have viclated the tech specs.

.
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J CCRE TERTOR?.'.ANCE

1. BACXC.r.OUND INFORh*ATION .

.

A. Intteduction and Scope
*

.

Core Performance ist

- Cetting the heat out of the fuel
Into the water

* '*
,

And to the tur5 ne. -

The object of learhing about core performance is to.cperate the plant: '

*

1

D e Effielently - *

s
, . . .

o Safely .
.

*
e Lesslly

,
-e . .

.~
.

The last two iter.s are p .rticularly important in a nucicer plant becau:e an !
-

. AEC licen:e is required, and the AEC nct only requires you to operate*

safely, but to 1.e able to prove it! Your plant has a re; of Tcc[inical Cpeci-

fications approved by the AEC. These " Tech S.wes" are a set of rules that
lim'it how you can run the plant. These rules are concerned only with

avoiding the :ncontrol!cd role.3se of radicacti/ity -- the AEC cares only that,

you operato safely. E*ficie cy is net of AEC concern. -

.

To understand where thesc =ciety ru!cs come from and what cre the cense-

qucacos of violating them, as well as how to operato efficiently, wo need
to k;iow'a little about:

o Thctnod/namics
e Fluid Flow

e itest Trans!:r
.

V
.

970P 1_1 1
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.. 1. P.ici.er:.:nd I.ther.w t.:n (e:r.t.)
-

t

*.3 . ,. ;

-

o .

. r
s

.o Echavior.cf Materials in Core ;

e in-Cere Instrumentation
.

This course will cover the'se topics but only :o the c:'.tet to which you
-

must know thc= in crder to understand the legal safety !! r.i*s in the

Technical 3;ecifications.
~

[
,

.
e

* L
. '

!B." General Dascription of Eci!!r.; V/ater Reactor *

-

.

We will n:.r*1c-t% dt setae of the systems cf c belling water reacter.(5WR) E :
*

,

stca.n sup;Iy to ;: int out some of the =cre important areas with which wo*'

. .
.

will be c:r.cerncd. The other scacral type cf liaGe .em " reactoc that is
s

being built ir. the United States 1: day is the pressurized vecter reactor
-* #

,

(PWR), .'r. v.Heh the stes= !s generated in a different manner. All cf cur
,.

,n discuscions will "oe related to ycur plant, th ugh we wi!! review the c:hcr .)
- >

J
tyFa.

The reactor system is sho.rt: on Figure 1A and the ca.c*cr "as sel and a
>

| simplified skatch of the recircula:Icn system are shov. : it. 7:qure IB. ;..

A cutaway vic:r cf the reacter ves:ci and s::..e ir.tcenal: are shovu in
-

F!gures IC, ID, ,and 12, and the ccre, feel assemblies and fuc1 reds
I are shown in ?!;ures IF through IH. . ,

The half of the system bounded by the turb! .2 cnd feed t.urr.p will r.ot be

described 1. det:11 Le ausa of the strallarit/ to fossil-i;re d pl:,nt systems.

The reacter vacsr11: a Icrgo steel cylir.dcr with a welded bcttom her.d, a

bolted upi er head, and noz:!as ict penetrr.tions. The v.?rrel contai:s: .

5-
the cera, which includes the fuel and the r.cutron abscrber ' '

rods used fr.r control ,.
-

. r

P

. . . .,

I.,,g/ .

. It
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CORE FEnronMAt:CT.
1. Eachyround intnrr.ution (coat.)

' '

o.
'

.

.

,

steam separation equipment whl:h is similar In principleo

to t.kat in conventional fossil-fired steam generator
-

.

Jct pumps (operating principle is s15tilar to air ejcetors) !
. o

F
.

feedwater di:tribution spargcr.o
i

. .

'

TIn addition, the vessel cor.tains other items not directly connected with.
(

th'crmal pctformance. Some examples are chic!'l!ng, instr' mentation, .

'

u
[

irradiat!'on specimens, :upport structure for a!'l the internals, and sparger
,

i
for safety cooling in the event of certain possible bist improbable accidents. I*

*
. - F

_

Tha core is compos <;t! of msny fuct assemblic: positioned pcrollel to cach [
* other in a gridwork. )?ach fuct essembly (= made up of a large number o#'.

fue! rods. Each fuel rod la a vertical scaled tube of Z!rcaloy* containing ';'
..

a steek.of pellets of uranium dioxide (UO2 . Tho UO2 is a caramic restarial t

q with a very nica me'ttn s point (ahout 500'i F). A spring and insula!!nqV
disc in the u;:per part of the fuel rod hold: the pc!*ets down, but d!!cws

[

thorn to expand as they hcat up. The upper part of the fus! re.d is a void '.
that serve r.s c collection point fer g ses rc! cased by t' e fuel. L

t

h
' . T

Heat is generated in the UO t

2 po!! ts and most of it pactos radially outward I
*

through the thin Zircaloy fuel cladding.
~

6

V/ater within the fuel assembly ficv's upward. The heat passing to the

watcr causes it to boil, and a significant amot':it of boi!!r.g takes place
,

t

in the upper two-thirds cf the it.cl as:cmbl'/. A water-steam mixture

leaves the fuct assenhiy with a quality of 10 to 15 percent (moisture con-

tent 85 to 90 percent) . The water-stesm mixture perse: threugh the core

*

Zircaloy is an alloy of nirconium, a metal weich it cerrosion
res!: tant in high temp = rat::re ./ater end has sUeneth <.hcrac-

6

teri: tics botv.cen .; teel and . it.minum.

1-3
j
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,

1. Background I..fermat!un (cnat.)
-.-

bN '

.
.

E

/3.. ~

s

discharge plenum and into the steam Ocparat:;r acco:r.bly, which consists
<

of a base into which is wc!ded an arrcy of stand;,! pan. Thr;rc is a steam '

separator at the top cf each = tar:dpipo. Figure IE =chematically shows a U
.

*

separa tcr. Li*r.o all cyclone-typo separatcra, the " turning" vancs are

fixed r.r.d impart a swirli,nq mot!cn to the fluid which enhances the separ-

ation 1 y centrifugal cction. Prem the srcam separator accernhly, tho

. steam pa: sos narcugh another p!cnum to the steam dryer ccsembly (riguro ID)
't which is composed of ccmigoted baffles that farther seperate the antratacd I

*

.

wpter. The design exit conditions from the dryer asscrably are about, , - -

'' o1020 psia, 545 P saturated. steam with 0.3 p>.rcant rnoisture co$ tent.
*

. *

. '

The heatcd returning feedwater iz introduced through, a spargar assembly .
-, . . . ., ,

which en:frclos the steam separt.t,cr and star:dp..pc ass,cmbly,. Thq feed,-
water mids with the water from the separaters and about 70 percent passes.

to the suction sido of the jet pumps. ),

.. ,
,v-

The jet pump: require n driving f:ow which is provided by the recirculation
[

system, ba 1cally two c!cced Icop:, each with .sn elect:Ic motor-driven
,

purnp and pump isolation valvec. The ccre coolant, feed. vater, steam, 'and
,

recirculation vater ero all the same fluid.

The water pa: sos downward, some going through and 5,ome passing

around the jet pumps. Thct which passe: arcund the jet pumps is tho
,

suction water for the recirculation pumps. That which geas through the
jet pump: passes ir.to the core 1::let plenurr. where the flow direction I:

reversed and the cycle starts over age.in thre:Sh the fuel casomblics.

.

.

. ,

.

O

~
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'C. P.7K P!nnt .~1? .ucw

.

The I".*.'P. sysicm ir. .<hya c. in Tigure II. It differs from the 'd.*/K system .

In the follcwir.g imi:ortant wsys:

' No steam is ;cner Nd in the react:r vessel: the water'

e
-

,

which cools tne core rc:nains !! quid at all t! r.Es.

. A steam centester is ;t::,vid.ed in wh!ch hoat from the water*

e

that cools.the core is used to cre:te stcam in a " secondary" syste:.it it,
.

.

is th_lj steam which !!ews through the turbino.
" '2 i

,

.

A pressuriser is attached to the cere ec:,11ng s/stan to maintaine
*

. the proper pressure.
_

.

The core ecolant system (:ften ca!!cd,the "prir.sry") usually censists of

_ Q three clo:e: loops cor.nected'to .hs reector vessel. Ac showr. in F!qurc II, ,

each loop contains a steam gencrr.tcr, a pump, and piping. A pressurt:sst

., ..
Is connected to the hot ar.d cold legs of ena er n: ore of the Iceps in crd r to

1

maintain the prescura at about 2003 psia. This high ;rcssure is needs,d to
prevent boiling in the pa tr.:ary wat :r. i.*p to 2500 ppm of beren is sometimes

added to the primcry water to aid in the nuc! car centrol of th2 phnt, but

this does n:t affect it: flow cr host transfer prepertics.
.

TI:e reacter v:ss'ct, sh:wn in Figure II, is a largo stoel cylir.dcr "etth a

he:ninpherical bottom, and a cadcred cad flan red upper hcad. The vessel

contcins:

o the core, ah:ch inch. des the fuct and the neur. .; abscrb r

rods USCd fOr cor.trClt

o ba!!!c: to rs.;utsta th: !!c dirt ibut:an . tad t re.:s.r: dre.:, ;

i

alcovo and 1: !w tiic cero,
itV .
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O
In eddition, the 'ves:ct contain: other items nat d!ractly related to thermal {

. performance, such as chiciding,, instrumentaticn, irradictica speciraans,

; support structure fer all the inte.nsls, and a scfcty injectica system fer,-
use in certain possib!c but improbabic accidente.

-

Coolant enters the reacter vessel thrcugh three nozzles in its sido end

flows downwcrd through the annular spcco betycen the vessel wall and
' the core barral into a plenum at.the bettem of the vessel, wh:ss it reverses

..
direction. After pascing upward throuch the remeter core,*the coolant flows

,
out of the ves:c!1hroughthree exit no:cles 1ccated on the came level as-.

the inlet nozzles. .; .

.i~
The core is composed cf many fuel assenb!!cs positioned parallel to each *-

*

cther in a gridwork. Each fuel assembly, sho.rn in Figarc IK, is mado up '

!cf e large num$er of fuel rod: wh!ch cre vertical =caled tubec cf zircoloy, .'q F,, i
y y about one-half inch in diometer, containtnc.t a tac'k of pellets of uren!um

.

dicxido (UC.). The UO is a ceramic material with a very high r. citing
e. 2

0peint (abcut 5000 F). A sr. ring and insulating dh:c 1:. the upp'cr part of the

fuel rod holds the pollets dcwn, but allows thera to expand as they heet up.

The upper part of the fuel red I's a void thct serves as a collection point for *

i

gases released by the fuel. Heat is gencrcted in the UO pel! cts end most
2

of it passes rcdially outwstd thrcugh the thin aircaloy fur.1 c!sdding. The

tr.sximum tempercture at the outar surfccc of the cicddin') 1: only about

CSO F, but the temperatura st the conter cf the UO can o.: high as
2

4000 F..

.

V.*ater flows upward throuch the fuel assemblies, removing the heat from

the cladding oc it passer,t PWR ar.somblics, unlike IT.'!R ilscemb!!ce, c.re

not :urrounri::d by any ch:ud er can, and r.o c certain ar.r,un'. of cresnfhra

ecn occur, with ecotir.J ec.t.ir flowir; cut of one assembly . nd into its
. - .

.

'
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_ l. Ead: ground Informt tion (cont.) t

y,
7

*
..

.1 ^ *\
,

~~' neighber- besid it. Several pe: cent of the tctal flew consists of by-ov.s -

flow, which comes up between the outsida of the core and the thermal shield

or c:ro barrel, and is, ther fero, not dircetly availabic for removing heat
'

from the core. Typically, water enters tne bottem of the core at a tcmpera-

ture cf abaut 540 F, and Icaves the tcp of the core at about GOO F.

The prima:y water is driven threegh the core and the stcem generators by

. contrifugal pumps in the cold leg of each primary loop. Each pu:cp uses
.

-
.

about a 5000 horsepower motor to circulato about 30,000 gpm of water.
;.

.

Babcock and Wilcox suppd.los sica.m gencrators that. produce superheattd [ ,
*

,,
. ,

*steem. This once-through stotm cenerater, shown in Figuro IL, is a tubo-
'

In-shell-f pe, with primary water flowing through tho* tubes at primary
,

*
f

. . pressures in pcess cf 2000 pais and secondar'y water on the chci,1 cJde et ,

* "

about 1000 psic. The react:r coolent enters at the top ,angl exite through
.

.

O two nozzles at the bottom. Secondary feodwater enters the steam generator .) [
through numerous no::les. It is sprcyed into the downcoracr (also known

as the ccenomizer section), and it is prohcated in the section by m12:ing

with ste: vhich passcs through small no,.zlas In the lower bafflo plate.
.

,

The feedwater then passes under the lowcr baffle plate ar.d starts to travel .

up the tube hundle, where stcam is formed. The upper portion c.,f the tubo
.

bund!c is used to superheat the etcam before it exits to the turbine. Circu-

lation of the feedwater thrcugh the stesm centrater end its conversten to f
stcam fcilows tha process of c:clar.t flesv through a SWR ver/ clo::cly,

except that a BWR decs not produce supo heated st:am. Th.: cther two

PWR venders provido ve:ticcl U-ttbc steum genertters that pro:.'uce satu-

rated steam at the exit.
.

.

.

, ,/

.
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The pressurizer. main:cins the required reac c c 0!an: pressure du-ing-

steady-st:.:e 0;cre:ien, Itat:s the pressura chtn;es cauced by ::lant

thermel ar. pans:en c..d cen:rac :on dur:n; ::rmal iced transients, and ,
provents the pressure in :he Ke! stcr C clant Sys:cm fr:m ex: ceding the

design pr,es:ure. Under norm:i fulT;cwcr o;cratis:p cendi:: ens, water
fills ab:ut cne half of the pres surizer. Thr- pressurszer vessel contains

replaccchic direct 1: mer:!:n h:c:ers e..d :s equi;;ed with multiple scfety

and'rclief velves, a s; ray no::lo, fr.:ercon.,seting piping, valves and
~

s

. .., .
Instrumer.ta:! n. The cice:ric hea:crs, ic:ated in the lower see :en cf

.

.

the vessel, are t:speb!c of raicir.g the tc=;eraturp of the pressurizer and
.

Its centents at the desired rate during ster:up cf the reacter phnt. i
L

. .

* *

The pressur:rer is dest;ned to accert.=:d' ate ;:sitive and negative s :rges

caursd hy 1:sd transients. D. Iring a ;c:1:!va surgo (cacsed by a decrease*

.
* ~ in pien't letd), power c;erated sprr.y v!!ve: tdelt water from the cold leg

p/ ,
,

, of c coclant !oop to condense storm :::he ;ressurizer so that the pressure
,,

will remain balow the value the w uld ac:Ja:a the power Operated relief

valves. In addition, the sp.sy valves can he cperate1menually by a

switch in the central cer.tr:I :::=. A reall continu:u: spray flew prevents
excessive ces!!ng of the spray piping. Th: resultant rceirculction of reacter
coolant thrcugh the pressurin<tr minimizcs the difference between raccter

coc!cs: !:Op and presruriser 0.:ren ccacentes:!cns. Daring a negative surge

(caused by an increase in plant load), flash:r.g cf water to s:cem and gener-
i. crien of s:ccr.1 by auto:rotic ac:un:ico cf hes:ers keep the prossere cleve
l

' the mint:.um alicwable limit. Hecttre are also e. ergized en high water

level ce:::.; ;.os::tve surges to heat :' e sub :aled cur;;c "te:er en:ct:ng tha,

p:ccaer:: . frc= the recc:ct co:!en: 1s: .j ,

'
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CORE ITPi'OR'.*ANCI'
1. Bac'k.;round Infermation (CO t-)-,

Q
<

.

A' D. Technical Specifications

In the interest of pub!!c :sfety, the AFC require: c:ch m:c! car power plant

to subrnit a sci of " Technical Specifications." Tha object of the Technical
,

'

Spccifications (Tech Smcs, for short) is to prevent an uncontrolled rc! case

of radir., activity by limiting the manner in which you run the plant. The

Tech Specs are a legal decu:nsnt and the AEC can shut down your plant if

you violate them, so racetor operators and supervisers must be careful not

y to do ar.ything which v.;ould violate them. You will r ot he responsitie for
~verifying that your operating procedutos nacct Tech Spec limitations (this .

_
'Is dohe by management and by the recctor enginect), but you sho61d know-

'

- what,the limits are, op.~c:1, ale why they exist and understand both the,

engineerin 1 and legal conscquences of violating them. , .
-2 -

.

The actual Toch Specs consist of fiva kinds of niles:
,

*
.

. O, *
:

D' (1) Safety limits and Itr.itino safety system sett!ngs. (i) Safety '

limits are limit: upon important prccess variables (nuch as power, flow rate,
'

etc.) which are found to ha necessar/ to rea .cnahiy pretogt the intcgrity of
certain of the physteal barriers which yeard against the uncontrolled rel~eacc

'of radioactivity. If any safety limit is exceeded, the recctor shall be shut

down until the Commissica authori::es recumptfori of operation. (ii) I.imiting

safety system settings are settinge for automatic protectiv'e devices (such

as trips, cmergency coc!:nq systems, etc.) related ta those variah!cs having

significant safety fun-Mons. Whcre a limiting cafety system settinq is

specified for a varicbje an which a safety !!mit has been placed, the cotting -
shall be so chosen that autcmatic protective e.ctica will correct the most

severo abn:.rmal situarian v.nticap..ted before a nafu y lin.it is exceeded. If,s

during operation, the auto-atic safety sysic:n does not f ;r.ction as r(quired,

the licenseo sha!! take angrgriat : action, which may include shutt;ng down

tO
.

'

970P 1-20

_ _. _ _
._ _ _

,

{ /u.s3 ] O, .l.'_I' ..
, -_

+..

.

.

.

.

e

e

tt_ .



.

d

.

,

.

.

e

-
_ _ _ _ .. -

-- -

CCiU: Pl:T oO'.*ANCC
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.

O
a

-the reachr. !!c stall nottfy the Com=1.:si:n, rwiew the tr.atter and record

the results of the revie<>. Including the bcsic icr corrective measurcs taken.
!

(2) r.inittn t_pn<'tt!Om for c '-'rathL Lireiting conditionrefor opcra-
tica are the lovecst func:Icn:,1 capability or pcrCormance levels of equipment

required for cafe operat'lar. of the facility. When a limiting condition for L

operation.is not met. the licensee chall shut down the reactor er fellow any
, terr.edial action permitted by the technical specification until the ccndition~

.

.can be met. The licensee shall notify the Commission, review the r.atter I

and rcccrd the renults of the review, including the bails for correctivo
raeasures taken. c

.
. u

(3) Survoll!nnee r=eutre . ente. Su:veillance requiree:cnts are re-
,

quirements relating to test, calibraticn, or insp ction to assure th3t the

nt>cessary quality of systems and components is sna!ntained, that fari!!ty
v' operat'an will be within the safety limits, and'th$t the limiting conditions

of operation . vill be met.

- r
(4) Dr'si,n fmti:rcs. Dei;ign featuras to be included are those

features of the hellity st:ch as tr.ateritis of constrt:ction and e;cornetric

arrancements, which, 'if altered or m:idified, would have a significant
*

effect on safet/ and are not ceverort in categorf t:s describcd 'in cubpara-
~

graphs (1) . (2), and (3) of :his paragraph.

(S) !.dministrative ent trnir . Mministrativo centrols are the proviciens

relating to cr7anization and .n:naccment, procedarcs, recordheeping, review

and at: lit, and reporting necessary to assura onoration of the facility in a
cafe rnanner.

We erc conccrr.nd ::astly v :t.k ru:<.: 1. iclaring tof;fr tv li-i' : - ! Dig! ,

sis fe t. ::"ctem :,c ittr r:s. Hr; .se !?.; cl.0w; the ::.ie.ttonship b >ts.er>n thu.e end,

w
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1. Bc:kgrour.d Infermetion(cont.),.,

.5.1 .

,
other actiings. The safety lima: is :ha te re' abo.v wnich d:ams c to the fi:ci
m3Y occur: he!:w i: ds.r.a,;c . :!! d: finite:y n:: cccur. The 11mfpng safety

system sc W.c is th:: mar.: mum p::n: a: .ehich the scram or o:her au:omatic

action may be sct to cec:.r. The space be'/csn these "c.: levels is a ,

safety margin. N rmally, the scram is so:lilow :he !!=iting sahty system
setting ar.'d an clarm is set belo. the scram. The reasan for ha ring an'

,

alarm an <., set.. , .6.e .r3.. -i..: bs le.. :he limiting value is is avoid
. ....y .. . . ,

cxceeding the 11mt::nq value under any :tre'.mstances, since the rules
*

(Item 1 above) s;c:tfy that "if eny cafetv. li:.it is e: cceded, the reactor
f

shall be shat down." -

. .

J

The excet ;slucs of the safety limits are based on calculations summarized ,

in the Safa y Analysis F.o;;rt. I'ts obf ac: of this course is to teach you the
.

safet'/ cignift:ance of these limits.
J
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l. Dsc.hg:c and Ir'or. ct!on (cont.)
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~ Prchlem Set - Chapter 1 .

*

1. What do the lottars BWR cnd PV/R starxi for?
r

r

- 2. What components of a B'NR plant ara Iraportant to its coro par ~or: nance?
.

,
. 5

c

.
. . . .

3 3. What s:ompenants of a PWR plant aro important to its core perfonnet.ce?.
- *

.

, a ..
.

.

- . . -

.
,
,

* *

e e, -
. . -.

,

' t What is he obicct of having Technical.Spsei'ic ti,ons?,
*
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2. ilIER:dCDY:.A.YICS AND ;r;.7 5;d.ANCE3
.

In Chap *r 1, several terms wera rr.eationed and it vtac in:iicatad thr.t we

would give you a workir.g feel as to vint.t th:y m ? cat. Th? terras th:t wc'll.

, examir.c 4ra these u:cd in de!!ning Lt:ntmodyncmic propcrtica cnd concepts.

A. Scme Ectste Definitions+

~ '

(1) ThermoEynarnics is c w ! ''c hev r;. : c:i s often.
- *

'
-. . . .

It 10 mcdre up of tho word thermes which is cf Gr,cok crrgin and means= host., , ,

.[ and tha v*ord dyncmics which definec scmet'ung t'.:t i: In motion. Literally.

tthn, thermedynamic: recens heat 1. metien. Put 1r.t0 more technical* *
,

. .

phra ceclo;y,' termodyncmics nican tha prcece:es involved in the transfer
.

'
*

of enerch Cther courso natorial preicantsd 11: q :ic 1.!ucicer Phy fc.: was
s *

-.~ . . . .
p concerr.ed with the e::str!natten of :::c 4:om c nd its particles. Thermo-J

dyna:cic is of r.o vali:e in pic'aietir g (16e br.cavior of etcras er mcleculee.

It is usctul only when c:: plied to larr'e cc.ourier of reatter. This vill result

in our e>:5:sinir.; processor usin; t'.e h!r.ch bu cpprcach, *sithout rcs!!y
caring what c es on inci:'e the tm:, but only what e.es:2s 1tr hocders.

.

Again, in Casic !!uclehr Physica you war.. frecented v.ith certain 1:.ws used

by tha physicist. They viere cello 1 t'io I.7ws of Conssiv.iti:n of Energy
*

ar.d Mat:cr. Thera.edycamics has Ic. s also and tney ar? very similar, t%t
are rc::tated fer use 'cy en ;inare s. It ! not neces:r/ fer r to c:citre
then in cny cc:st!, sir.co they cre yt:ite c.,. .r*!:::ted. Pcr r:it ior then d!:-

tr.1:s thg .', Int's ,:tte:n:it .. very Joe :o im:1 amen, r:c:gri!:in ; that we will ha
cacrificing cret.rc:/. On this basi.: we ccr. teri?.a the two Ir.v.M as fci,1v ts:

* Law bl - You cci.'t cet come:hin : ict r.; thing
'

o Lt.w (2 - **r.! ordy tha: (f..y . I), .fou c. c rac ur

4.d
, "ru s 4; .vn, you .:Iw:,ys lum.

, . , , ,
.... .

,* .
'
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2. Therrnodyn 4:rier .md ficat E!.ls.cos (cent.) L..,y -

3 ., .

s

.]
*

'
.

.

.< .

,.

Let's considct an id!o power plant. If you c!c:,n the generatcr brecker, ycu
,

9 won't get anything out to th.c bus until you st rt th<i turbinc. Thc turbino
_

*

'
' won't roll until you supply it with st:ani. You cc::'t make steam until you

f.
have a source of haat and for that you need fuel. No fuel in, no power out. O

.

L:t's escu:r.c you sapply the plant with fu el and start it up. h'cw you are -

.

. ,

supplying power to the bus, but when you const:'er what's tifcis g in to whet's.
,

e
' coming'out, you find there is a large discrep:ncy. You cro pt.tting much '

.
r,ncre en2rgy in thhn you.are getting cut. The e.2coc.d law is affectihg yo *.

.

That's a gli:r.pse of whct thermodync.mics is c!?ubout. We wcn't be mention-
-

ini; "thermo'* too rnuch after th!s but rc:ndmber, cnytirt.e you : bel with the ...
>

l

transfer of crergy, yeu'reavork3n'; with ther*mo:*ynsmic pec:uesc..
-b.-.

*
,

p

(2) Prec#rtins was used previcusly and enn be cioff ned as E- . ;

Q them quantities n::ce.ssary to describa the state of a. substance. By state jo

we mean how hot er cold it is, how dense, under what pressu:e, and how '

*

much vclurne does it cccupy. Ter: pere.ture, pressure, c c .sity, enthalpy, '

3 -

viscosity, and speelfic volume are all propertics. Let's tche an exampig F

to illustrate the use of propertice to describe the state of a cubstance. The '.[.
state ci superheated stesta can be esta*.:lished by specifying its pressurc

'.r

and te npersture. When this is done, other prcperties of the steam, such

cs specific voluma, are no longer fr.re ver!r.b?cc. Instead, they have a L

I

dr.finito cnd fb:cd valuo. In that reep.?ct, th? !cte of st p,:rheated cream
cculd hr.vc !.ecn entablicht.d by specifyir.g the :pecific ve.'umc and the

to:r.pr-rature . h*cw r.rcesarc beccme.S the fb:cd v. risbM. It normally re-
quire:s the ochbli::hrnent of two prnp:?rties to define tha sta:o of a sub-

stence. Of course, tha sub:::nc itrelf, suen a: smerher.to.: st:an,
.

=ust air.o be 1.icntified. It should he noted tha>. 'h2 tr,'al veh:=0 er wchht
,

of a entorial f r. not necen. ry tc ep. c:fy its state. E
,

, s - -
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. 2. Tho.: .ed/ns:..ies c..d Mcat Salences (cont.)
'

.<
w %

. Y .

(3) Freccure is ca eas/ term to define. It's a feree per
- uni: area. The crif :r.'t.; :o ws:ch cu: for is tha un:ts. F.ngin2ers always

eterk with chscNte units such as peu .ds per sque.re inch, ab:olute (PSIA)
.

"

.cr :. ch6s of =crqury, absclu:s (23.*-!; shs.). Engin2cring t .bles listing

f.ro;.erties as a fanc 1:n ci pressure cre :ndexed in absciuts unit:. The

p
' u . s of ;rss:ure that you .*:11 ch:: n f om the plan are read in psi qs;c

(psig) er inchec of mercury, vacuu . (in. H9 vac.). Reme:'.ber to convert
.

ye.:r instrument readings to absc.:e units hafrire entar'ng engineering,7

tahie s. Ho t do ycu cor. vert? ??? pr275 ro readings frcm a gaga (ps:q),
.

ecd 15 to get r.hiclu:e pressure ;sta.
.

.
.

PSIA = Frnsure gage res:iinq +15
~

e

To change i ches of r:ercury, vacuura te abschte press.:ro, us2 :he fe!!cw-

b fr.; ferme!c and sketen:
.

.

O l'n. H- 15 psia = 0 pstg
-

8 .

1
i'.'acuum) 13in.Hg e 7.5 psia (Absolute)

''

.

30 in. Hg 0 psia
,

~

o PSIA = 1/2 (20 - in.Hg, vac.)

If cender.ser.;ra: cure is .mcr= ally 28.5 in.Hg, v:c. , the absolu:a pres:ure

1s:
~

P= 1/2 (23 - 22.5)
P= le 2 (1. 5)

~

P= 0.75 psia
.

- a. ,=$
-

J*e 4 sYy
.-

.
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2. Thc. ..: cy .;.- ::s and lies 3 31:n es (coat.)
.V

,

,

9 .
.

O,,

.

( *) Te rara:ur? i3 n m:asure o: hcw tr.c !t hct:ur or
cold?r ene t:dt :s when c0= pared e:S c:hcrs. It eca also be &cu;h: of

.

*

as the poter.:dai er drivin; f rca th : :nuses heat :c fl:./ frc= ene h:dy : .

another. Fer ur.a:ely, the unit c':emp:rcture mensurer.:ent used almes: *

universally creu-h::: your plan:, da roos Fahrenhei: ( F), i: a! o the un:t
L.

we'll use.in a ma;cri:/ cf Our es!:ui::::as. Fcr the. special cr::a.of det:r- i
.

mtning thecreticsi efficien:fes, we will use abse!u:2 tem;crn:ure measured

in *R (:iankir.e). 'In the Ccneral Scia co ecurse, you may ree:!! :ne f:llew , *

_ ing relationship:
-

i

.
. i

e R= F + -460
L

. . ...,
, #

Since your earlier coverage of tempers ure and i:s */arious.s: ales whs very -

cera;!e:e, we'll not e:<;!sra it any Srther.

.Q
.
'

. . . -

(5) S;cetffc Mem: is the heat ret;uired to raise the te=-
paratureof ons ;;;nd of material IcF, The standar:i unit of heat is the

British Thermal Unit. It is the amour.: ci heat required to raise the tert.per-
0ature of c .a peu .def water by 1 F. Sy definitien, the spacif.: her : of

water is 1. All c:her specift: heats arc relative to this. The units fer

specific hea: ars 3TU/1.3/ 7 and it is represented by the symbol c. A

typical applica:!ca of specif:c hes: c:n b2 found in this problem:

o liew much h::: =ust ha suppJie.fi to 100 lb of a
.

substance wi:h a spectfic her.t of 0.5 E7'.1/1.3i F

to change ::s c=; rs:ure frc:a 50 F to 2:2 F.
_

Hen: = 1' x spacific isnt x temperetere changeo

ficat 100 a 0.5 :< (212 - ST'

lie:nt = .50 x 122

6100 STUs !!:c: =
t,,p

,
,

, .

? 70:' 4-4 i
,
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IIf we ta'r.c the Sr:t two ternis of the previous equatica (Ib and specific her.t)

and multiply th-m icgcther we have a nce. term ec1!cd heat capacity. Its
units are STU/ p and it is the a= cunt of her.t requirad to raise the tempera- (-

ture of a substanca 1,y 1"F. The heat capacity is d pendent upon the [

'' ~ weight of the substance. Fer that reason, heat capacity is not a property

describing the stato of the substance. What is the heat capacity of your.

- reactor vessel if it wcichs 550, tens end has a e of 0.1 S;U/1.B[F?.

.,

3'

(G) SnecifiE Veldme is a mea'suro of the numbar of cubic ,
' .

;feet q=cu 2fod by one pound of a matarial. It is tip reciprocal of dcas,ity *.~~ -

and is represented by tho. letter v. As a material becomes raore dense, its [
*

,
t

specific #c1'ums d$' creases. We will b'e interested prir arily in'th'c specific
.

*

= .

voluir.e cf caturr.ted voter and steam end how it chsf.ges as prescure ende
s i* -v

temperatura croincreased. We also want to know hcw specific volumo

chsn;cs when water is tur ed into :ter. n. One useful aid to help us in.

>

remembering hcw rpecific volum2 chenges is the fact that at a high tempora-
oture (705 F) and pressure (32M psis), water and steam tiave the same

--

properties. At this critical point, as it is called, the speci!!c volumes of' c

L

. cach are squal. At low pressures and t?mperature we know frem experience

that one pound of water does nct cceu;>y c large volume; therefore, its

s;3ecific volume is small. As we add heat to the eater, it uponds and
P

occupies mora vc,!ume. l s we put the water under pressure, ceh.: happonc ?
'

Water is esscntzelly incomprctrible sc there is no change in volume sue

to ir. creasing ;;rassura. A: the comp:ra:ure and pressure of water are in-

crce:cd, t!u specific vole: .o ir. creases du: to the temper:ture effect. Steam

et low pressur: r.nd tom; eratur.' has o Ing.: sp cific volume. That's why

N
-

C70P 2-3 1
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the Ic y pressure tur' ine ed.aust casin;: are sc !arge. As tr. pert re and |a
'

pressure cre inczcased, the pressure hc:cmes the dcminent f ::ct Sc:ause

ste2m is compressible.

So the specific volume of steam d.+:reases with ir. creasing ta.apenture

and pressure, just the opposite of water. On a traph, spe: tit: vofu:ss of
_

water anel steam le.chs like this:a. . *
.

'
. c

.
.

- "n .Critical
. .

t
'*-

T&P \' * *

.

\ Steam*

(Saturated). s
. .r .

! s . -

C ,s" Water \ *

,

Av ~2. I

0 psig
.

' ,

- , ,

o -

212 P .01G .05 3 27.0
Sp:cific Vclume it /lb. -

-

The chan e in treci:1c volun.c (sh:..n as av; assoc:sted v/ith the chan.ge
.

in : tate as va:ct becomes steam, c.ir the re"orse, csn 50 deter : red from th3'
. .

oreph. A / d: crc:ses as temper;tarc cnd .rcssur: incracso, the r .maI

behavict as thet cf the steam. tlc s;ac.fic vcbmo c! stue is :pr:-

se .ted by v. S (g fer cas), that of victar cy v, (f for f.'uicJ c:.d av is vig.

(7) Enthaley :: a tr.aa.ute of the ccr.:st .t.i htr:r.a;

encrgf 11 C substoor:c. It is a relettve pror. r:/ desertbir.; the ::a:e ci

4 ma;crial in rotation to a reference valua . ""his reference is vester at (
t

.

.
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2. Thorn.0,!y u: .ics an:. ?Ic.-t E'4!anec:. (cont.)-w
i

'&
-

.
n

A .

..J

.

32 y en:f, et this condition, enthalpy is zero . We can write an eduation
'

.

for ent..s:py as' fc:lews: r

#enthalpy = specifi: heat x tem: erature tinove 32 r
-

h = c x (T-32)
, -

Checking th*e units: *
,

.

h = BTU /LE/ F x F [-.

*
~

*
. *h = 8TU/LB '

-
.

. -
'

What is the onthalpy of water ct 212,CT?o,
~

h =-

1 x (212 - 32).

4 >

h = ' ISO BTU /13

If we Ic:% up the valua of h for tretcr at 212 r in a water p:opertice table,
- ~

we':1 fin:: it is listed ac 180.0!! 5TU/:.S. Tha reason fer this discrepancy
is that the value of c, specific h?et, is nct preci :ly equal to 1.0 at c!!.

temperctures. !!cwever, icr r.:ost of tha prs 5: erns we'll b s solvar.q, as- L

>

su:r.ing c c = 1 f : water is accurr.te enough up to a presrure of IOGG'p ta
and 545 T. As in the c:.cc of specific vclume, the cubscripts f :,: d g will
he used in ider.tifying the enthalpy of water and steam respcctively.

(P,) !.at<'nt Heat of Vaperf.mtion is the aincunt of energy I

r.eaded to change a T.cund of water into a pound of steam with no ch.2nqc in
temperatu:9. Ti e word fetcet :-*.? ns 'hiddan'' and is used beccuno there is

I

. no to:.perature change durir.7 the ;.rocass. We uso the symbol h cnd the
unit 1:. EiU/LB. At etmos,:her! ;*essurc h is C7C iiTU/LS. At .:riticalg

cssure it 15 0, so n can ha st:c . tm.at it hohaves in th1 sar.;; n w.<, tr si v
,

thr.t is .' a:. ;te. tun an 1 tcir.r .rr. uru arc increa::eri, h,. decrennes .
'

' t ,.)

.
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.

B. Sto.tr. TahIcs i

. .
*The Steam Tames are r.::htn; :ncre :har. a se: of :chles .vht:h list the nu--

*
'

morical values of the preperties in:redu:ed : the las: r,90::ce.. The va kes ,,
;. .

in :hese tab!cs have heen eb:41..ed from :.esturoments :.r.Co by on-incers. *

. 'sterting back befr re tha year 1900 and 00..:inuare; ruh: :.; to r.c7t. The set .

of steam tabler puh!ishec by the A r.crt:an SO:tety of 2.:c:her.1:ts! Er. gin:er.t
. .

(AS .iE fc.r she .) is tha sten-::rd which ycu th: 1:1 always ~ ==-auce ;

the ASME set is a large teck, vr.ricus crqsn!:stions have puh!:shed hct:

tables consisting of sole .ted valucc te :en ft:.T. the AS?.iz taties. The

shert set which we will he using inchdes th ce tables, the firs; two of
J which are for "satura:cd" steem and the :ss: for ''superhc:.:ed" steam.

.

(1) Saturated Stee. s is s: cam which is ready t: s:ar: con-
. r'

Q denstr.g into wa:er if th d =at energy is re. cved fre . it. St.tura:ed steera L.

is dry--it has no !! quid wa:er c:ntained in it, but if wo decrecse its energy
>

s!!chtly so:. liquid water 'vt11 he forir.cd by :endensation. '

,
.

(2) Samretai Water is ws .5r .hich is ready to s:hrt evap-
,

orr. ting into stas . if t'.cri.s! entigy is added to it. Sat.rc:en vater is

c:enpletely lig. tid, bu: if we in: ces: it: energy s!!ght!/ .<c: r: s:es.t. w!!!
to formed by cva;,sts:Icn.

.

We have to r.:f..: two choiccs in Order t: ron.! :he s: car. :d;ss. fr.a t is ,
i we cc.n hcose ;he rur.orical values of a.*: 1 ! e.n!.* *v.,..! .Mc f:11:. wing:,

I O f.i*s.'S A9re 8

'J
'

o it- .; ur e tt::c [

o spcctil va1.7m.c
r

o enth.ilp/ .

~
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CO~E P G /:\ '.!AN CE
2. Th::in.dynsmi:.: and Heat ta!caccc (cont.) .-

4 |

.

.. -%
- ;

~ The stearn tab!cs will then give un the numcrical valuus of the other tvis

properties . Tnc prc=curo end tcrercrature are the prepcrties whose numer-

leal values we r.oct often cheese, I;ut there vrill be times when we use a,

dif!crent pstr. Someti:aes instead $! chocsir; the numeric-21 values of two

properties we chocro enly one nu: erical value, but ales specify that the ,

,

stcam is taturated. . In cffect, cpecifying th.t the stcam is caturated uses

up one of our choices nd se vie can or.ly chcosa one numerical value in.

U:Is case. **
.

*

The steam tchles distriquted with these notes are a "shcrt", cot taken fecm'A

the 19G7 ISh!T. Steam Yables. (This is the latest edition of the ASME tables.)*t
Three tabics ara included. Wc will describe the tabics and then give ecce

* *
' **cxempics cf hcw to ssa them. - ... ,

* . .* . .- .

.

(,1) Tab!c 1 - Saturate:i Stee.m; Tom;ctr.ture Table'
,

This tablo gives the properties of naturated sicca and saturato.1 !!q sid.

Because the table is for aturated II O, one cf cut choices is a'rcady cede

fcr us, cnd we can choose the nur.crical value of onlywne other prcperty.
~

Table 1 ic Inid out on the assumptica that you will choosa the value of the

temperature t. Therefore, temperature (in degrees Tshrenheit) is listed

In the left-mcst column, and - for convenicr.ca - again in the right-tr.ost*

column. The temperature values increa:e by Ju:.ps of either 2"F or 4' r.

as we : .ove down th? c0!u: .m
I

! '

The corre. spending "4 3.- . ib diuto pressur.s p in !bs. per square Inch are..

I hwe already snid thr.t the steam is saturcted,listed in eclue:n,a . # 1r

ence we pith the Rmp.:rotw all the cLhcr al' c arc dctcrmined by nature.
Thcrefore, the pressu;a values are ;;;t round numbers cr.d are not in cen-

venient juri.cs r,f 2 cr '. like the tc::. crature.: are, bceause these proc re

vr. luc <; cro pror.crt'u:t of nr.ture.g
070? 2-9*
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,

9 Psr each tcsaperat re, column 2 gives the specific volume v of the saturated

liquid, and eclumn 5 givc:: the 3 rct:Jc voicme v of the ci.turated vcpor
g

(that is, of i:tt.hr..) Colur.:n 1 giet-s v , the O. rount by which tha volums

increases when the saturated licaid uvaperates complatcly to fcrm saturated -

steam. You will find that the v.11:<c in column 5 (3 the va ue In c.:!umn 3 ridded

to the value in enlutin 1. All the c;; cific volu-.es are given in cubic fact
.

;
,

perIb.

t'

.
F

Co!urnn 6 gives the enthalpy h of the saturated 1f:;uld, and column a q1ve: the ;
f . e

cr.J.a;py h cf the saturated vapor (that is, of steam.) Column 7,giges thu
,

aracunt h by <.hich the cSthalpy increcscs wheri the saturated liquid evap-ig. .
,

cratos to fen- esturated etcom. You will fSd that the value in column 6a
. -

pid the valuo in coludn 7 givc's the value in cc'umn 8. All the enthalpics .

*

t.re given in ETU per Ib. *

. . ,.
. .

a - i
. . .

p We v''il!*r.ot df reus: the entropy (columns 3,,1011) in this ccurse. .) h
'

v..

(4) Tchte 2 - Saturated Steam; Prc:sure Tabic I
.

>.

Like Table 1, this table gives the properties cf naturated steam and saturated
*

liquid. Ecccuse the table is for saturated H O, onc of our choices is a!rcedy
{

srade fer us, and we car. choose the numerical value of only one other property.
.

Tabic 2 is ! aid cut en the assumption that you tri!!.checsc the value of the
pressure p. Therafare, prc:sure (in Ibs. per square inch absolute) is listed -

in the left-mo t coluran, and - for ennvenicnce - again in the right-:no.it

colu aa. The prez. ure values Ir.cre.u by jump: of either 5,10, 50, cr 10')
*

lb s per square ir.ch, dep .*nding ca what part of the table we look at.

Tic ectresper.diaq value: of tc: perr.turc ! in dc;;reca fahrenheit arc li: ted

in eclu:r.n 2. There cru r.ct re.:nd r u.::.cr: and ar . not in cer.venicr.: Jump .,

tu auce one.: we s;:c:117 that the li. O is aturc:ei!, ar.d v.h it its p..arsura is,
'

L) all rthr. . !urs are de:ctmmed h r.ature.3 -

.

27:.? 2-13
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2. Ther.. e. 'yr.u;::: c.nj I!at ci.snucs ( cnt.)a

9s
9 .

fs Ter each pressure, co!u.~.n 3 cives the specifi: volt =c v cf tho :sturat eda

.- g

!!cuid and co!cmn 5 gives the spe !!!c volurac v cf the caturated vapori

g
(thut is, of saturatcd sten:n.) Column 4 91vc v, , the amount by vhich the

2

speci!!c ve!cmo incrensa: v hen the catu sted IIquid evcporate: cc:ap!ctcly-

to fc.m caturated steam. You wi!! find that the value in column 3 added to
the value in eclumn 4 givo: the value in eclu:.a 5. All the specific volume: .

are given in cubic feet por Ib.
i

.

' '
Culumn G sivos the enthalpy h of the saturated liquid, and column 8 civosg

.

tho enthalpy h of the :stursted vapor (that is, e'saturstcd : team.) Columnsy
" g e

4
. 7 gives the amount h by which the*cnthc!py ic.croccas vihen the saturatedfg-

}iquiel evaperptes to form satursted stocm. You vrill find that the value in
~

c'clu:nn 6 plu: the value in column 7 giva the vclue jn eclurnn 8. All the< .

* *J * * cnthalpics are given in 0TU per Ib. * *

,

We nc ed not cincuss the entropy (colismn: 9, *tc and 11) in this course. *
,

O
'

(5) Table 3 - Superbssted Stecm
.

Th!: tah!c gives the prope. ties of superh.aated steem end also repects the

pro;,erties of saturated liquid and coturato.! etca:n presented in Tables I and
.

2.

As usual, we have to choose the nun.cric.! values of Sio, propostics in order

, to rend the table. The ts!;!c iu laid cut en the accum;) tion thr.t ycu w!!!

chcote the numcrical valeas of the pica:t:rc cnd the temperaturc. Thcrefero ,

value cf the r.ronsure cro !!sted in the Inft-cost column and values of
tsmpernturc Orc l!!!cti acrc::: the tcp. The propertic: of cuperhc-ted steum

et the prasmuce given in the !cft hand cciuir.n and the tcmperature given at
the top arc fcund where that 'eclumn en ; that row inter cet.

.

V
.

'

? M I' 2-11

.
.

-

. -
. .

/u3 TI. 6 2': 5|. *
._y- ~ - .. .- -

ee

.

. .

.

. *

.

g
# .



|
:

' s

*
,

1 .

,

i -

I
l

'

= _ _

_. _
_.

- -- -

.'|
-_ ....:....

ODE FEFIOP ?.* '*.'':'
2. Tite:rmedync:aic:: and Heat B6!anec: (cent.)-

'h) . g
-

.

The top nucher given at t.kis intersectir . is Sh, t!.c decrocs of Superheat in
^.
-

The secand r. umber is the :ps !!! volum: v of thede.; tees Fahrar.hcit.
superheated sica.1. in cutic feet per ib. The $1rd nur-i:ce is the cathalpy h

|
of the superhcstr.d steam in BTU per lb. Y.*e will not discuss the entropy

values ,
i

rer your convcnience, this table also rapats the saturstion values listed
Fct cach presstfra li.ted in the Ic!:- rr.ost colume, thein Tchics 1 and ?..

raturation tc.p:rature is given benes $ 1 in paranthesoc; the propert!es of
saturated Intuid are giver! in colu .n 2, ahd the properties of sa'turated steam .

In column 3. The:e properties are listad in the sarac ceder, and in the sar.c

units as fer sups: heated steam.
.

..

(6) Example A
.

> '

^. Vihat are the pressure p, specific vold::2, and enth;!py h of saturated steam
e.J

.
t

at 532*F?
-,

In T:ble 1, lock down the left column {Os temperatore col'h.mn) until you find'

S32'T (in the middle of page 10.) Rea:i:n; seress this line gives:*

Absc!cte 1,ressure (p) = 90C.3-; psis

.

Specifi: vchtme of r.aturated va;;r (v) = 0.50370 ft.3/lb
i

~
.

1! Endsipy of naturated vapor (h } = IISC.4 ETU/lb.

>

1

(7) D:cmpic 3
-

*
r of

What are the tccr:ctr.ture t, the specifi: .::ume v , sr.d the cidhalpy h'
')

'

i saturcted stec:.1 at 900 paia ?'

,

I
*

9

.

37:e :-:2

.

-
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e
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!CCM PEM'C:iL'ANCE
2. Then .ody.2:.mics a.,d II:r,t Esla .cos (cont.)

4 .

.

.

r

. . . . . 0..1-s:

.
-

S!nce the pressure of seturated steam is given, ura Table 2. Issok down

the left hand ec!ti:r.n until you find 900 psis (sbout cc.c quartar of the way

from th'e top ci page 13.) Readir:q across this lir.e gives:
.

Absolute temperature (t) = 531.91'?

Specific volume of satursted vapor = 0.50031 ft. 3/lb.,

E:sthalpy of cattestcd vapor = 1196.4 BTU /ib.
.

.

(G) Example C
. .

Solve exampic 2 using Table 3.
.

k

.

r

Look down the Icft-most column of Tabic 3 until you find 900 psi;i (at the

O botto : c5 page 21.) 'rhe saturation temperature is givca just bele.i the

SG0, and its value is 531.95*F. The other values for the sctt. rated nper.

-

are given in column 3:

v.

Specific volume of saturated vapor = 0.5000 ft. /lb.
Enthalpy of saturatcd vapor = 1156.4 BTU /lb.

.

.

Notice that the steare. properties are about the same for 211 three c::ampics.
{ This is because the value of the pressure that we chere to use in examp!csi

B and C is nearly the cam: a:; the prescure value thrt we ebuti.-jp-. the
M in Eearr.plo 1. This r. hows that::

\
i
'

The 3 tobics cive coaststcr.: value: of satura'.fon properties,o

for catureted su.orn, it is rr. ore c nrcntent to u.w T :!c 1 ifo
L

, the terr.ptratere is given, at:d to use Tch!c 2 cr'.*r.i:!c 3 :|
N the prescuro is g.ven.

.

.

970P 2-13

!.

.
,.

-

| */,433 l1 4 2~--

f . ~ _~ . . 7 -- .-

._. ..

M

O g e

a

se

k-



|
1

N %

.

%i.

1
1
.

__ _
_ _ _. _ . --

i.~.,Cv P...r c....... ,
.- . . . . m i . w .,

2. Thr.rr.Sedyncm>::: and ;icM ' !u.ccs (cc..!.) |i

.ss
.

. .

C. T.norgy, Wc:k and Tcwcr ge] C

r.
Gy using the stcan tr blos, we can calculs:: the at:un: f thermal (i.e.,

.

t
,

heat) enercy in ste.im. But c pcwcr plant .:ses net calv :her .c! onergy, I.
.

-
a

it alco uses mechanject enargy, ar.d it ch: .ges er.c qy fren :hermsl 30

mcchanical form (in the turbina, fcr example). il
r.

-

Mcchanical encigy is called ".::rh* ar.d is the enc qy used in moving a

. iece cf h:rdwcre over some dis snea. The ;:isco cf hardware can be a
.

p :.

cylinder in your autcmobile engine (which =cvas only a few inches), or
-

2

.
'

it can be yo.ur cor itself (which ycu migh:;ush several hundred feat t:
*

4 ,
,

I'the scrsgo if the ccr broke de-!<n), er it can ha a turbme rc:ct (which is *

,

continucusly " pushed * around by .ixpanding stecm). t
,

. ... . .. ...

*.
- e-.e u

The amo.in: cf work we do in rr.cv:n7 the piece cf hardwa;c eqcls the - b.*
2

',

distance the ha-dware travels times the awrage feree we use to push it: ' ~

'

-
WCRK = TOTsCT. X DIST*NCI

.

This agrees witia car cc.r.r.on, everyday ides cf what wer;: is:>the f3 t%r i. .

we push our car, for example, tha mere werk we de: snd the harder ve

have to push to movt: it, the more work we do.
.

'

The usual unit we u::e to measure werk is the f:-lb. The first half ci this

unit - the ft - is the unit in wh'.ch we meccure the dis:'.cca that we .

e

move to.acthinc; the seccad half of this un;: - th2 lb - !s the ur.it in

} which *re measure the average feree we h2 ra te exert te r:cve it.
-.

,
.i (1) D m rple A "

1
*

.

| Yew cer brcsks down and you hatt :o tush .: 100 f: te :he ser.'.ge. To do.

i

this, yo 6 .ruct push wnh a feree of 50 lb f.:'s a verv smtl; car). How ,<

,

much werk ci.d you ca?.

Q, -

5 70 P yg

.

.
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CCEI PEP.CRI.'l::CE
2. Th.rmc jyec ne er.d :-i.n: 3 stances (cent.)

;.;

\% .

C'

= Ann :r: WCE: TC 2 0E X D:37A!!C E=

Pcree ' = 53 15

Distance '=,100 ft . .

Work = 100 ft x 3G ib = 5000 fc-ib
.

~

The dimensi ns of work and energy are :he same, but sin:e thcr:sl e.nergy is

expressed in 5:u and ven in f:-lb, a ecnver:10n facter is nesdad. It is
.

I778 ft-lb 1 ku= * ..

.
. . . . .

**
(2) Exam;Ie B -

|
.. .

,

-
We showed in an earlier er.:=ple that the amount of ther=al ener;y.$ . '

needed to incicose the.ttc; ara:ura cf a typical ter.cter vessel by i F was *
.,

110,000 pu. H:w many fc:t-lbs is this?v'

*= g . .

~

Q o Answer:

110,000 Stu- x 775 ft-lbs 685.58 x 10 ".-lb
'*

=
CF htu u- -

3 c

Did ycu notice that ive have s f:r act said cnyth!r.g chtet the ti .e required

to move :he tar.rdwaro? Tine en: cts cnly when 'we spetk of power.

Pc.rer 1: an ev.pressica cf the rt:0 at which aither:*

*o therraal energy is pr:deced: ::

work (racchanic31 Incrgy) is u ed er produ:ed.o
_

Power has the uniti; ci eser.;y divided by :1:se:

Er.c. v
Powcr = -

,1.** e1

'.)V '
.

1976T 2-15 |
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COI3E hi!CC.RMI.NCC
2. Th .r.:odyn.2.. :;s and ii. ot tialances (c ~nt.)

3 .

n.

N. .
--

.
,

.

l.^, .

Thermal enr.rgy != u:nallf .ns : red in "tu, ;o that ic mecsure thcrmal'
-

-.

power as: ,

~

Thrrmal Enerm.*
'Etu.. anermit power = -- = - P,

.Tirc.e . hr F:
t
r

Mcchen!cci energy :s racacured in f -lbs, so that we meccure mech iical p:
~ power as: C

.

.

h.schenical Pcwcr = Mechan * cal Enercy ft-ib . ..

-

= '.
.

time sec2
'

e - * - >
, . .

. . . ,.

Net only are the it.crmel and twchanical encrgy spits different here, but I..
*

p

the units of t;mo are also different in the two cases, since we used hours ,'
..

.in speaking cf thericc! powq an.d.secondu in speaking cf it.cchcnical pcwer. 7.
- 7

This difference in the units of thno, liowever, is sin. ply a m.stter of comr.ica
'

''lo could have used ar.y tirne cnits.prcerice. .

< m. ,

'y +

. .

(3) D. ample C b-

6If a hinat source s.:pplies 10 Etu for every 10 hours of operation, the '

~

thr.rmcl power rating is f

610 Ut.u/10 hours a 10 Btu /hr
- .

-

(4) E..hmpic D
0If a turbine cr.n dehv.ar 10 ft 'b of meebs.nical energy in 10 hours, the a

turbino rating is .

-

610 fr-!!./10 hourn = 10 ft-lb/hr -
*

.

Other m ;te comr.oa units cf pr.wr r are hercet cw-.: (hp). for racchanical s .

>

power, and kilcwr .tr. 4.w) 4.r.-l negawatts (*.' ..') 3,r thei r al power. Electric [
'

.

. '
a - - -

4g8
.

.?
.

970P 2-16 p.

.

; - - - - -. - -

___ _

f

.- . !

/ * rd J i .| |p * V~2 4 fi~

y.4. _ w ?./ 'I >>
,

..

.

0 '

e
*

.,



.

w -

.

.

-

|..

|

|
.

|

.

_ m __.a_ _ _ _ - -

4

GG:E PE?.rO:-tMANCE '

2. TherrcMynumics und He2t ital:.nec: (cont.) p

.4 - ,

N *
.

power is uico quoted in mer;cwatts. Olivicuely, we need so:nc ecaversion^

facters to he!p us convert from enc unit of powe.r to ar.other. Herc is a E-

t: ciui se*: '

-
r

.

I hp '= 550 ft-lb/sec 0.75 kw ;=

i.

1 kw = 3413 Blu/hr 1.34 hp
[

=

-
. k

31 Mw = 10 kw _
- ;

. J
.

.
.

(5) Example E -

? We found in Example B of this Section that it required 85.58 x 10 k23 f, .-
*

,

~ P
to raise the temperature of the reacter vecscl censide: rad there. Wo want ;.

1000F. to raiso the temperature . What p war does th.s require? E::prces ,-Ar
.the answer 1.. hp, kw, and Mw.

. t

-r
- c /.n :wcr: '

O.? '.
"

G ft-lb 100 F 8 ft-lbP = 85.58 x 10 x = 85.58 x 10op hr hr
,

>-

[8 ft-t h I hr 6 ft-15P = 85.50 x 10 hr x 3600 see 2.33 x 10=

sec 7
-

,

P

6 ft-11, I hp 3
~

P = 2.38 x 10 x a 4.32 x 10 hp
see fr-lb

5500
-see
.

P = 4.32 x 10 hp x .75 kw3 3
3.24 x 10 kw- -- =

hp

.i

3 1 Mw
| P = 3.24 x 10 g, = 3.24 Mw

3'

10 kw *
.

|
~

r
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3-
. D. Cashty, Car:/cver, an:! Cc!:rimeter

-

<

(1) Quality 1: the wat;ht fraction cf s:cani in a mi:(ture of

steem and wa:er. If a ..: :ure f ;.:r. ; unds exts:s su:h that .!; pounds
~

. <

ef s: cam 1: inve:vec, q: : :7 can be def:ned as fellows: t.

;. .

'
.

. . ',quali:y D:) = 5:cs.- ass 'fi= .

i:. Lx:ure insss '.' m,

.,

Since the staan = css e usI: :he =:x:tre : ness r 1:0s the water reass (!.'f),
E.. ..

we can rewrite eut ex;rssacn as f 11:ws: L
, .

r.*

x a. p = . * t; . a.if . .

k.
4..a

,

.

.,
.. i .

. ..

t..

X= 1 ''f
. . - -

r
r.-

Mm * ' *

fn.

. .
.

- Quality is mcst c!:er: ex;rcased in ;er:en: 'cy r*.ulti;!ying thi: fraction b'/ f:c .

100. P
Q i.

..
- '

(2) Carryover is the 'tsigh: fra :isa c water in a steam- P'

water mixture. '*:ing cur same syche:s 1co can wri:o :he foli:warv;.ex-
.

r.,)-
prcssion: t,

carr/cVer = _Mf . -

..

. . . . .
,

r
.

I' rem 4 previcun expressic: for quali:y. we can c' rive the fo!!: wing sc!s-
tiensh:p t:c:weer. quahty c .d c n/cv:::

..

'

qual :/ = 1 - erryover
i

i cr a

carriover = 1 - qua!.ty i
,

'.

We ust the rcrm c=:Ty:w.? * 15.".rily ".+ :r. wc tan c.i cut the ar.c r.: Of

mcisture in th?- 4:3cm t t!.e turtt.c. J. typica! .r.V?. s: carn generator

'r
.

Q -

e,ce : .s
-

.. .: .-- .
. . .

.

.

.g- -e g
.

-- - - . .

'h'"'- MM

i,3 u| k 3: 7W/.
n. - J. . ....

-.

P
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CORE Ti:rORMr.lic5
2 Thc trarx!ynamics and !! cat 32 bucca (coat.)

^ -

;1
-

,

.

\ F
.

1
-

M' specification has a pcrferme.nce re.;uircrr.cnt that the moistt.ra content (or
|

carryover) of the stec..i leaving the unit shall net exceed 0.25%. That .

= car.: no m re tht.n 1/4 .,ound of water for evcy 100 pou:ds of mixture. j [
.. .

.

o Exampic r

i--

6If our etcam generator is rated at 4 x 10 1.S/ Hrs at 0.25% moieture, hcw '

.

much water tileavhy the un!t ct retcd conditfor.s?

Mi a carryover x mixture ilow

Mf = 0.25% x 4 x 10 F-

-
'

6

.

M.i = .0025 x 4 x 10 . .
.

- 2

..

'

Mf = J0,0001.2/IiR , . i
**

'
*-

> , .,.
*Sup;:taso that we wsnt to fini out wl:: the e .th21hy is.,of a : tea:n-wtster

r., imixture 102vi: g a steem <[enersicr. Wo k6ow a co:ple of expro.:sfo .: that+.
- . ,

we can start with. Fe! inst.nce, we know t!at the total m,t:cture is e::ual
-

.

C tc tha cum c.,1 its. parts:
, , ,

'

,

'

Mm = Mi + Mg,
'

Mixtt;to (Ib) = Water (ib) + Stem (ib) p

.

We alscwcrke.d out a probicm ceriter wher= wa f >und that t
.

.

Heat = Mass :: Enthalpy

Heat -Mxh

%'c can combine these ex;ract.for:0 and write orm that str.te s that the heat
~

I of the mixture b c:,ual to the st:;n <..r tha he:stn of its parts:

M m h;n = Mg h*; + Mi hf

.d
1 Sin e we arti looking for the er.tha!r.y ci the 'nt:ter.s. hm, it is nece:sary "

I '

on th'e left r:Mc |to dividc th!.s expres;ica by M.T. to cli.r tr. ate this inrm

'of the e ;uction.
,

'

i

-
.- .

'J

W0P 2.13
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CORE PERTORMANCE
2. Thermodynamics and liest Balances (cont.) .

w
.s \ ' .

9 *

R .

|'~' '

hm = Ff3_hs, + Mfhf
Mm Mm

,

_

We recognize the Mg/Mm is equal to the quality (x) and the Mf/Mm is*

,

equal to the carrfover. Carryover can be written as 1 - quality. 'If we
* perform the approprict.e substitutions, our equation becomes:

hm = xhg + (1-x) hf
' *

* Example

^

/Saturated steam at 1000 psia has it moisture content of l' 2%. What is the'

A b-' enthalpy of the mixture.
.

. .

%

*

,
Moisture content = carryover = 1-x

* *

1/2% = 1-x.,
-, . . . . . . ,

'

/ X = 1 .005 '.*-

,

X = .995 --.. : .
. *A

. . . . ,
* At 1000 psia hi = 542. 6 BTU /13

_ and hg = 1192.9 BTU /LB

hm = (.995 x 1192.9) + (1 .995) (542.6) ,;,,

~

hm = 1186.94 + 2.71 = 1189.65

We can take our equation for hm and solve it for X, quality, so that should

we know the enthalpy of the mixture, we can calculate the, quality.*

T

.

hm = xhg + (1 *- x) hi |.

hm = xhg + ht - xhi)
} hm = h1 + xhg - xhi = hf + x(hg - hf).

hm - hi = x(hg - h!)-

.1 X = hm - hf
hg - hi

.

.

& g

V ..

*

.

.

970P 2-20
.

- -- --

- - -

__ _ _ _

^ { :/s3 7 1. 4 i./, s..

. r- .-

,

.

.
e

'=u_ _ _ _ - _ - - -__ m- -



a '

.

*

..

**
_e u * * *

1

)

|

!

.
- _ .

-
..

_ , _ . - ....c -
- ~- ~

_

CORE PE4v0R.'.tANCE *

2. Thermcdynamics and Heat Calances (cont.)
.

1

N i.

q Since hg - hf = hfg we can writo-

. X = hm - hf,

hfg,

*
,

' *.

(3) Calcrimeter. A device that allows us to measure the
,

~

enthalpy of a mixture of steam and water is a calcrimeter. Literally,
calorimeter means " heat indicatcr". Its principle of cperation can best
be understood by examining a schematic of it. '

*

.
. .,

- W .

*|' * .
n-

/ .

M' "- '
,

, , *

. |
'

.

__-

, .rir < .e*

[*_Z* *^'
, .

-> o . .
_ j.

.

n,-
-

,
-

% t:; ,-

#434fe 'I'.. g- s

{'.. -.

. O | W'8'
* .. g

-
- ..m. -

CAD # Set
. ,

A A

A sample of the mixture is expanded in steady flow through a valve or
*

other throttling device into a large volume.
If the flow is smooth and not

varying, tiils process is one in which the enthalpy (h) is constant. Thus,-

the expanded mixture becomes superheated et the Icwer pressure.. (Note' *

that we did not say the temperature increased.)
~

Thus, we have *

.

exhaust pipo " mixture

As before, the quality inside the pipe can be expressed by
.

X=h -h -

_m_ f
hIg

.

and, therefore, .

.

t) X=h .
~

e haust f

h i
*

gg,
'.
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2. '*:.r.....e.dir.r..T.tes and !!ca: Salances (cont.),a
\N

,_ . ]
"

''

Assume the following conditions exist

pipe pressure = 950 psia"

,

~

exhaust pressure = 14.7 psia ' -

exhaust temperature = 250 F
.

From Steam Tables, h = 534.7 and h = 660.0 BTU /I.B
g g

From Steam Tables', h = 1169.2 BTU /LB*exhaust.
,

Plugging these values into the expression for X:-

?

(1169.2 - 534.7)/660.0X =

,

634.5/660.0 ,"" * =

0.9613=

96,13 % ,-*
- */ =.

3 .,-v
Carryover = 1 - x = 100 - 96.13 = 3.87%

Some caut!ons should be observed about calorimeters. They are only use-

ful if the moisture content is a few percent, because the mixture has to"

superheat when expanded. Also, the best accuracy that can be reascnably

expected is +0.5 percent quality.
,

* Remember, the exhaust steam (expanded mixturc) is now superheated at
'

the lower atmospheric pressure, so use the superheate'd steam tables
,

'| (pg.14)
''

*

j E. Heat Balance

A heat balance could more correctly be called an energy balance, since it

involves work as well as just heat. However, the term " heat balance" has I

been used for many years, so we will also use it in this book. ,

Q fj :
v

.

. .

2-22
971P .
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CORE PERFOR;.IANCE ~

2. Thermodynamics and Heat Balances (cont.)
9

h2. 3 ,
.

e,,

'
..

,

.

.
, .

*

A heat balanceis an equation which says: i
.

. P q r i f i *

.

Energy we.get MY **Energy we
4 out of a pie'ce > ( put in

4 pr duce ) (1)+"

of hardware 'inside
*

, ., , a 6 a
* *n . . -

The "plece of hardware" mentioned here can be olther one piece (such as-

3 the reactor vessel) or it can be several joined together by pipes, canals,

or electrical wires (such as the complete power station). *

: .

The heat balance expressed by equat, ton.(1.) is useful because if we know any
.

two of theitems in it, we~can use this equatida to find the* value of the third,
,

.- item . If we know the eneroy we out in and the energy we ereduce inside,'

O -

we can use equation (1) to calculate the enerey we cet out. It we know the

- encrev we cet out and t!.o s.Nrgy we produce inside,we can find the enercy
we out in by ra-arranging equation (1) to read: *

,.

r 1 , , r. - 3

Energy we get Energy we
( out of a piece f ( "'M7 ** ) (2)( produce )- =

of hardware inside put in.

.

h b $

If we know the energy we nut in and the energy we' got out, we can determine

the energy we produce inside by re-arranging equation (1) to read:
, 3 i , i,

Energy we qct Energy weEnemy we( out of a piece v 4 = >

of hardware put in h produce (3)
-

, . , , , a
,

-
.
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CORE ?GTCr.'AMCCg

,) 2. Thermodynamics and Heat Estances (cent.)
%

* . ..
u

.= % . .j
,

. .

We have used energy in each term of these equations, but it is just as ccrrect ;

F

to use power in cach term. Then the three equations would read (if we leave

out some of the wordsl: .

.,
..

,

'

= Power in + Power produced inside (4)Powe'r out ,

'

Power in (S)Power produced inside =Power out -

* .

-

Power produced inside (6) 'Power inPowet out =-

7*

- * . t.
~

Equation (6) is very'important because it provides the most accurate way of r
'

|
L

* . .

|finding out how much power gur reacter , orc is producing. We have to knowc

this power because the AEC license sets'a maximum allowable core power. [.
.

In order to determine the core power from equation (6), we,would measure the .

, .
.

power we qsf out of the reactor vessel and the power we put into the rea,ctor
vessel. The difference between these two would be the power produced -) I

i ;

inside - that is, the core power. We will' discuss this in mero detail in (

the next section. , ,

.

Power can be put into a piece cf hardware as thermal energy carried in by _

flowing water or steam: .

r

.
.

. .
,

Power in = w h (7Iin
l

where
g, is the macs flow rate of the water or steam g:ing in (lbs/hr):w

1

1 and
*

] h is the enthalpy of the water or steam going in (Stu/lb).
g

1 .

When there are several pipes bringing in watcr or steam, we add up the
t

products w fr 11 the pipu.- .For example, if there are three pipes. Itn in,,

~]'U the power input would be ., ..
,

* t

970P 2-24 r
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CORE PERPORMANCE
,,; 2 Thermodynami s and Hoat Balances (cont.)

,

M .

.m
-

**' " "

, int in! *in2 in2 in3 in3'

We can get power out of a piece of hardware as thermal energy carried out
,

*by flowing water or steam:

.
'

= w h (8)Power out
; out out.

wl$ere
'

w is th'e mass flow rate of the water or steam going out (Ib/Lr);-

,

O e

and . .
* "

4 h is the enthalpy of the water or steam going out (Btu /lb).
t,

. .

'

When there are several pipes carrying out water or steam, we add up the ,., . .,

products w h for all the pipes. For example, if there are three pipes,g_
,

the power out would be: *
. . .

!_. '.
,

-v .
= w * *Power out out1 outi "out2 out2 out3 out3

Power can also be gotten out of a piece of hardware in the fctm of mechanical

power along a rotating shaft (such as a turbine). We will not need expttelt

mathematical expressions for this kind of power, so wo will just use the
.

syinbol P, to indicate mechanical power:
-

,

.

P, Power output as work=

.

Wo will use the symbol P to Indicate the thermal energy produced in a reactor

core:
~

. .

thermal powc'r produced insideP =
q

-
.

* '
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COP.E PEP *'ORMANCE
|.} 2 Tbstmodynamics and IIeat Balances (cont.)

h . s
.)m

.

Our heat balanco equations (4-6) can be written in terms of these symbols.

For example, equation (4) would'be: - *

;

.

out! out! **out2 out2 * * * " *In1 in1 + "in2 in2 * * *w q
.

The black dots here mean you should heep addtr.g up wh's for as many pipes .

as there are going in and going out. When there is only one pipo going in |
*

1
and one going out, the flow rate must be the same in both. In this special '

case we do not need the numbers on the w's and h's in equattor. (9), and

this equation becomes:
.

"

P, + wh wh .+
Pf. (10)=

ot g
*

!)C
"

In the further special case when no mechanical power'is involved, P,= 0, e

and we can rewrito equation (10) as:
g . .

.

q out ~ in}* (11)*b"

'. 41

EXAMPI.ES t'

1. .

i|
1. Simolo ifcat Source Heat Balance . !1

!

'In a simplified form, a BWR can be' thought of as a hest source in a container

with feodwater flowing in ond an equal amount of steam flowing out,

M Steam Out (w)p
q |

'

ThermalY ')Power
(~Peod in (w)

.

9701' 2-26.
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CORE PTRTOR.'.*A:*CE -.

2. Thermodyr.amics and Hect Salances (cent.)
a

.N

n
steam flow = 3 x 10 lb/hrGiven: feed flow' =

232 Ffeed temperature =

1000 psia, 0*5 moistura saturatedsteam proporties- =

What is the power of the heat source in MW? -

Solution:
.

wb -hin)P -P =
q w out,

0.No work is being done, therefore P, =
,

wm -hin)P =
q out

.

,

. .

*

From steam tables, feedwater enthalpy is 200.35 and steam enthalpy is,
*

1192.9.
,

.

3 x 105 ib/hr (1192.9 - 200.35) Btu /lbP =

.' 9 3 x 106 (992.55)
'* *

=

2.98 x 109 Stu/hr?
*=

- ;r .

y y t 1
I I"'

in MW, P = (2.98 x 109 Btu /hr)
q 3413 Btu /hr 1000 kW

L l ! J

875 MW= *
,,

.

2. Simele Turbf .e Heat Balance -

**In a simplified f:rm, a turbine can he thought of as a work sink with
~

steam flowing in and an equal amount of steam flowing out.
.

.
-

.

.

.

!!at exastly ccrrect sir.co the feedwater is compressed liquid, but
it is closo.cncugh for our purposes here.

*
Sink is the opposite of sourec. .

1 .
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.

2 Thctmod/naanics and Heat Balances (cont.).
i

.N *

. .

g ..)
., .

Steam In (w)
l 1 Mechanical .

Turbine
- m C * Power Out

!
-.

.

.

+ Steam Out (w)
.

. . - .

. *

. -|, % . -
.

6* 3 x 10 lb/hr !Given: steam flow = * * *

.

steam-In enthalpy = 1190 Btu /lb - -

~

|
,

', steam out enthanpy = 1045 Btu /lb *

., - o - ., .-
, ,'

What.ls the. power of the turbine in hp? *a - * * *
. .

<

Solution: P -P
.

w(h -hin)
=,- s e' q w outq . s,

No heat is being added, so P = 0 .

-P w(h -hin)
~=

vw out
6

(3 x 10 lb/hr)(1045 - 1190 Btu /lb)= ~

-3 x 106 (145)= *

8
-4.35 x 10 Btu /hr=

8
P 4.35 x 10 Btu /hr= *

W

In hp .

8
P (4. 35 x10 Btu /hr)(3.93 x 10"

Btu /hr )
=

.
W

171,000 hp=

,

|
-

. ..

Y . )
.

.

'
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2 Thermodynamics and liest Bal==* (ae".) *

:
.,i

% .
.

'

O
3. Fuct Assembly Mc.it Balanco

.

The heat balance can also be applied to a reactor fuel assembly. No work'
.

is done, so the governing equation is

. *

P = w(h -hg) - 1

.
'

Given: A fuct assembly produces 3 MWt (t st' ands for thermal) |

t

. . . ,

The flow through the assembly is 120,000 lb/hr..

*
. . .. ..

' The saturation pressure is 1000 psia and the in!ct water to the fuel
assembly has an onthalpy of 520 Btu /lb.,, ,

. .. .

*
, . - *

.

What are the exit conditions of the coolant?
,

o. .

. '*, , .
,

I *

Solution: In this case P is known and a solution for h is required.9 out
.

'

.

h P /w + h=
out q in

.

I I3 MWt
.6 Btu /hr"

1.2 x l'0 lb/hrj 3.4 3 x 10 + 520 Dtu/lbi g MWt i
*

85.4 + 520 Btu /1b
'=

605.4 Btu /lb=

Is the existing coolant steam? Going to Tablo 2 of the.stcom tab!cs, wo see

that the enthalpy of steam at 1000 psia is 1193 Btu /lb and of water Is 543

Btu /lb. The above answer is, betwcon these two valuca and thus the existing
coolant is a mixture of water and steam. We will now discuss this type of
condition. -

IM
'

.

'
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iCORE PERTOR'/.A!!CE
a 2 ii.un..wf nor.;ics and Heat Salances (cont.)

4 -
.

,

.

.

.)-i .,

.

| T. Reacter Heat Balanco
*

.

*

We will illustrate the usos of a heat balance by checking the hoat balance!

;

| ' presented for a typical PWR with a rating of 1658 ?/.WT. , Figure 2A shows
.

the elorr.cnts of this heat balance. Using equation (11), we can express the
power produced in the core as:

.

' ' 'P = w(h - h'in)
.

.9 out,

2 -

. .

.Trom Figure 2A, we see*that* . .
* -

,

. *

* w =w = 67.4x10 lb/hr *

In out
+ , .

, . .

h = 541 Btu /lbg
. .o Q,<

out" 0
.

.

Then *
'-

. . -

P = 67.4x10 (625-541) *

q

9
P = 5.66x10 Btu /hrq

,

We can use the conversion factor from Section 2C to convert this to kw:

P = 5.66x10 x = 1. 658x10 kwq 34g
~

hr.
{

, .

or

6 1MWP . = 1.650x10 kw'x = 1658?f.V
I.) 10 kwN

-)--
|

L
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CORE PEnrCRMA!!CE
2. Thermodynamics and Heat Balances (cont.)-

9 _ _

,.

m, -

-..
,

G.. Efficiency

(1) The efficiency of a piece or of pieces of hardware is defined as: -

,

Hect Used (12 )
. .

ciency = Net Heat In *

-. .

~

~

(2) By " heat used" we mean the amount of heat energy which is actually
,

converted into a form we are interested in. In a turbine, fer example,
.

the heat used is that which is converted into the energy of rotation .,-
*

of the shaft and blades. If we consider the turbine and condenser.

. * '
.

together, the heat used is only that which is converted in the energy
.

.

.

of rotation of the shaft and blades; the heat rejected in the condanser - - *

'

is not really used. * *
*

,
,

G (3) By " net heat in" we mean the amount of heat energy which enters the

,, hardware through the normal path, icss the amount which leaves through

the normal path. In a turbine, for example, the net heat in is that which
>-.

enters in the high pressure steam less that which leaves in the low pres-

. sure steam. If we consider turbino and condenser together, the net heat .

In is that which enters the turbine in the high pressure steam less that
'

|
, which leaves the condenser in the feedwater. 'In this case, considerable I

heat is lost by rejection to the condenser. .
'

.

(4) Since

Net Heat In = Heat Used + Heat Lost (13).

.

we can express the efficiency in terms of:
'

.

Not Heat In.

*
Heat Used

or |. ..Q '

.
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2. Lu::vd namics and Heat Salancre (00.'t.)
.| i

S
-

-
.

n
.

-

. Net Heat In
*

Heat Lost

or j . . - [
L IIeat Used

~

' *

} }!ent Lost,

.

Tc do this, solvo Equation (13)fer heat used:
5

Heat Used = Net Hest In - Heat Iest*
4

,

;

' *

and substitute this into the definition cf efficiencyt*

-. ,,
< 3 e . ,.

*

* Heat Used Net Heat In - Heat Lost
Efficiency = Net h.est in =4 . s

I t c. cat Ine .. * *
.

'
-- .

.
. . . .

'** ** * - Heat Lost
Miciency = 1 Net Heat in II. +

, , .
_

O '
.

We can also substitute Iquation (13) for net heat in directly into .

,

our definition to get .

' Heat Used Heat Used ~ (15 )-

ciency = Net Heat in Heat Used + Heat I.ost i-

,

(5) As expressed by Equatiens(12), (14) an:! (15), the efficiency is a fraction

lying between zero and one. It is cc=r.cn to multiply this fraction by

100, so that efficiency is expressed in percent.

(6) Example

The difference between the enths.tr/ of stes:n ficwing into a turbine
- and the ent.halpy of the water !!cwing cut cf its condenser is 1132.9

Btu /lb. Of this enthat;y difference, *33.3 Stu/lb is Icst as heat
,,

_

'd rejected by the condenser. (The !!cw rates throug!) turbino and con-

denser are the same.) '# hat is the efficiency?

-
i

.1070? 2-33
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CORE PEftrOAM.'.MCE .,,

,( 2. Thermodynamics and Heat Balances (cont.)
,

%
. m

.m. .-
,

..

Haat Lost = 833.3 Etu/lb
'

.

Net Heat In = 1132.9 Etu/lb
.

-

.

Heat Lost
,

Efficiency = 1 Not Heat In
-

.

.-

833.3 Etu/lb
Efficiency = 1 1132.9 Dtu/lb

.

a
-

. .. .

* 7 Ifficiency = 0.265 -

,
,

. . . .

** ' or, expressed as percent, *

. .
. .

, .

Efficiency = -105 (0.2ss) = 2s.sx
.

. .

-

. ,

* -

,3 - .
, ,

(7) In order to evaluate the .m, .

0 .)
,

e Net Heat In
.

e Heat Used ,. .

e Heat Lost -

.

we need to know wh, the product of the flow rato and the enthalpy
,

of the water, steam, or mixture of the two at various points in the

system. As explained in Section 2E, there will be more than one

flow in and one out in a practical example, and in this case, we
.

add up the values of wh for all flows.

(0) Examplo

'

The diagram on page 2-35 chows a turbinc-condenser systdm. Saturated

.

- stcam enters the turbine at 1000 psia and leaves the turbino at
0.743 petis with 20% mois ure. The feedwater leaves the condenscr

s
-

.

ls as saturated watcr at 0.743 psia. The flew rato throttah the whole . .

system is w lb/hr. What is the efficiency of this system?

107& 2-34'
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CCRE PIFEOii!.tANCE
2. Therrtodynamics and Heat Salances (cont.)

.

\ .

r0 ., ..o.

.

.

SATURATED STEAM TURE!!iE'1000 psia m , .

| GENERATOR -

/ -

.

.

!

i STEAU. 0.743 psia *
.

* *
20% f.!OISTURE- .

i.

.

u .
*

0 ,. .
,

,
-

.

CONDE?iSER.

* .
.

*

o a
,

.

. . :

- SATURATED WATER
*

0.743 psia., A . .

v -

.

.

. ,.

The heat used is that which leaves the steam through the turb!Ee.

The heat lest is that which leaves thrcugh the condenser. The net

heat in is that which enters in the saturated steam less that which

leaves in the saturated water. In order to evaluate these cmounts
of heat, we first have to determine the cathalpy at the turbine inlet,

{ at the turbine exhaust (which is the same as the condenser inlet),

and at the condenser outlet.

;

*
.

,

-
_

V, .

1070 P 2-35
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CCRC PEitiC.T:.1 Q!CC
g i. ancrmcdynamics and Ifeat Galances (cont.)

- .

.q -

.

Determine turbino exhaust enthalpy from steam tables:e
-

.
,

h racisture enthalpy 60.0 Btu /lb=.
g.

h vapor enthalpy = 1101.6 Stu/lb --

9.

h - = (m !sture fraction)(hy + (vaper fraction)(h )exhaust

= (0.2)(60.0) + (0.8)(1101.6),

.

= 893.3....

.

Determine turbine inlet enthalpy from steam tables:e
*

.

h a h at 1000 psia = 1192.3.

inlet 9
-- ,

,

e Determine efficiency: - -

8)
heat in = w (1192.9 - 60.0) = 1132.3 w

.

heat lost = w (893.3 - 60.0) = 833.3 w -
,

* 833.3 wegg . g ,,1132.9 w
.

*

Flow rate cancels; therefore, .

.

eff 1 - 0.735=

eff 0.265 = 26.5%=

.

.

.

.

|

0 :.')
.
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2. Thermcdynemics and Heat 54!ancor (cont.)
.*4

\.

*
6 .

,

-
.)

.

.

II. E!!ects on' Efficiency
.

;,

.

I
You will not he able to operate your plant such that all the parameters that

'

affect efficie..cy are right on the textbook values. The steam will have
.

somo.moistura in it as it enters the turbine, andthe condensate leaving I
.

^

. the condenser will be slightly sub-cooled. In this section we'll examine

how varying some of these parameters affects the plant efficiency. -
*p

. .
,

.

(1) Effect cf Canyover, *

Assume that cur plant supplies steam to th,e t,urbine that has 5?? moisture.
.

How.does moisture content affect efficiancy? {

.O " L
. . . . -

'

I
*

o. Find turbine intet enthalpy
,

'

.

h Xhg + (1 - X)hf = h=

in I-m
,

h
g (0.95)(1192.9) + (.05)(542. 6)

= ~

h
1123.5 + 27.1 = 1160. 6 BTU /LB

=
g

Find new officiency by same formulae

eat ton .

a.
Efftciency = 1

Heat In ,

,

Heat Loss = w(89 3. 3 - 60. 0) = 833.3 w
!

Heat in - w(1160. 6 - 60.0) = 1100. 6 w **

g , 8 31. 3 wggg , .

I100.6 w

=. 1 . 75 6 = . 241 or 24. 435
V E!!!ciency is Icwcr whan you h6vo carryover. .

L

1070? 2-37
.

.

s . . . _ . . . _ , . _ .
t

.

. _.

| ./u.s3 ,_f. A 5'I
_ - .

. n,. . _ . .

-

.

.

AD

_ _ . _ . _ _ _ _ _ _ _ _ -- -~ ~ -



|

s

.

|

|

|-
.

.

'
_ _ ,_ ._ --

COPE PCFIORMANCE
2. Thermodynac.ics and Heat Galan as (cont.) !, , ,

M -

Q
-

.

-.)
,

. -

. .,

(2) Effect of Superheat *

.

t'

Unless you havo the one plant that is desig .ed to produco superheated

steam, you will net have any centrol er capability to produce superheated
*

steam. However, we will still examine its effect on efficiency. Assume -

,

the stoam to the turbine has 205 F ci superheat. * *-

*. e .,

, .
'

. e find new turbine inlet steam enthalpy
i

hg = I358.7 BTU'/L3
,

.

* '
o rind officiency by same form'ula '.* *<-

. * .- ... .m. 'u Efficiency = 1 Heat Lou -

Heatin

'

Heat Loss w(89 3. 3 - 60.0) = 833.3w=
. >-

Heat In w(1358.7 - 60.0) 1298. 7w *= =

i-

ggg , g ,833.3w.

1298.7w
-

.

359c/35.8%- 1 .642 = .

Superhoct increases officiency.
t

(3) Effect cf Subeco!cd Con:! ansate

It is difficult to maintain the condensato at saturation temperaturo, end,

may oven be undostrable because of condensate pump suctica head limits
L
,

(to bo discussed later). Assucc that the condensate leaving the condenscr T

Q is conled below the saturation temp 2rature of 32 F to 80 F. , ,)

'
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2. Thermcdynarates <ind Heat Galancec (cont.)
' ,-(

"

Q ,
.

O
. .

.

.

. .

e New condensate enthalpy hf = 49.0 BTU /L3 -

.

Calculate efficiency as beforee
:,

'

.

Efficiency = 1
Heat Loss
liest In

. - ,
'

Heat Loss = w(893. 3 - 48.0) 845.3w ,=-

. . ,
*.* HeatIn = w(1192.9 ~48.0) 1144.9w=

.

.
-

*
* ** *

. E ff * = 1 1144.9w
.-

.

'.
-

*
. . . .#

_, . .

1 .738 = .262 cr 26. 2%=

...
*,R

v' Subcooling the condensate docteases the officiency but caly by a very'

small amount. -e

*
.

(4) Effcct of Feedwater Heating "
.

.

Fecdwater heating is the process of ut:1: zing extraction steam and drains

from various stages of the turbine to heat the feodwater price to its return

to the reactor vessel or steam generater. Figure 23 shows a heat balance
'

for a secondary systera utilizing feed heating. If we uso the numbe rs

shown, we can calculate the effect on officier.cy of heating our fcodwater.

Note that we have new values for h and h,x as follows:

1191.2 BTU /LSh =
mict,

940 BTU /LBh =
exhaust

* -

Q .
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1131.2 h (.
*

.
.

'

>
'

-

.,

.

(D
'

\ - .q
*

'J-

h = 940 Btu /lbex
8 *10 2f3: ..

b'* -

.

.

7.6x'10 #8 -

60 h .

:

I.c. .

7 4 r in8 e !, ..

. 333.2 h |
'

|
!

-

. CYCLE WITH FEECWATER HEATING i,

'
.

FIGURT. 2B

~.

V .s'.
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COttE PEPJOP.'.iANCE
4 4 ancrmed/namics anJ Heat 3alances (cont.)
i

q,
.

.h
-

,

*
.

Also in our calculation of efficiency, we'll have to accourt for some f!c s,
,

since' their enthalples are different. These flows are those that enter the
,

.

condenser.

Heat Loss = 4.6 x 10 (940 - 60) = 4.05 x'10 ETU/HR *
.

- Heat Loss = 3 x 106 (71 - 60)
9

0.03 x 10 , BTU /HS,=

The first heat loss was that associated with condensing the steam frora the

L.P. turbinas and the second was cooling the drains from the feed heaters.

'

Heat In = 7.6 x 10 (1191.2 - 333.2)
0= 6. 5 x 10 BTU /HR ..-

h.
'''

e Efficiency = 1-
_

g

*

(, g , 4. 0 5 6 . 01) x 10-

. 6. 5 x 108
,

r

= 1 . 6 3 = . 37 or 37%

read heating greatly increases efficiency.
,

,
,

From these examples you can see that in order to keep ycur plant at mext-- .

mum efficiency, you want to:

o Minimize carTyover,
,

e Maximi::o superheat (if you have it)1 -

.

e Decrease ccndensata subcooling
,

Maintain feedwater heating at its ma:cimume

*

.
_

w .

*
.
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CORE PETTORMANCE '

'

2. Thetnodynamics and !iest Balances (cont.)
N{ . s

-)% Problem Sct - Chapter 2
.

1. What is the chanc#e in enthalpy of 1 pound of water when it is heated
i frori 100 F to 130 F? .ec #:" - .

|N ~A -

f

bki "f|$'~"#j/$~ X$$$$)h i~ f/ I'hr*
'

.

u r ,yr e ga vypi'

fA = .

2 If h = 1000 Btu /15 at atmospheric pressure, how much heat is required
,

to tbn 200 pounds of water at 0 psig and 100 F into steam at atmospheric
a ,fpressure ? j/4 e. c c //6'<co.

r N)/
o-

.

c e.

$ p p'c cr.
*

?0 . '

/ 3.' If the specific heat of steam is 0.5 Btu /lb/ F, how much more heat Js*

required to make the steam in problem 2 superheated steam at 262 F?
* -

.' Q_7 .2

p 'j''_ f ysf yt,--c-

J' ace dQTr
'_,

--
^

4'' : ) S.x p as =.-'

' * ' ' -..

3 - -
.

4* ' A pressutizer has a volume of'100 ft and is* filled.with steam and water jg#*

at 2200 psis and tiSO F. If there cre,2,000 pounrls of water in it, have J
many pounds of steam are there? .

. O v.
,

.

5. Convert the following gauge pressures to absolute pressures: .

.

1 s

#'g ,g/ J'/- /v c <r <' .

(a) 500 psig
(b) 673 psig ,

(c) 1000 psig
,

-(d) O psig
(c) 2235 psig ,

6. Convert the following absolute pressures to gauge pressures:

(a) 515 psia
(b) 90 psia "

| (c) 688 p:ia - nj ^ C/ O- I' .7 ''o * *
; (d) 900 psia [ u Je /

(c) 1015 psia
(f) 2000 paia p+, -

-

,

(g) 15 psia '

r
(h) 1725 psia n

,

(1) 2250 psia

I)|
!
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CORE PEJIC?.:.'.V CE
2. Th.,.~r.edrnas..:.;. ...; ::nt :mn::: '::r 3 / g'

-

9 ? -

.
.

7. Convert the followir.g absoluto pressures to inches of Hg, vactium:

(a) 15 psia O [''/ [J h# / !
'

(b) 7.5 psia /f > -M P
'

.

#M
(d) 12 psia - , - ,,< y' - Mff-4 fjC ::' f ,

*

(c) O psia /<M
- // <'

(c) - 3 psia
~

,,

gh(f) 10 psia ,- -

'

Plot these results en graph paper, using the vertical scale for psia
and the hori: ental scale for inches Eg, vacuum. Join the pofnts with

* a, straight Jine. You can use this graph to cervert psic to gauco, or
vice-versa. .

, , ,
.

,

t
*

8. What'mu'st be the temperaf.ro cf saturated water at a pressure of: .

* !.

M1.n'l' pc/; NW Sa#''

- -
.

[(c) 100 psia
" ---W--<,f ,.

,

200 psia -
.

, , , ,

*g Sh . I'(f) 1000 psia. .,. p,

(c) 2000 psiag
E(h) 2200 psia

,

,

9. What must be the temperature of saturated steam at a pressure of:
>. 7

'~

(a) I psia

(b) 14.7 psia M[ p., .5 /8 g-
6.

(c) 100 psia
(d) 200 psia .. , ff g,g{',

(e) 500 psia h f. /j,

(f) 1000 psia /'

(g) 2000 psia
'

r

(h) 2000 psia

10. What must be the pressure of saturated water at a temperatura o,f:

(a) 32 P .

[ [[
~M(b) 70 F 8-! (c) 100 F (( #

'

| (d) 200 F
j (c) 300 F g7 fg -/ f

(f) 400 F 'i

(g) 500*FN (h) 600 F
~

0(1) E40 F
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CORE PLTCR.V.MCE .

2. Thermcdyumics and Heat Balances (cont.),a

- . ,

11. Whr.t must be the pressure ci saturcted sten 5_ at a temperatura of: ,)]
'

(a) 32 P * /.
!'

(b)
100,P
70 p

F (#(c)

200[F ' [/ /~ /8 -

*

(d) F . . / -

(e) 300
9(f) ,400 F

(g) 500 F .

(h) 600 F -

(1) 640 F.

'

12. What'are the specific ve tme and enthalpy of water at the following
o pressures: g,. - ..

(a) 1 psia pp 4["
' *

'

Y 'id %|* . . s , as .
/**

(d) 200 psia
, Of,

(e) 500 psia * ' *

i
'(f) 1000 ps ai
'

(g) 2000 psia , ,

(h) 2200 psia - ]u

13. What are the specific volume and enthalpy of steem' at the following
ternperatures:

'
(a) 32 F jg
(b) 70 F

~ [e " # '(c) 100 F
fc/(d) 200 F

#
(c) 300 F~

*

(f) 400 F -

(g) 500 F
(h) 600 F -

(1) 640 F

14. (a) What is the enthalpy of a pound of steam at 1000 psis and 800 F7

W5'/

'

(b) What is tho enthalpy of a pound of steam at 1000 psis in a saturated
condition?

// 92. 7a n.. .

a d :).
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CCRE Pt." O.U/A!-:CE.

2. Tliertrodynamics and !! eat Dolancies (cont.)-i

\h ,

,.

3 15. Ifow mt.ch work is equivalent to the enthalpy difference between the
superhcated and satyrated stcam in proh!am 147g , j f f, p

OYf''''')f: 37./3.

.

In cach siur.re, place tho-16. Mako yourself a power conversion table. t
number by which you h::vo to multiply the unit at the side to obtain the
unit at tho top.

To obtain -;. MW KW hp. ; |

Multiply by }4

\
'

: .

-

,- gh jg G
# *MW'

KN ~0 ~
Y /, 9 9'

~

/0
hp - ,gggp[ ,h /-

.

17. What is the error if the tcmperature instrument reads 5 higher than theo,

actual temperature of 250 F? Q.f
h h b*-

- etl
18. What is the errcr if the pressure instrument reads 915 psig' and the actual

pressure is 950 psia? '

19. What values of quality correspond to the following values of carryover:.

'e t' -

(a) 0.25%
f _ /,9 (o r /

; (b) 0.10%

/
L*',.7ete.

! (c) O.75%'
(d) 1.20% '-

d,
,

'
.

j 20. What values of carryover corretpond to the following valuas of quality:
,

*

(a) 99.0% ,

. f c gf c *
| ,, 4 '- ( c. # '

|
(b) 99.5%
(c) 99.05% .,

4,.) (d) 99.75%
'
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iCCRE PERFOR!.!ANCE r
t

.
2. Thermedynamics ar.d Heat Belances (cont.)

-- - . ''
,4 ':. ._

21. Find the enthclpy and specific volume of s com at 1000 psia and having ' '),

. . . the following moisturo content:

(a) 0.1% - - '

(b) 0.4%
.

. (c) 1.0% "

.

;-

.

;
..

22. What power is produced in the box shown in the following diagram? '

~
;

.
.

p p. ..
* In - out [

} Pq = ? i. .
< .

3413 Btu /hr 6826 Btu /hr.,,

!

S . * *,
*

23. What power is produced in the box shown in the following diagrarns:* *

,.,

. ,

Q )s.
0 *

10 Otu/hr. ,

t.

,

.

65x10 Btu /hr 4.208 x 10 Btu /hr
> >

*

-
-

Pq = ? -

I"
4 x 10 Btu /hr t 1.205 x 10 Btu /hr out

s c

*
i

lx10 Stu/hr y

.., -

)
9

.

. e

*
\
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CORE PERTORAtANCE I

2. Thermcdyna::!cs and Hect 3sinnees (cont.).,

s.)
. .

7 (b)
>

38.b52 Btu /lb
. 1

2. G28 x 10'1[o/ ar-
.-.

.

68.0 Btu /lb 1192.9 Btu /l,b
. ,

3.528 x 10 'Ib/hr3-

7.35 x 10 . '
- .

3 lb/hr
Pq = ?

117.95 Btu /lb 542.6 Stu/lb,

3>lb/hr
-
'

3 2.221 x 10
, 3.391 x 10 lb/hr.*

.

-

,
. ..

. . . .

' ~ 180.17 Btu /lb
*

. >
. 1 . ,

2"
5.550 x 10 .lb/hr -

,
. - .

. .. .
. . .

*
. . ,

. .,
.

C (c) *

.

Saturated water
at 70 F .

,

W

4 *

2.628 x 10 lb/hr
.

Saturaged water Saturated steam
at 100 F at 1000 psia*

} }
37.35 x 10 lb/hr 3.528 x 103 lb/hr

Saturated water Pq = ? Saturated water .

at 150 F at 1000 psia

i )
3 33.391 x 10 1b/hr 2.221 x 10 lb/hr

Satursted waterg
at 212 F,

i

25.550 x 10 lb/hr
.

O .
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CORE PE.VOit ."./.::C::
2. Thermcdynamics ord !! cat Salances (cent.) ;.

s

%' ,

24. ' The ficw rato through a particul::r PW7 fuc! assembly is 200|000 lb/hr. 3 I
'* The enthalpy is 520 Stu/lb at its in!ct and 524 Btu /lb at its out!ct. What.

power is the assembly producin;?
_ g

_

* '25. What are the units of *cfficiency* ?
,

.

.

\
~

26. Consider the following turbine and condenser: a-

r

' ' ~

Turbine -

t
.

1196 Btu.* .
.

- * , .*
Ib.. . s . 5.

'

t. .

*
ii

. ,.

. .
,

.
- Btu .

900*

lb.,

,'<
.

* * ir, ,-,
-

. .m
* *

Condenser .)t]
60 Btu /lb '

,.

4 s.

/Md[(a) What is the amount of not f.eet in? //pg, gg, .

(b) What is the amcunt of heat used? ff(s f[/d *
(c) What is the amount of heat lost? [//O 4N /

,

(d) Calculate the efficiency as: Y. Y ''~.-
Meat Used //

-

!'

Efficiency = -
_

Net Heat In

(e) Calculate the officiency as: - '

~ Efficiency = 1- Heat Lost
,

Net Heat In
,

.

'

n,) ..)
.

,
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CORE PT. FICA'.'.1,1;CE
C.;....e * y ' ~- * " - alacce.s (cent.)*

.,

( .

- ],' 26. . (f) Calculate the efficiency as:

Heat Used*

s.Ificiency =.,

Hest Used + iiest Lost
'

. \ .

-

27 Problem 26 wts worked in terms of enthalpy (Etu/lb). Sucpose the
flow rate in that problem is S x 106 lb/hr. P.epeat eroblem 26, but
now express the amounts of hect in terms of B u/hr Instead of Btu /lb.

,

Remembec
* *3 g '.

B tu . . Bu jx 3 --

~ br Ib j Lhr
,

.

. . .

.

. |,s; & {D b
'

' -

-

4 , .

< .

n

. O
-

.

.

.

,.

.
.

.

. .

,

-

. s

.

-

I

|-
-

-

,

v.)- t.

i
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3. r!.UID FIDW
.

There are many prob! cms in reactor systems that relato to fluid flow:, re -

' moval and transport of heat frem the core, tha pumping power required to

move the coolant, the pressuto droo through various parts of process systems,

and flow distribution within the core. i

.

*
- *A. Pressure Drop

*

.
,

(1) To understar.d flow, we need to answer the question: I-

What determines the amount and distribution of the flow? The answer is:

Pressure drop determines the amount and.

distribution of fluid flow. ,

.

c, .

.]
(2)' What is "pressurr, drop"? Consider two points between '.

,

which fluid is flowing (in, say, a pipe or fuel assembly). The pressure
,

drop between those points is defined as: .

,

.

Pressure drop = (Pressure at the point reached by the water

earlier) - (Pressure at the point reached by

the water later)..

*

.

(3) Example: .
.

Pipo

) QVater Out
Water in.

7
-o

P = 1000 P = 990In out
.

psia psia

1070P 3-1 -*
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CCRE PETEORM.\h*CE
3. Flutd Flow (cont.) -

7 [

N ?)
-

.m
.

The pressure drop across this pipe is:
.

~

P -P 1000 psia - 990 psia = 10 psi- =
in out {,

p.

(4) Examplo ,-
.

. -

,
P!pe r

. , , -

* Water in j l , Water out
,

4 J ' '
. . ,

P = 985 psig P = 975 psig
,in out
4.

.,, t

hThe pressure drop across this pipe is: *
..

,
. ,

-

P -P = 985 ps.ig - 975 psig = 10. psiin out .. - -, . . >.
- ,

.
.. .

. . . .s,

*

(5) Did you notico that the two examp!cs above are really 5. - . ,

.] Identical? The first is stated in terms ciabseluto pressure and the second I

'

in terms of gage pressure. But,1000 psta = 985 psig, and 9SO ps.'a = 975

psig, so the physical conditions are res!!y the same in the two p oblems!
.

Regardless of whether we worked in absolute or qsgo pressures, we got the
same pressure drop.

p

Pressure drop is neither gago nor absolute.,

Its units are simply psi.
, ,

However, we can calculate the pressure drop by workir[!n either gage or '

psta, as tono as we use the same units for Mth cren.t.-es.

F
'

(6) Decause pressure drop is a differea.:e in pressures, the
t

symbol AP !s sometimes used for it. > i

. .

|
|

.- !
L'g. i

!
-

.

1070P 3-2
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CORE PETJO.C A!.*CE
3. r! aid TIow (cent.)

. . J
.wi. : 1 .

4 .
.., .. ,

m *

(7) Example-

.

'

Water.

.

.

Out
I .

P Water2100=
"I

. psia In
P = 2000
I"

psia

Pump .
.

. . .

AP = P -P . . .

.In out
.

.

y AP 2000 psi,a - 2100 psia
a =

.
-

*AP 5 -160 pst, .
*.

__
.

(8) Pressure drt:rp can be nega !ve, as in the above example.*
-

,

Under nIsr=ct conditions the pressure drop across a punIp is always* ne*ga-
*

O
tive,v

.

, IS) Another way of expressing pressare drop is as' " head loss."

The units of head or head loss are feet. -

.

.

Hesd loss Pressure drop x 144 x Specific voluma=

(ft) lb 2 3.

in ft2
in 2 lb*

g

The 144 is just a conversion factor to get everything into the units of feet.

The spect!!c volume to use here can be obtained, from he steam tables.
.

(10) Example

The exemp!cs in (3) and (4) above ytalded a t.P of 1,0 psi. The corresponding
head loss is:'

h 1

i
*

, .

. . 1

1070P 3-3
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CORE PCP. TORI.!A!!CE
3. Fluid F!ow (cont.) -

i -.

O 10 lb 144in .0216 f tHead loss = * * = 11.1 ft
2 2 2in it

.

4

B. P. elation of Pressure Drop to T!ow -

(1) The basic rule relating pressure drcp to flow is:
.

The flow adjusts itself so that when you go
around a flow loop and add up all the pressuro
drops, you get zero.

'
>. ' '

.

' '

(2) A flow looo is a path *for the water to flow in, wh'ich lea'ds.
,, ,

you back to the spot at which you started. ..

' *
-

.
, ,

~~
(3) Example:3 . . .

, , ..

The figuro below shows a flow loop containing a pump, 4 valves, a heat j
Q exchangor, and piping. The pressore drop: across these componer.ts are ,s

shown in rigure 3A. -

Pump *
.

*

.

.

sa- n'< -

I Heat Exchanger

(4) The pressure drop in each component is the sum of the

pressure drops due to friction, e!cvattor changes, entrance and exit lossos
'

(sometimes called shock iosse.s)'and accel ration losses.

dP +AP + APAP =

acceleration , A P
+friction clova tion shock -- ),

....o-

*A
.

'

1070 P 3-4-
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[COTiE PEPIOftMANCC
1 Fluid flow (cont.)_

. . \'
v * . ,

". .,

(5) Triction losses cro those due to the internal friction of
fluid and are directly related to viscosity. Friction lossas result in a

'

,

slight te .perature increase of the fluid.
,

.

(6) Elevation losses occur if the fluid is pumped uphill.-

The potent!ct energy of ths fluid is increased at the expense of pressure.

This does not depend on viscosity.

. .

(7) The entrance and exit losses, or shcck losses, are the '

type of loss across an orifico in a line which is filled on both sides. T,his ,

results in a slight temperature increase of the fluid. It has a very weak

dependence on viscosity. -
*

(8) Acceleration losses are those that occur when the fluid

velocity is increased. f*or example, a converging nozz!c, which converts

( pressure energy to kinctic cncr;y, incurs acceleration losses. ).
.

C. What Determinos Pressure Drop?
,

>.

(1) The size of friction losses, shock losses, and acceler's-

tion losses depends upon the type of flow. There are two readily discernible
types of ficw: when the velocity is sufficiently low, flow is larrinar..

'

Otherwise, flow is turbulent. The difference is best describcd by demon- .

.

stration. The smoke from a burning cigarette or candic in a very still

room exhibits laminar flow in the first few inches where the smoke rises
in a smooth streamlined manner. Where the flow becomes wavy, the transi-

tion to tu:bu!cnt flow has begun. In fully developed turbulence, the flow

is " confused." Cons!derable sideways motion exists for any partic!c of
smoke. *

(2) Reynolds Numbcr - The nature (that is, whether it is

laminar or turbulent) of flow in a pipe depends on pipe diameter, density
. . )

g

[ -
.

*

.

.
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CCRC PERTOP.T&f!CC
3. Fluid Flow (cont.)

1.
Y .

- n
' and viscosity of the flowing fluid, and velocity of flow. The numerical

value of a certain d!mensionless combinatien of these four variables is
"

known as the Reynolds number. R,. It is written as:
,

-
. .

.

R =
' e p

where

Pipe diameter (ft)D =

Flow velocity (ft/sec)V =
. .

y Viscosity (Ib/ft-sec)=
*a 3. *

Density (Ib/ft )* p =.
,

e . . .

' '

(3) Viscosity - Viscosity is a fluid property that expresses
" *

the readiness with which a fluid will flow when acted upon by an external.- o ' .-. ,
*

forco'. It m'ay bo' thought of as t'he t'nternil friction of a fluid. Molasso.s
*'

,

has a high viscosity. Water is much less viscous, and the ' viscosity of
* Sas is much less than that of water.

Viscosity is an important influence on whether flow is la,minar c'r turbulent.
Viscosity affects pressure drop. lubrication characteristics, and heat

transfer proporties of a flowing fluid..

*

The viscosity of 11guld water depends only en the temperature, and it

decreases with temperature. The viscosity of steam increases with tempera-

turo, but it also depends upon the pressura.

(4) You will not need exact expressionc for tho various kinds -

of pressure drops we have mentior.ed, but you should res11zo that they

depend upon tnc P.eynolds number. V/henever we change anything in the

Reynolds number, the pressure drop and, therefor.2 the flow, may change. ~

-

., .

,W
'

.

I
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cot'E P0, TOR:.tiSCE
.; 3. Tluf d Tic'.i (cont.)

*.,h,

. ..

O
R, < 2000 gives laminar flow.

.

R, > 4000 gives turbulent flow.
-

.

When R, !!es between 2000 and 4000. the flow may be either laminar or
turbulent.

.

.

Detailed numerical analyscs of flow and pressure drop in real hardware

'are given in "T!ow of T!ulds Through Valves. T!!!!ngs, and Pipes," by
*

the Engineering Division of th'e Crane Company. Chicago (Technical Paper
~ *

. . .

No. 410) . . .
.
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CORE PERFOitt.rANCE
3. r ulct flow (cent.).i

31'
.

.

j# .
..- .

.

,

j
.

.
-

D.
FI.OW f.tEASUREI.tr.NT '

T!ow measurement devices occur in many placos throughcut de glant
is impcrtant'to understand the principles of theso devices

It.

,

a

There oro two common methods (cr measuring flovi.
One is a displacement

device that moves in direct proportion to the flow rato, as fer exam l7

impo!!cr whose rotational speed depands en flow rato.
- p e,an,,

Another way is to
' measure the pressure drop across an crifice or component scch as a flo.

nozzle er pipo albow. w
. . r

-

To use the pressuro drop method of flow measurement, wo must fir t.

O determine the flow versus ; essure drop charaethristic of the comp
s

.

The volumetric flow rate of any fluid through an orifice or no:zlo m
onent.

ay beexpressed as
'

*
>

flow = CA.

3p ,

v ,

A
.

F L C'.7

.

.

g

.

.

, . . . , .

>
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-

3. Fluid Mou (cent 1.? -

9
-

!m . -,
.

. ;

.

.

where "

-

C nozzle flow coefficient=.

A area of nozz!o opening (ft )= '

32.2 ft/sec = gravitational accelerationg =

ap
'

pressure drop across the noz;:lc (Ib/ft )=
.

density of fluidp =
.

'

volumetric flow (ft /sec)flow *. =
- *

r.
. . *

The nozzlo er orifice flow coefficient C i.s determined experimentally for .

,

each setup.
. -

. . . .
' ,

<
.

, ,
, .

m. With this relationship, if a caltbrated or!!!ce or nozzle is used in com- -''-" .

bination with a differential pressure detectct, the ficw rato in a system *
g.

,. /

can be measured. To obtain the weight flow rato iv the formula becernes
,.'

W = p(flow) CA /2gp ap=
.

which will yield the results in Ib/sec. ~

.

An important point to note is that the density p changes with temperature,
and the flow meter calibration is good fer a given temperature. Correc-
tions for density change must be applied if the temperaturo changes. Thus,

.

if calibration curves are supplied to an operater, he must insure that the '

conditions under which the calibration ec urred correspond to the actual
condition of the destrod measurement.

-

.
.

As it turn: out, the value of C depends en the Reynolds number if the flow

is only sli<;htly turbult.nt, and thus, for this case, also changes som.?what. ' . *

W
.

' '
..
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CC3" FERTCEI.*A'*CE
.J 3. T!uid Flcw (cont.)
s i. .

% . .

"\ |
'

-
.

.

|
-

. I

with t2=perature. In most applicaticas, however, the Reynolds number is

su'!!ciently h!;h that the value of C is unaffected by temperature. *thus,
calibratica curves are availabla for a different tem;:rature than is being

measured. A thumb-rulo fle,v entmate can be cbtained by

I # actual
'

w = w. -

actual curve acurve .
, .

> t, . . .

. ,

wher.e w is the flow rate from the enlibration. curve based on the mea .* .curve . -

sured Op p is the fluid density based on the existing teraperature, ande
actlal,

p *rve 13 the fluid density at th'e calibration temperature.
* '

- - '. |
Cu '

* * *
. ..

h *
. .

E.' PU'.1P3 .

Sefera starting our discussions of pumps, it will te necessary t6 lay

some ground work fer the material wa'll te covering. Let's review the

co . cept cf energy first. Ramember, wo said that tha total energy was *

equst to the kinetic energy + potenti:1 eacrgy. Also you'll reme.mber that-

,

the kinette ener;/ was that which a body possessed because of its motion

and the potential energy was that which a body possessed because of its

pos; tion. V.* hat does all this have to do with pumps ? The total energy

cf tha fluid discharge from any pump l's usually referred to as " head"

and is nor.r. ally expressed in feet ef water. Esser.t! ally this total head

is the mathematical sum of the volccit/ head and the pressure head which

the fluid possesses. The velocity head rcpresent: the hinctic energy of

tha ecving fluid, whereas the pressura head represants the putantial

er.ary/ of the fluid, c.easurable by a tres:ure gau;7. Ilence, pressure
h,

her.d is referred to as stetic pcssure.
-

.

.
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Core P:RI*O't!.fANCE
3. Fluid Flow (cor.t.)

.*{
'f ,

.-

O
.

..

.

.
*

We can write a mathematic 51 expresston to !!!ustrate this principio. This
..

is part of.2erno !!i'S CRJatlen and it states:

- x, <<>> #|d
'

[y' 2 </ -

v g
.

ft
+

/N" 2g p# 4 $

f, -

Checking then uni,ts: ,,vd
f, ,

-

2.
I I I ts *1 {TT-tB *I TT

*.

LB SECA FT FTZ *** *
LB*

i SEC 2 j g WT; q
*

j. .

!C FT + FT *' ..

- ,.
-

!.

. Let's upply Scrnoulli's equation to a diffuser example and sco hcw it '
..

.

] work s.
- -

.

D

.

+ L-FLOW -

i
*

|.

| DIFFUSER g
-

I ,

I ! PRE 35URE STAT:C
r --

,

.. . i i

i l
-

i 1

i !
I i

| 1 VELCCITY

|: .

! | ~ ,i'

um)
-

1 2
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CCan rrr.ron!.W CE
3.

I*tuid F!cw (cent ) .

y
-n .

.

.
.

J
'

.

A diffuser converts some of th: kine:!c energy cf the high velocity mass
*

. ;

of water into pctential energy c pressuro in 7:rmitting the moving mass
to slow down a it passes thr::;h the widening channel. As the passage
widens tqward the outlet, less !! ear velocity is required to pass the same

L

'm a. .' !ss'of water in a given length of timo.
New, if, at the scme time, the .

'

|

.
-

discharge is restricted so th' t the diffuser rem *ains fitted with fluide
. .

.
, it

can be coen that the impact ci the entering fluid upon the retarding mass
.

.
*

* *

of water tends to develop a static p essure.
*

,

,

O *

Let's check t%t out using our equation,
u-

2-

a . 1- J.- '

Q 2a o !

:
At Point I we can define the total head as: t-

2V ?* *

*
Ili = +

1 2g o

Sim!!arly, at Point 2 the head is: ,

V* ?2u - - _ ,,__2
-

2 2g o

Since there is no addition or su':t setica of cr.crgy between reints 1
.

P

2 (oxcept for some very small fr.ctics. loss), we eso say that:
and

H g H=
y

*

s
V*
1-- + pL.f*L. + p3-

.
-

.

'-

2g p 2g -

p
'

e
.
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C0kt PT11FORWGNCE
'

3. Fluid Flow (cont.)
~

Q ,

. . _ ,
,

..? -

'

.
,

. . .

"

Rearran;:ing terms gives us:

V V P P ;-

3 2 2 3
_ . .

2g 2g p p

~

'' I- I_y 2 1 gp ,p)y ,.

2g 1 2 o 2 1

. - - .
,,

0 2 2-

IIY1. ~ 2AP* = * *2g,

:..
-

.
, ,

. . .
. -

i

We can do an example to illu. strate the static pra.ssurc gal'n in a diffuser. .*
. .

-
., ,

.- e ..- . .

5 ft/soeGiven: V = 5
. .

- 1
. .') ?

Q, 3 ft/sec -V =.

2 ,
'

3
*

G2.4 lb/fto =
,

AP = A (V -V2)
-

' ~

2g 1
,

62.4 -

-NAP '=
64.4

.

216 lb/ftAP =

As a result of slowly decreastng the velocity of the iluid from 5 to 3 ft/sec,

we res!! zed a gain in static prescuro of 16 lb/ft . We'!! app!y this

princip*.o later when we c): amine how a pump works.

'

Let's continuo our ground wc*k and defino cemo terms. Tho fir::t is some-

thing callot! NET TOS:TIVE SUCTIO!! Et.D, and the cecond is C.WITATIOli.

~ 's.
- /

y,

%a
'
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3 Fluid Flow (cent.)a s
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'

First, we'll define available NPSH. It is the difference between the total

pressure at the suction of the pamp and tho' vapor or soturatlon pressure at
_

-

the temperature of the pumped fluid. It can he calculcted using tlie formula:

~

N FG H ' =
(P' + Z - h(s)

- P.
s- vp

- - ..e
.

wherc I
- ,

-
~

e Z .= head corresponding to height abovo (+) or
*

below (-).linpeller c, enter!!ne (ft). ,
.

*
.

. ,
,

absoluto pressure.(ft) at the level of the pump supply-P =
s ;. . ,

=s

vapor pressure q,f fluid at pun; ping teiiperatu.re (ft)P p,, , . vp ..

~

fricuen losses in sucucn une Ut)h, =
g

-
.. .

h The terms in parentheses dafino the tctal head at the suction of the pump.

Noto that pressure head and friction loss are all Jn feet of water. Pres sure
is converted to feet by dividing it by density or by multiplying l't by specific

voluma. Sinco specific volume can be road directly from the steam tables, our

determination of head will be based on: *

Head (ft) Pxv= . ,
_

We havo not shcwn how to calculato friction loss, .;o we wi!! Just assign
,

a valu2 for it in the following exaraple,

A t"f &&~ 2L 4Lp 7,,,,,,, fa.,. v
,

f/ =- 44yX Aff
*

V).*4yf-_f - i

, m..

6 271P 3-15
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COPE P"rJORMANCE
3. Fluid Flow (cont.)

_ -;

Q
.

.}

. ,

i

.
..

-
.

<

; What is the available !!?Sli fer the ;e.mp in the fellcwing figure? -

,

.

.

.

.

*
. .

.

.

.

;
P*

-

s
'

.
.

.

,
-

_

~ ~ h .
.

C %)-

57'
. ,

'-T - 523 F-

.

.

y 63
*

.

.

'

I

h , = 5'g

.

G _' ')
.
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CORC PERFCRMANCE
4 3. Tiuid Tivu (cent.) *

s
'N .

- .

O
Wo must first go to the Steam Tables to obtain the specific volume a,id

pressure at 529 F.
.

.
At 529 F, v = .02115 ft /lb ' .

-

g

P = 878 psia.
.

.

Sinco our vessel centents are in a saturated stato,

_

*Ps = Pvp . ,

*# And: *-
i

*
. , .

**

NMH=P + Z - his - P.

.; s vp'

*

= Z his .
,

.
,

..

= 57 - S = 52 ft.
'

.

iLet s modify our enmple and say that there is a gas present in the vessel
,

" above the level so that:(J
Ps = 1020 psia

-
,.

We can calculato a new NPSH as follows:
.

NPSH = Ps + Z - his - Pvp ~ .

(1020 x 144 x .02115) + 57-5-(878 x 144 x .02115)=
.

3103 + 57 - 5 - 2676=
'

1

= 3165 - 2681 = 484 ft. I;
i.
IThe number 144 was used to convert psi to psf.'

' "

Note thot we used a specific volume value for conditier.s at the pump

, suction (T=529 F). Wo would have been mere accurate to use specif.c
volume for the ccmpressed liqu!d, but cur error is less than } %.

.

.

.
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CC?.E PERFCRM,L'!CE |
3. Fkid Flow (cont.) ..-

h.
.

.-

_ ..)

I.at's lock at a more difficult example:
,

'

P, = 2250 psia -

t
. _-- S. G.

#20' *

T=553 P IF l
-i~=== r

[ I,
'

.
,

* 10'o
T =570 F .

.(z2)
,

'
*

g .

-|- Q'}'
.

h - * *

gs. p I30' *
'

D)58 L

3 a

,. & '

, <,

.. .
,

* ' " ,

* * 2*o . . , . ,
,7 e v

*

T = 540 F '
-

,,)
.{. In 11.is :roblem vie must account for the fact that the sp'ccific vclume of the '

fluid in tha pressuri::cr and hot leg is different frcm that at the pu:np suctica. I

Since everything must he related to the pump suction condi!! ens, Z andZg

will hava to be restated. For our compressed liquid (and to ba mest accurate)

the following values of specific volu.ne are to be used:

3@ P = 2250 psia saturated: vf = .0271 ft /lb
,

G P = 2250 psis and 570 P: vf = .0219 ft /lb _

,

G P = 2250' psia and 540 T: vf = .0211 ft /lb

G $40 P saturated: vt = .0215 f: Ab and P = 963 psia

( . NFSH = Ps + Z +Z #2 - his - Pvp
3 2 3

Wheio Ps = (2250 x l14 x .0211) = GS40 ft.
.

'

Zg = (20 x.0211),= 15.6 f t. )
. 0.~. 71 . ,

k. } r .I -|
Z = (10 x .0211) |''

2 ,3 g g u 9.6 ft. I

27IP 3-18
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CORE PERFOP.MA;'CE
3. Fluid I tow (cont.) f

f.-

.y
. ,

-
.

,

-h.i.!Tr
#

,;,y. u.. \
.
9 ~ ' . ' -

,

- - 23 = 30'
. . - -

hfs = 58'-

i: Pvp = (9G3 y.144 x .0215) = 2985 ft. *

NPSH = 6040 + 15.6 + 9.6 + 30 - 58 - 2985
..

= 6895.2 -3043
.

= 3852.2 ft.. .

. ,

Note.that Ps w5s converted to fcct of head using the value of specific .

' volume at'the pump suction. #dditionally, Z and Z **#"'"'* valuated
g 2. .

,

, , to give equivalent height at pump sucticn cen,ditten's.
.

Required NPSH is pec,ulict to individual pumps and depends on the pump de-
'

-

" sign. , The NPSU for tho ~ pump is usually determined experimentally and is
*

.

, ,

supp!!sd by tho, manufacturer. The aveticble NPSH must,always be greater

Q than the required NPSH. If it isn't, the pump starts to cavitate. Whct is
,

cavitation? When the availchle NPSH is 1ccc than the required NP3H, the

vapor pressuro is greater than the total suction pressure and part cf 'Jte

liquid . flashes into vap:r; in our caso, the vapor is st' am.e -

'

This vapor displaces an equal amount of fluid, red'ucing t'ho capacity of

the impeller. As the bubbles of vapor reach arcas of the impeller where

the prescurc is increasin'J, they collapse violently, c'ausing noise, vibra-

tion, and sccctimes metal damage.

The friction terms in the. availabic NFSH depend en the flow rate. As the
i

j flew increases, the friction head gets more negative. This is demonstra-
,

tcd in Figure 3B. When the system and pump flow is such that the required

avaliablo MPSII curves cross, cavitaticn occurs. -
i

a

J

.

*
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CORE PEfiTORMANCE
3. riuid T!ow (cont.)

,a .

.
s

O.-
-

<
*

FIGURE 33. CN/ITATION
..

.

.

k

i
AVAILABLE NPSl! His

HEAD (FT)
-

.
*

P+Z-Pg .

*

O .

I* *

|
. , ,

. .
'''

.
.

L*

. REQiURED NFSH
- }--*- CAVITATION*

I REGION
,

I-

*'sn .- | :

.J\;.) . fa-

FLOW (GPU) ,,

,

.. 3

.

Knowing those terms and understanding the principle of a diffuser, wc can
"

proceed with our discussion of pumps. .

.

(1) Centrifugal Pumps

Contrifugal pumps, as their name implios, depend for thcir oper.*. tion on

contrifugst forco. This force is generated by the high cpeed rotation of an

impeller, the only noving part of the ptimp. Essentially, the impel!:r con-
sists of a :6 haft upon which are mounted radially a scrics of curved vanes

with suitalic means providing fer th<s entry of the liquid at the "eyc" or
* -
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center of the impoller. When positive supply c! the liquid being
.

pumped is initially introd':ed at the " eye,," the high speed rotation
*' '

of the vanes literally throws the ]! quid outward, imparting to it a

high velocity head. The ;ressure head of the !! quid at this stage
7 is relatively low as compared to that at discharge. As a result, *

almost all of the energy which the . .ovit ; liquid posresses at this
point is kinetic.

.
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Upon leaving the curvad vancs cf the impeller, the high velocity liquid
'

.

{
.

entcis the sta:!cnary pump casing which encloses the impeller. lThis j
section cf the ecsing is termed the "velute," since its shape is derived

,
,

fro:n the involuto of a circle. Referring toFigura 3C, the cicarance
~ between th'o va ,es and casing incr* eases as the liqcid approaches *the dis-

charge connection to the casing. The purpose of this volute is to co!!cet'
'

the fluid being discharged from the impaller at a high velocity and graduall *
. .

bring it to a relatively low velocity, thus conver ing a'!argo patt of the
y

velocity head to static pressitro.
) ;' ,

,

}
, , , ,

The volute is a va,riation of the straight diffuser illustrated previously in|
*. '.

|
which the straight nozzlo has been chan;ed to a nozzle whose axis is

q
t

} be
bent in a 350 circle. "~)

o
t .

j Knowing how the diffuser functicas will help to
understand ths fel|owing characteristics of the centrifugst pump:

t

! (1) open-
ing the dischar;a valvo wider with no changa in speed of rotstion will

,

result in a cc.iesp:nding icwcring cf the discharge pessure; similcrly{
.

,

closing the discharge will cause en increase in pressure: (2) If tae discharge
jl ,

l

valve of the pump is closed completely, the pressure will attain a certain
! .

valuo, called th3 shut-off head, after which the impaller will churn and
heat the flaid .vithout a fu-th3r increese in pressure; and (3) increasing i

the speed of re:ation, with a constant discharoc opening, will result in a i
,

r
n

increase in persure, and decreasing th: speed will hring about a lowering
of tha pres sura,

i

*

Another ch:.racteristic of the ec .tr: fugal pump wht:5 must always be kept
in mind is . hat :he pump is net =c!!-1' riming. !n ethar .vords, the pun.pi

s.) casing r.uct Sc flooded before it will fun: tion.
, s.
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3. Fluid Flow (cont.) |u
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To attain ;his, most centrifugal pumps are Iccated below tho Icvel of the
*

sourco from wh!ch they are to take suction. The same effect can be gained

by supplying water to the pump suction under pressure supplied by another

pump placed in the suction line.

. -

There is a practical limit in discharge head beyond which it is not ocenom-
.

Ical to use a centr,tfugal pu'mp having a single impeller. For the highest
a . . .

discharge heads, cithoc a very high rotativc'spcod er a !crgo diamotcr of .

'

impoller must be used. Both of these lead to high d.cchanical stresses * '
-

'
and to lowcred efficiency, duo primarily to frictica and leckago losses.,

,

I'mpeller friction increases very rapidly with increased ged or increased
' "

,

diameter. Going to a higher spsed and, sn aller impelle.r would give lessg.
* friction for the same head. However, leakago loss, due to liquid passing

back from discharge to cuction through clearance spaces, increases with

the smc!!ct diameter. At high heads, with the grector j:rcssure difference

between discharge and suction, the leakago loss is an important itam., As
a result of these offcets, the efficiency of a high-hoed pump of the single

impeller type is likely to be comparatively low. While single pump 3 have-

been built which have delivered a head cf 1200 foot or more, Tractical

designs lin:it the head in many casos to G50 feet per impeller. Fcr the

higher hsads, two cr merc impc11ers are con.ected ta series, the d'ischargo

frem one trapeller beinrJ connected to the cuct!cn cf the ne:d. Tha total

head is the head of onc impoller :.ultiplied by the number cf impe!! cts.

For the sake of economy such an arrange r.ent is built in one casing and

is kncwn as a multi-ctage pump, occh 1::: poller being a :tcqc.

h
.
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3. Fluid Flow (cont.) '

;
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*

The table below !!sts some chcracteristics of the main contrifugal pumps ,

in use in your plant.
. .

,

Duty Stanes Head RPM

Recirculation Pump 1 370 ft. 1800 -

Feed Pump 3 2620 ft. 3G00*

. ..s . *

Condensate Pump 9 1030 ft. 1200
,

.

*
. . .

-

The condensate pump has a higher than nereal number of stages because of [
rits slow speed. Its spaed must be kept slow becausa of the severo available,

NPSH conditions at the main Eon' denser. Ir. tarnal pump velocitics are kept !

e^
cxtromcly, low to prevent local static pressures from falling belcw the vapor ' %-.

.. )*

pressure f.nd causing cavitation. * ,

.

'

(2) Jet Pumps -

f>
,

For those of you with steam plant experience, */ou have aircady been ex- [

posed to !ct pumps. The most com:r.on use of such a pump is to maintain
1
! the vacuum in a condenser by removing non-condensible gases. This is.

the steam jet air eJocter. In this case, steam is the driving fcree but

of course other fluids can be used.
;
'

How does a jet pump device werk. I.ct's make use of some of that ground-
'

work that we laid. We said that the total head could Le written as the sum j;,

l

of the st.iti: prcesure head chd the velocity head. If we apply that 4

principle tc a nozzic, we can begin tc, explain how a jet pump works. *

, . ',
%.*

.
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FIGURE 3D. JET PUMP SCHEMATIC -
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.

.

IIero is a cross section view of a Jet pump. It is made up of three majcr [
.

sections--the nozzle, the throat, and the diffuser. Ths driving fluid

enters the nozzic et a high pressure, is cccalerated through the nozzio,

and what' happens? The velecity head increases and the static procsure

drops in erder to satisfy our, eqtiation. If the increaso in velocity 1 in- I.

fluenend, the static pressure at the outlet of the nozzle con be made Joss

than the pressure of the fluid wq want to pump. As soon as the presrurc
|

.

9
:

-
,
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M .3. Fluld riow (cont.) I

Q .
.s-

~ .n .) |
- .,

d

'in the throat falls below suction pressura, we get f!cw. As the driving

fluid and the pumped fluid pass through the threat and are mixed, we get -

some increase in sta !c r.ressure as the velocity of the two fluids stabill:es.

Noto also that as the suction flow increases and passes through the suction
,

nozzlo, its static pressure is reduced to match that existing at'the throat.

entrance. Downstream of the throat, the mixture enters the' diffuser and,-

as we know from the first segment, is further slowed with a resu'1 tant in- :

*
crease in static pressure.

.

The suction flow through the Jet pump is dependent upon the driving flow

pres sure. Nermally, the :uction flow is at least equal to the driving flow

and can be as much as twice the driving flow depending upon the pump design. .-

The efficiency of a jet pump is less than that of a contrifugal pump, but

its operational simplicity and the lack cf moving parts outweigh this'
deficiency. -

'

As with other components that have fluid flowing through them, jet pumps

* can be calibratcri so that flow can be directly measured.

.

.

.

4.J. i
*

..-
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-1 3. Fluid Flow (cont.) E
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O Problem Set - Chapter 3
~:

,

1. Find the pressu o drop: .

*

r
. -

(a)
'

.
.

. *
.

water i.n water out L:
. >

I

: O } > ~:

- .
* P = 1100 psia P = 1000 psiain

j pc *-- -
out

n. - . '.
,

L
P

.
2 *

(b) . .
.

.
. .

. ~ .

water in [ 'N _ | ; water out ,
, , ,

.
- .J..* P =.1100 psia.)- - .

.. out,

, P = 1000 psia*'
. . . r.

b
.

/$ 7
. L

[p . -

*
(c) :

water in water out- [
:D

_ ) ) .

P = 900 psig .P = 850 psigIn out
.

t.)
..
,

2. The water referred to in prob 1cm 113 caturated water. Convert the pres-
suro drops to head losses,

epp |a.
he/frs 3 f*. *. *

/re !!Q xsw g ,* y ', yjg, yy,,--
> /c s. . r ,. ,>. ... . . . ~-

<
3. Define laminar flow.

-

4 s <r . et-/ S p-; ,/ gp., ,,,, j ,,,, z
f f.y. WJ ja se .. /S.* r d * 9 ,

*
'

.
.V-

-
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CORE PErJOP.MANCE b.
3 Tit.C rio., .v a.: . ) h*

.a1
N ' -

..

's- s g

s 4, p is a%' Sc/M4. Dafine turbulent flow. '

g p y y- ,,' ,,,.a

s ? /x.e f $|"jW2/~ccol "

y,

5. At approxiractcly what Reynolds Nurr.ber does laminar flow turn into
turbulent flow? M# j ., g

.

//c&
-

o
6. If the flow of saturated water is met.sured at 500 F using curves appro-

priate to 60 F , what will be the p::rcontage errof in the flow rate if no i-

temperatur corrections are mado? f4 7,,f ,,

$s f.,r< o ~ e ,5c,,(r*/
_

f 4c .
,

-

L
. -

. .
'

'7 . What do the letters NPSH stand fer? f"

. . . k
*

L-
.s ey

.
. -

.

,

8. What is the hva11able NPSH7' - . .
,, ,

* * .. . . _, ,

c )
V P = 950 psia

-

Ws ,

.\ "

3

| Z = 50 ft.
-

>

.

. -
.,

O
'T = 500 F

(no friction losse s) r

Y ~ by; y' - f'),/// 3 H .s f
~ ~

|3 > 9 fa,npr |V /\' , y 7 j
'

t

/.''t )f y j'ff*
'

,

.7 - b y 7 - \
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Tchle 1 Saturated Sicain: Temperatura Table 2

(32 to 705.47 F) -
,

Tah!c 2 Octurated Steam: Prc:suro Tabi: - E

(0.03865 to 3208.2 lb !.-r q in, abs p;ces.) [
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Table 1. Saturated Steam: TempeFatuFe Tadre-e I

Abs Prest 5sechc volume5 Itate 18 pee 14L $4L $4t 34L 34% $48. Temp

la;ts;;7 inito;7
'

fahs 34 in, L4wd hap ' Vapo! tat.sf Isaa Yaper tqs0 fral Va;47 fahr
O I p W, s't 't te h tg ng s, seg _ sg 8

32 9 0(88%9 O M6C?? 33$ 7 3304 7 0 :171 latiS 10 3 % 40Cu) litt3 2 ti!) d4
,

>

3e 8 00%73 01:501t 1%19 K$t t l ast ICis s !"|4 4 0 0548 21742 2 11:2 31 6

21 8 9:01% 0 0140?3 2614 0 3131 0 4 0C4 813 2 1C772 SMf 7108 ? !I12 34 0

*

34 8 0 11249 0 Cns11 1634 8 M342 4 C;4 84724 13113 4 4122 2 ISat 2 s46J Ja ese t | |2:43 Og:c$tt gang s 345 8 4C 7 12710 It?90 00f 47 ! ;472 21114 et t
4:3 4 13143 00staat 2712 e .272 4 M *.;S 1:416 1213 9 0 0102 F f 3D 2 1171 82 8

*
es t 0 18612 00:019 IH28 ?!!? S !; cal 1:.;t 7 t;L17 C O24? 29217 714)g 44 e

48 8 0 11314 00:6001 l*n F 19 % 7 44047 3 C414 1 53: 6 ONf2 f il!! 2 tJ13 * as s

Ita el?He 40t6328 1480 0 13J00 16 C58 tint s 1~223 0 5373 2 1004 2 1317 44 9St a 0 37796 00t%C23 179 8 17C48 18 :44 l'A% 3 1*JI 4 0 03*l 2 0*05 f t262 le s
12 8 0 191 % 001604 |$l3 2 tisI 2 73 Ct7 1:542 1;!42

O C400 101H 2 1191 12 6

Saa 07FJS 0 014006 :442 4 1447 4 73 * 1 1:438 1CM 1 0 4tli 2C49% 2 3334 54 0

M8 0 13143 0 31* ?.'8 ,28J 6 13tJ 6 2 C13 Ite19 leit o O W74 2CMI 2.1010 St a
14 3 02JaaJ 00;6M1 1252 2 12112 2% b3 3064 4 !?t& S 6 0516 2 0411 210C4 54 4to t 0754 1 00:013 1207 6 1207 4 71241 f 059 7 1CIF F 0 0555 20nl 2C136 ts e
32 3 0 21414 00nc34 5821 2 11:1 2 33 Cla s 039417 00:40sl 10!$ 5 20M S 32 Cu' 9IMll ICJl s 0 059) 2 0:38 20in 62 8

.?
-4' 54 E 0316 6 04433 9tt e 9411 34 9.4 1054 3 10134 0(6:0 2 0C6s 2 0154 53 3

1:574 1:33 3 0 0612 t otH 2 0424 64 068 4 4 33449 0816C44 926 5 12k3 34 CS4 10$$2 tcH2 0 030$ l.SH6 2 0104 88.8
s

*

79 8 0 14292 0 016460 848 3 868 4 3a ci2 1c540 10*2 t 0 0745 19%0 2 064% fee
77 3 8 33444 00;6:44 lie s 814 3 AJ C43 |c123 tC410 0 3?t3 ' *W J c331 77 9

34 0 44|no 001638 744 8 764 8 42 Gal
"

75 3 0 44370 00 tim 3 717 4 7174 44443 -J518 10'11 4 0 0321 17C1 7 0579 24 071 3 $47461 00MC41 6/J 4 673 9 44 G4 1 Gat $ 1055 6 GCan i n;0 2 0815 28 0

0%37 10'4 7 0C39 9414 2 C4 72 , Jt t8:3 0506t3 4 016072 4133 433 3 44 C27 1t43 4 1094 4 $ 0312 ' 54 *4 2 0:59 tal

%
32 8 0 54098 004077 Stil 191 5 Mc31 10473 1C17 3 0649 9334 2 0J03 82 8

se s O StrC2 O C;6CH $603 lea l t/c:3 IGall LT12 01C% 9742 2 C743 se g

#18 0 41514 0416C47 7!7 % 127 5 Sa c.6 1049 0 12H O O ICJ3 1 9158 20L13 It s
88 8 06384 0 036093 4M4 436 4 SE C22 1G43 9 1CH S t! Git 19063 2 GIJS 4ts |F
10 8 0 41813 - 00!$319 444 t- 4688 *A tti M47 7 11 Col 01815 18170 20C86 He
SI s 0 74111 0014nC% 481 3 ass J 40 cle 104t 6 |ttt 6 01n2 IS3SI 20013 92 0

ta s 07904 0 016188 ein) 414 3 61 0.3 1:43 5 < tti l Ottst 18:52 1 9*40 te s
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CONVERSIOi! .':nCTORSa

N
S a

TO C"Tatt Gl.TIF'.Y DY

#
Acres Sq rniles 640.0
Atmospheres, Cm of Hr6 0 des C 0.013153
Atrnospheres Ft of H d6 392 F 0.0294992

-

Atmospheres Gr.tms/ta em 0.00095734
Atmosphercs in. Hg G 32 F 0.033421
Atmospheres In. H2O 3 39.2 F 0.032 583 |

-
.

Atmospheres Fcur.3!sqft 0.C0047254 ,
Atmospheres Pounds /sq in. 0.05E046 i
8tu Ft.lb 0.0012354 ;.

8tu Hp-h.r 2545.1 i
B!u Kg-cal. 3.S635
Stu Krr.hr 3413
Blu Wait br 3.4130
' Btu /fcu !t) (hr) Kw/ liter 95.650.6
Stu/hr f.!ech.' hp 2545.1*

, ,
'

Blu/hr * Kw 2413 -

Stu/hr ' Tons of refrigeration 12.000 -
Blu/hr Watts. 3.4127

-
.

Btu /kw hr Kg callkw hr 3.9685
-

.

Blu/(hr) (It) (deg F) Cal /(sec) (cm) (deg C) 241.90 *

Blu/(hr) (f t) (cig F) Jcules/(sec) (cra)(deg C) 57.803
Stu/(hr) (!!) (deg O
Bru/(hr) (sq f t) -

Wattri(cm) (deg C) 57.8032 .,
-

+ .

Cal /(sec)(sq cm)- 13.273.0
8tu/ min Ft.!b/mia 0.0012854

.. Stu/ min Mech.hp 42.418 -
" n Blu/ min Kw 56.896.

.~ v Utulitt ' Cal / gram 1.8
Btullb Kg callkg 1.8
Stu/(!b)(deg O Cal /(gram) (deg C) 1.0 .
Stu/(Ib)(deg F) Jcules/(gram) (deg C) 0.23839
Blu/sec l.'ech. hp 0.70596"

.

Bla/sec i. tech. hp (rnetric) 0.6971
. Stu/sec Kg-cal /hr 0.0011024 i

Stu/sec Kw 0.94827 iBlu/sq f( Kg-cal /sq meter 0.36867
'

Calories It !b
' 0.32389

Cataries Jsules O.23889
Calories Watt hr 860.01
Cal /(cu cm) (tec) Kalliter 0.23888 -

Caf/ Cram Blullb 0.55556
Cal /(gram)(deg C) Etu/(Ib) (deg F) 1.0
Cal /(scc) (cm) (deg C) Sh'(hr) (f t) (.ieg 8 0.0041336
Cal!(sec)(sq cm) Stunnt)(sq f t) 0.00C075341* Cal /(uc)(sq cm)(de C) Stui(hr) (sq f t) (deg 8 0.0001355
Centimeters laches 2.540
Centimeters Microns 0.0001
Centimeters Mils 0.002540

-

Cm of Hg 3 0 deg C Atmospheres 76.0
Cm of Hg G 0 d:tt C Ft of H;0 e 39.2 F 2.242
Cm of Hg e 0 deg C Grams /sq cm 0 07356

'- Cm of lig e 0 deg C in.of H O g 4 C 0.18682
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Cm of !!.3 @ 0 deg C lb/sq in. 5.1715
Cm of H:t e O d:g C tb/sq ft 0.035913
Ce#cg C InJdeg F 4.5720
Cra/sec Ft/ min 0.508

-

Crn/sce Ft/sec . 30.48
Cm!(scc) (sec)

,

Gravity 980.665 -.

Cm of H O 6 39.2 F Atmospheres 1033.242

Cm of H O G 39.2 F Lb/sq in. 70.312
Centipcises Centistakes Density
Centistakes Centipoises 1/ density
Cucm Cuit 28.317
Cu em . Cu in. 16.337
Cucra Gal. (USA, liq.) 3785.43- -

*

Cu em Liters 1000.03
Cu em Ounces (USA, lig.) 29.573730'

Cu em Quarts (USA, liq.) 946.358-

Cu em/sec Cu it/ min 472.0
*-

* .

Cuft Cerds fe, cod) 128.0
Cu ft Cu meters 35.314
Cuft' Cu yards 27.0

.*

Cuft Gal (USA, fig.)
.

0.13368-

- Cu fI - . Liters 0.03532
Cu ft/ min Cu me! cts /see 2118.9
Cu It/ min Gal. (USA, liqJsec) 8.0192

- Cu ft/lb Cu meters /kg 16.02"
Cu It/lb Liters /kg O.01602

'.-
*

Cu ft/see Cu meters / min 0.5885
Cu f t/sec Cal. (Uf.A. lig.)/ min 0.0022280
Cu ft/sec Liters / min 0.0005886
Cu in. Cu centimaters 0.061023n
Cu in. Cal. (USA, liq.) 231.0 -

Cu in. Liters 61.03
Cu in. Ounces (USA, lig.) 1.805

,

Cu meters Cuft 0.028317
Cu meters Cu yards 0.7646
Cu meters Gal. (USA, lig.) - 0.0037854
Cu meters Liters 0.C01000028
Cu meters /hr Cat / min 0.22712
CLimetersikg Cu it/ib 0.CS2428
Cu meters /mm Cu f t/ min 0.02832
Cu meters / min GalJsce 0.22712
Cu meters /tec Gal / min 0.005053088
Cu yards Cu racters 1.2079
Oynes Grams 980.55
Dynes Four. s (a.oir.) 444820.0
Dyi.c ecntirneters Ft Ib 13.553.000.

Dynes /sq cm Lb/sqin. 68M7
Ergs hules 10.000.000

-

Feet ' f,'cters 3.231
ft of H 0 3 39.2 F Attno:pheres 33I03
Ft cf H O ti,39.2 F Cm of 1:il 6 0 d:3 C 0.44G042y. .

.
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. Ft of !! O G 39.2 F In. of !!; G 32 dei f 1.1330
Ft ci li 0 t 39.2 F Lb/sq f t 0.016013
ft of H 0 6 39.2 F Lb/sq in. 2.3035
Ft/ min Cm/sec 1.9555 '

Ft/ min Mi!:s (USA, statute)/hr S10 !
. Ft/sec Kriots 1.SSS9 |

- -

Filsec Meters /see 3.2S03 I

Ft/sce f.'iles (USA, statute)/hr 1.4557
Ft/(sec) (see) - Gravit/ Isea level) 32.174
FI/(sec)(sec) Meters /(sec) (sec) . ~ 3.2303

. Ft Ib B!u 773.0
Ft lb foules 0.73755

i

Ft lb Kg esicries 3037.4 .

Ft lb Ka hr 2.555.203
-

ft Ib Mech. hp hr 1.930.003 -

Ft-lb/ min Blu/ min 773.0 .

Ft lb/ min Kg cal / min 3037.4
Ft lb/ min Xn 44.254.0
Ft Ib/rnin Mcch.hp 33,000

*

Ft.Ib/se: Blu/ min 12.95
ftIb/sec Kw 737.55
Ft Ib/sec - Mech. hp 550.0
Gal. (trapatial. lig.) Gal (USA. IIq.) 0.83268
Gal. (USla, lig.) Barrels (petroleum, USA) 42-
Gal. (USA. liq.) Cuit 7.4805O Gai. iuSA. irq.) Cu maters 2c4.i73

-

Gal. (USA, liq.) Cu yards 102.2
*

Gal. (USA, lig.) Gal. (Imperial, liq.) 1.2010
Gal. (USA. lig.) Liters 0.2542

.

Gal. (USA. liq.1/ min Cu f t/sec ,, 443.83
Gal. (USA, lig.)/ min Cu meters /hr 4.4029 .

Gal. (USA, liq.)/sec Cu ft/ min 0.12453
Gal. (USA, liq.)/sec Liters / min 0.0044028
Gra
Gra!ns

Grams 15.432
ins Ounces (avoir.) 437.5-

Crains Pounds (a ; cit.) . 7003
Grcins/ gal. (USA, lig.) PartsImi!! ion 0.05S4 -

Grams Grains 0.0548
Grams Ounces (avoir.) 2S.350
Grams Pounds (avair.) 453.5924
Grams /cm Pounds /in. 173.579
Grams /:ctn) (sec) Centipaises - 0.01

. Grams /cu cm Lb!cu f t 0.01E018
Grams /cu cm Lb/cu in. 27.600
Grams /cu cm Lb/ gal. G.110326Gra'nty (at ses level) Fl/(sec) (sec) 0.03103 1

inches
. Centimeters 0.3937

'

inches Microns 0.C033937 <

inchas of 1:39 32 F Ahn spheres 29.921 !Inchas ciit'9 32 F Ft c! Il O 9 39.2 F 0.EU2G5i
Q inches of i'gG 32 F Lb/sq in. 2.C350

.
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a COL.'V3FA:CM FA.CTORE-(Continued) .

-

d i
' T0 tr.if.'!! f.:UUlFLY c? |

-
- n

inches cf ff:r3 32 F In.ofHO34C 0.07355 E~
'

2'

In:hes of 1:;0 C 4 C In. of H3 C 32 F 13.60
fr.:t.es et H2O G 39.2 'I tb/s4in. 27.673

'

In:1 es/d:g F Cm/cesC 0.21S72 r
Jou'es Stu 1054.8 i.
Jeu!cs Ca crees 4.1E5 F-

.

Jcules Ft.!b 1.35532 I

Jou!cs Kg. meters 9.307. p
' Joules Kw.hr 3.600.000
Joules f.'ech. hp M 2.654.500 }. .

'

J Kg Pounds (moir.) 0.45359 T
. Kg cal Stu 0.2520

Kg-c:1 ft.Ib 0.00032389.

Xg-cal Joules 0.00023S9 r
. Kg-cal Ku.hr 860.01

Kgcal f. tech.hphr 641.3- * '-

Kg.caf/kg Stu/!b 0.5556
* * -

* ** *Kg-cal /kvi hr Stuikw hr 0.2520 :*
Kg-cal / rain Ft.!b/ min 0.0003239 !
Kg cal /rnia

-

f. tech. h3 10.70 <

*
Ku 14,33.

Kg ca!! min*ro 4 .. . .

Kg-ca!!sq meter - , Blu/sq ft.
*

2.712 L-
. .,

*- * Kg!co meter Lb/cu f t 16.018
-* *

.
Kg/(hr) (mater) Centistises 3.60 [
Kg/ liter Lb/ gal. (USA, liq.) 0.11983 p-

A Kymeter Lb/ft 1.488
l'Elsa cm Atmosphetes 1.0332

"

kg/sq cm Lb/sq in. 0.0703 ;
Kg/sq meter Lt/;q ft 4.8824

"

Kg/sq rneter Lbisqin. 703.07
Km failes filSA. statute) 1.6093 -

Kw , Blu/ min 0.01758 L

~

Kw Ft ic/rnin 0.00002259
Kw Ft lb/sec 0.00135582
Kw Kg-calihr 0.0011628
Kw Kg. cal / min 0 069767
Kn f.'ech. hp 0.7457
Kw.hr Etu 0.000293
Kw.hr ft.lb 0.0000003766 -

Kw.hr Kg. cal 0.0011628
Kw.hr f!cch. hp.hr 0.7457
Knots Ft/sec 0.5921
Knots f. tiles /hr 0.E6E4 t

liters Cuft 23.316 iliters Cuin. 0.01539 i.
Liters Cu meters 999.973

-

Liters Gal. (Imperial, liq.) 4.546 -

Liters Cel. (UFA. lig.) 3.78533
'

litetslig Ca It/lb 62.42621
liters / min Ci|t/see 15c4 3
Liter:/ min 021. (USA, liq.)| min ,3 gfj

;
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'

. Liters /sc: Cu ft/ min 0.47193
Liters /sre Gal.! min 0 053033
Mech. hp Btulhr 0.0003929
f. tech. hp Btu! min 0.023575 .

f.!cch. hp Ft lb/sec 0.0010132
'

;
*

Kg. cal / min 0.003557IJech.hp --

flech,hp Kw 1.3410
Mtch. hp.hr 8:u 0.00033292 f

I' flech. hp.hr f t.lb 0.00000050505
. '

f,tcch. hp.br Kg.calcries 0.0015593
f,'ech. hp.hr Kw-hr 1.3410
Meters feet 0.3043*

. Meters Inches 0.0254
Miles (int., nautical) IS52.0fleters ** *

f,tatars. . Miles (USA, statute). 1609.344
Meters / min Ft/ min 0.3043 . -

ficters/ min Mi!cs (USA, statute)/ht" 26.82
Meters /sec Ft/sec 0.3043' *

"
1 lasters /sec Km/hr 0.2773* ,

Meters /see Knots 0.5143.
**

Meters /sec _ Miles (USA, statute)/hr 0.44704 -
.

f/cters/(sec) (scc) Fj/(sec) (sec) 0.3048o - .

. 'faicrons Inches 25,400. .' * *
Microns Mils . 25.4
!!.iles (int., nautical) Km 0.54n
Miles fint, rautical) Miles (USA. statute) 0.85S0L- *

Milet (int., nauticel)!ht Knots 1.0
Miles (USA, statute) Km 0.6214
Miles (USA, statute) Meters 0.0003214

''

f.ti!cs (USA. statute) Miles (Int., nautical) 1.151
f/ites (USA, statute)!hr Knots 1.151
f.!!!cs (US A, statute)thr Ft/ min 0.011364 ~
Miles (USA, statute)/tr Ft/sec 0.68182
Milas (USA, statute)lhr Meters / min 0.03723
faites (USA, statute)/hr Meters /sec 2.2369
Milli!iters/grcm Ou It/ib 62.42621*

,

Millimeters Microns 0.001
Mils Centimeters 393.7

. - Mils Inches 1000
Mils faicrons 0 03937 -

Minutes Radians 3437.75
Ounces (avoir.) Grains (avoir.) -- 0.0022357
Ocaces (acir.) Grams 0.035274
Ounces (USA, lia.) Gal:(USA. liq.) 125 0
Partsimiilien Gr/ 1. (USA, liq.) 17.118
Pcicent grcde Fl! Oft 1.0 t
l'ounds (aoir.) Grains 0_0001429 I

Pcurds (avoir.) Grams 0.C",220:3 }
, cunds (acoir.) Kg 2.204G |
"

fcunds (nuir.) Tons.!cag 2240

Q Pounds (acit.) Tens, mainc , 2204.5

i
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70 00U.!:1 f.'UI.i!Fif BY.- _

Pcunds (avoir.) Tons. sh,1t 2000 [
'

Prunits/cu !! . Crarc:/cu em 62.428 :*

L

Pounds /cu f t Kg!ce meter 0.062423
'

Pounds /c's !! Pounds / gal. 7.48 .

Preunds/cu in. Grarns.'cu em 0.036127 '

*

Pecnds/ft Kg/r.aeter 0.67197
Poundsihr Eg/ min 132.23 g

Pcundsi(hr) (!!) Centi;cises 2.42 r
.

Poundslinch Grarr.s/cm 0.005G

Pounds /(sec) (It) Centi;cises 0.000G72 E
'

- Pcunds/sq inch Atmc!;beres 14.6'3G ,

Pounds /sq inch ~ Cm ct H;; cf 0 deg C 0.19337
-

0.43352 tFt of H 0 E, 39.2 FPcunds/sq inch -

2
Pcunds/sq inch In. Hg nj 32 F 0.491

- '*

. ,

In. H Oe 39.2 F 0.0351Pounds /sq inch 2

Pounds /sq inch , Kg/sq cm 14.223 e
,

*
-

,

Pounds /sq inch Kg/sq meter . 0.0014223 '
* *

Pounds / cal. (USA. lig ) Kg/hter 8.3452 3.

Peunds/Eal. (USA. lig.) Pounds /cu it 0.1337 -
<-

Pounds / gal. (USA. hq.) Pcunds/du anch 231 .

Quarts (USA. lig ) Cu em . 0.0010567 ;
,

Cu in. 0.01732 ~ .

'Ouarts (USA. liql a ~*

Quarts (USA. lig.) ' Liters 1.057 F-
Sq centimeters So it 929.0
Sq centimeters Sainches 6.4516

-

p'. Sait Acres. 43.550 f.a y
Sq f t Sq meters 10.764 g,--

Sq inches Sq centimeters 0.155
S . meters Acres 4016.9-

Sq meicts Sq l_t 0.0929 iL

Sa miles (USA. statute) Acres 0.001562 i-
Sq mils Saem 155.000 -

Sq mits Sq inches 1.000.000
Tens (metric) Tons (sh rt) 0.9072

'

ions (short) Tons (matric) 1.1023 .

Ytatts Blu/sec 1054A
Yards f.!eters .1.093G*
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I. ?!stural Radioactivitr

A. Al-5e Partic!*s '.c 2:ie ) A particlo emitted frc the nucleus of cer ains

radioactive aters. Has the sa o characteristics as that of a heli = atc=

nucleus. Cons'sts ef a ;a:).et containi .c 2 ;retens ;rlu: two neut::ns
-

with a mass of 5.6%2 x 10-2 grass and a charge of +2.
0Travels through air with a: a;;roxi ate velocity of 1.5 x 10 c-Jsec -

(1/20 speed of light) and Fss a range (in air) of approximately 2 inches
.

(eev).
.

. .

3. Eeta Particle (_g20) I particle emitted frem the nucleus o*f certa!$ *'. .

.- ,

radioactive ato s. Has the same characteristics as that of an electron. ~

.

,, It has approy'-'tely no cass (3 x,10-28gres) and a charge of .l.

U')
w-

Travels with extre:ely high velocity (98?, of the speed of light). Its

range in air is a;;roxi=ately 100 Inches (Irr.ev). #co A p,, c. ,d e '- + 4~j-
Jhw cc '

.

C. Ga--u Fhotons ( f) . A packet of energy released from the nucleus of

certain radioactive aters. Consists of a ;acket of electomagnetic

radiation similar to X-rays but of shorter wavelength. It has no =.tss

or' charge and is very penetrating in catter.

. II. Radicactive Chano
'

A. Al;ha Cocay :

e

; )) h- 2 3* + ;Ee" + o*(93U233

L. A
.

|

t.
- ., - ._ - ..

.
_ , _ _ . . , . . . .

| .r3 | 0 /. //
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1 II. F c '. t :.u t ive Ch 2..: e (Con't)

B. Bats cc. cay :
,

E** 214 e m-o214 s ?3183 ' 34 * *d *c'

M 3 (Inter.al Cen.erslen)g p1, 3

C. Cac=a Decay [c,. /etej ,

/ "" # #''
s .. /

O# ~
Ex.

755 s137 , g Star -.

5jCs137 C ,,

e . .

* . .
. . .

* *
.. . ,

D. Rate of Radioactive Decay

1. Each radioactive is$to;a disintegrates at a precise rate.
,

.
* *

.

. .

* *. ,
,

2. The decay process is a statistical cue.

3. Cecay is an exponential process.
>

* 4 Rate of decay equals:
j -

=~%-

w .a. .e.. ~ ./.Rate of decay 3 2N|
.

where : A = a decay constant (time-1)
,

h N = nurler of at:=s present
s *

>
4

4

i
( 5. Vorlation.cf. ";i" gith tice:

A| N = No te-M/4

i -- ._J-_

| where: !!o = ate.; ;. resent at t = o

|
0

i N = at cs pecta:.t at sc=e later time "t"

At = ;1:2 of decay 4 $ ** b*O
|

Q = dec.17 .:::u: tut (tI o*1)(,
i.
.
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III. Interaction of Charw! Per*Icles with Metter T

A. Alpha Particles : lose energy chiefly by tha interaction with crbital

electrons of the atcms esking ~u; the substance through which it travels

(attractive forces).
.

1. Energy required to p nduce ese ion pair in cost gases eqt.als

35 ev. .

(a) Electron volt (ev) is a unit of energy equivalent to that

energy acquired by an electren transver:Ing a potential

6of 1 volt, C..e =sv = 10 ev.
i.

2. An alpha particle having an energy of 5 mev would result in -

5 5the forraticn of 5 x 13 ev/32 ev = 1.4 x 10 Lon pairs as it

travels thecugh a gas.

.

3. Iength of track is pvar .:t by the rate e:Gresse.1 in ion pairs
.

per c of travel. The higher the rate, *he coran rapidly will the

alpha be sicwed dem, the shcrter will be the track length.

(Track fcr 5 cey = :60, :", i:n pairs /cm)

(a) Pate/-electren efensity of target (the greater the Mnsity,

the greater -he '- '-- '--).,
..:

,,,ema ene . _ eme=e e. _e w
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A. Alths Partle193: (Con't)

3. (a) Result : The denser the material, the faster it will .ve stopped,

the slerter the track length.

(b) The great ar the charge, the creater the force en the electrons,.

, .the greater the rate of I: .1:sticn.*

.

. (c) The higher the velocity, the s=alles will be the rate of
.

y e4#ionization. f ' '$ M V -4 g4
'

-

M, *

' .

. .

*
4 Range of Alpha Particle

- .
,'Range (in),

. , *. +. ,
*

.
,

.
Energy (mev) h Tisste Concrete lead'* **

4n . n ,

1 0.2 0.003 0.0002 , 0.00005
,

#

) 2 0.4 0.0006'' O.0003 i' O.00,010

5 1.4 0.0017 '' O.0010'' O.00028'

>

B. Seta Particles: .

.

1. Intgracts with electron structure of material which it penetrates-

(repulsive forces)

2. Since very cmall, it travels very fast and is subjected to scattering

events.
.

3. Rate of ioni:stion much loss than alpha.

$
4. A 5 mer Sets will produce 1.4 x 10 ica pairs in air at a rate of

20 Icn pairs per em. ,

b

'N2

I
i
f

- - . . - - - _ - ,
_
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--g.* 6 mg

. '. s .'3 | *4O: . .T
,

/**st /.3
i " ,,s

.

.

.*

e

e

g e

5
e

e



.

b|
1

%
-

.

.

.

.

.0
.

__~_.s__- ._e-
. -

d. ":ti Pa r t ' -. '.,, ,: (Con't), 3. .

i t

5. 31nce subjected to scatterin6 events, it is considered n3b ;

to have a dafinite range as does an alpha particle. f..

6. # proximate ran;s of a 3cta Particle :
Range (in)

Enerry (mev) Air Tissue Concrete !.aad

1 J15 0.112 0.060 0.014

2 260, 0.005 0.180 ,0.034
'

5 665 0.830 * *0.598 0.d83*
.,

..;, .

. .

. .C . CJena Photo *ns *

.

1. Ca=ma Photons inte.ract with matter in three waysi.. . --
. ,

,

(a) Photoelectric Effect. * *. ,,

(b). Cc.mpton Effect -

O)' (c) Pair Production

2. Photoelectric Effect: gama photon is abs' rbed by one of the orbitalo
*

*

electtgas in a target atom. Electron thus acquires enough energy

to eject from orbit and atom and thru caus:s additional ionization

as it travels thro' ugh matter.

t

(a) Photoelectric effect is most li'<cly to occur with ga==as I
;

of low energy. (4.imev)
i

I
PC effect:

|
s

Y
e I
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t.or.p t t
F > C
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3. Connten Effect : Consists of a billised ball type of colli::I:n.
,

A portion of the incidenefphotens is abcorbed by an orbital

electren. The resulp of which is an c'ection of an orbital
electron from the target ato: and the scattered [ photon

(of lower energy).

oy scea-awa..
.

u~r. .
. .

.

Y" -
.

.
_

. . .

. .

MD$LA). |}t t*Y
O$

'

e'@ SC.Ak* red Clectrca
,

,

*

G,9.'
.

4 Pair Production.: At energies y 1,02:tev gsmm photens penetrate

.
close to the nucleus of targot atoms, disapprars ar.f lE ves rise

"

to the creation of a pair of electrons. One a negative charged

electron and the other a positive charged electron (called a

positron).
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(m' 5. Rseco Of "Y" Pho ens .

I

(1) When traveling throu;h eatter g4=ca photona lose their

- Intensity exper.cathily with dhtance. Therefore, in
. .

theory, the Intensity never reaches zero but apprcaches !

It a'yr.ptotically. 2.erefero rar.;e is =eaningle:s.s.

.

) (2) In practice one thinks of a finite amount of shielding

material which would be required to reduce the intensrity
I

~ 1 to as low as possible. e

I'

. . .
-

1 (3) Listed below Is the, tenth-value thickness of various, ,

- materials. This Is*the amount.of mate, rial required to reduce
. .- , .

the intensity of the ga=ma by one tenth. *-

.,

',
.

s.>
D. * Tenth - Value thickness (inches)

_

Eher4r Air (Miles) Water Cencreto Iron Lead
~.

*
1 0.18 13.0 6.1 1.92 1.15

2 0.25 18.5 8.7 2.70 1.75
f

5 0.41 30.0 13.2 3.68 1.80 I

Ter rule - of thumb meterhation the fo11cwing should to cc:=itted

to memcry. [
!

" 70 he given " |
l
!
o

}E. Shielding Ecustion-
-

!

1. Car m Ray rinx c. . : The nu-ter of g,,u nt rays passing through a f
|(ds

unit ama per second. -

|
:

C;=:.2 dcca rara at a yrf I.:ular location is de; onlent up*n the

.
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(%, 1. Cars.a F r- flux 9- : (Con't)
-

.. w

gure.a ray energy and the ga= a ray flux.
,

2. Point Source : is a source which will emic ga=u photons uniformly
.

in all directions.

1

*
GA G

.

where Oca a garna flux at reference point
.

,gg a gamm flux at point of interest -+
,-

, . . ..
~' *

d = distance between source location and refer-g
r- ence point. *

, .,
i

*
.

dgg = distance between source location and gamma,
# '

* * * flix at point of interest. * * *- *
*
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3. Parallel or Collinated team : Indicatis very little spreading cf the

beam.

[ GA * fs &
i .

I where : O a gare.a flux at reference point.g

Ogg= gara flux at point of interest.

U = Linear attenuation coefficient (thickness 4)

X = shield thickness.
*
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f"JC:. EAR P :YSICS*

_
,

' KCEKLY EX/Ji 2
^

-
.

# Y 4/11/74
I J !3

,

> 15 +I /# !1. A. *
15 -

/ ('

-

|.by# * d .I'Y --
--

#
~

C n . pg3}irjg58 + .,p > 29 uS8 + oB. 23 <_ i'

. /
*

o 1
- = c- Jf T ,

j ap -p .
*

Y I ts)C. jg:la23 + 33,8 + nn e, ,

, ,

.
-

:,2

! M
lig? >o

l .( s)P30 , p29 + ,n , , .
~ -

. o. 33 ]g

t

1
'

p.

. f 2. Why are nuclear r2 actions harder to predace than atomic reactior.s? '2(6 pts)
, , . /. , e

(2 reasons) e. t 077< s& e.aa reo y ,3Jra s' ,-- 0./ J *s f* very
y ,f. r ,/ a a ,r; BeaeS ,ec. s.1 , s| r is H e /c w.1 e ? e- . fia sn

'

O ''5* 3 5 * ***'' ''f}f* '' i * * k" i-|*;'
(., s(6,;h* e's * *%s $r AQ s 7,"ht.r ~,ve a,/'Xje'. asee coree .

C' " *** *r,a

d'faer<'r.o.c.ja.s 7" ../ s

y,th to Icuing raaction exothermic or endet hermie, 2.id by that amountfl0' pts)3.

y e //c Y S$e e 7""'A3 e ,,s$0 ('A , n)Ca~

4. !! hat two main elements nake h the TI:1 sourcu?rice da:n the pertinent M pts)
'

CV pere,.tcauer f t'es.y ///ees*W ' **''
,

if WC e. t10~ p[> - ,if,s")-r NaQn'
a

*

.yae 'e se
What is the diffarer.co tets.:n er and f. ? ff, A /,/,sfr, , f.(&' pts)5.
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, 6. Find the r.acroscopic cross sect'on of scattaring for Sc2C pts)'

.

..I
'

9 12Given: De 0
5' ., // Q - $( $ Of2

m c-
.

SIe d. Iy . //, ,/density = 1.9 grams o ,<

<T(Sc)' = 6.05 barns

CI(C) = 4.73 barns-

.

.

V

L
,

k

7. The neutron energy range from lov to 10 kev t: generally referred to as - L (2 pts).
:

9. n a.se e e m. Aares, L
4 ./

b
8. Why are neutrons the best projectiles for nuclear reactions? S-, r. "J s) [

O c.<.~, .~s 3..: 9 x. , . c,. .r p, . ,. s;. /,) ,s z. ,s.- e., se|. ?

T4sa/ 4.w fn ,aasag e##.,t,rs ss Waa/* d* <. p /-sr* *wd' 4#* nJ J -

y,.,.
y

ra .. /.r & aJ.~.'/ ~r Asye * an<ref. pp...~s ,.o a .

os. A e /r ee. f |- .r** co . e a. er ,. e we reas 7.o e s J~#.r s~d ' w)
'-t;-*

. 5- , , , - -A-. . ,

9. If a .032" cadmiu a shoct is placed in a neutron bear.: containing both p g 7 pts)

* h < l'"'*
<'' $ y,.thermal and fast neutroas. It is rioted that there are essentially !

r.o thermal neutrons in the exit beam, while the fast ecg onent is
unchanged. Why or explain, / /

e > b e-} sn,, j &g,,,, ,... <.A Ja,. 7/e <<< a /Ca./-a, d.s ~ ~ -

"""'"s (M s'o A), o~./ p .:r'
LJ .,<ca 9c<.c

v. r .j.,.a. s :cc n -> s. ive- n rne .n.m
' t! ''l y e*' sff- /.s rf n //g.f f /* 'y"/.p pyg |I Y 0*

"e ~ G w.s - i. e , 9 ., s .; y y;f,. .,,, A , r.
-

.

10. What is the flux for le neuteens of thermal neutrons? s),,
'' *CC . p , , , , , ,

. , , , , 7,

$ $ 00 X |00* () Y :- /0W y
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11 What is the reaction rate for the flur. of problet (#10) Interccting O[ pts)
with the De2C of problea (.!6)? Assu.ra that I a I0f UO2C is negligible. /' N

(x0) g g,,,,,,'-

= 2, 2 A to X *Y }} $ ,< a~~~
|,,,,

. c..e u
CY-fo<s

12. TRUE'- FAf.SE j'
- :

A. Kinetic energy is conserved in clastic collisions? /~p~ a & JZ' pts)
..

8. Inelastic collishns occur mainly with heavy nuclei and high g y 2 pts)'

energy neutrors.-
,

, , ,

e.dssions occur from nuclear reactions [. g,,,rp2 pts)C. Most charged-particia
, 'with slow neutrons. .

*
.

Because light nuclei cause clastic collisions with neutrons, theyg
k2 pts)D.

would be good moderators. . . . , ,-. . ,,

3 la v. ts). E. 'The themal region obeys the 4/g p .

kJ-

13. Given: p ter = 25 Watts ,,ff fgy ,g, ,,r-,,- 7/u r .

a .o . . n A''""p..m&c,, Je<-)
" -'

,-[=.033cm*I - y,c,

,

Conversion = 1 watt *= 3.1 x 10 fissions
sec. g55 10 pts)

A*b #'

'f W :. -

=-'

.: c,.

14. What are the 3 regions for variations of cross sections with neutron ) s)-

energy? f6 /. A ._ ,,,s,.(~ w e.py ny a.' < / e. v,sm

le J '-". /c ke af ,,, .-ce wa.. A .s - -ay ,ie,,es

faA 7"~.ve NA~r ~ ,.n71 r e/ , ,,.v ) sob e **' .
-

.
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3. Fis'sion : The process inwhich the nucleus of a fissionable

) materf at such as U-233 absorbs a neutron and splits "

into two large frag.ents.

.

m .g
C. C_ros,s,Section : Is a reasure of the probability that a nucleus will

undergo a nuclear reaction. The greater the cross

section of a nucleus, the greater the probability that
~

'

-- ,g- ,

.i a neutron will react with t, hat aucleus. .
* ra v .. ..

% 1. * Microscopie Cro:s section (9') : Is the probability of an i
" 2 -interaction with a single nucleus and has units of cm .g -

,

N ' -

' a ..<

2. Macrescooic cross section (f ) : Is the probability of an.

N g i i in a cubic centimeter of target :uterial.

,/|0|nteractontooccur
.,

'I t - ik~
'

% .-
CL't .

i macroscopic cross secti,on ( cs*1 ).fg where:.( =

3
,} target aten der.sity (atem/en )3 =

&= microscopic cross section ( cs2)\ .

g'a *I
,

-. y 'f<
4

x t "; y(,,2 aoo.tJ*:'"r g J9 cv~~.. u
A% s l -

rg,)(-
2 s cm-1 k ,,;,,.,,,' ,.,,,33 ge, p g_g g9 -

9 y ,, / p s aton cap

ak'.'N' M ( ela e- :=j$ G2F' M5 E
,

3. Total ? nert.gic cross Sectten (f. )g g {
t ) )

leoe. +$Q * L * I-a.y +-

5.s

b {~ $ Vc-

1( @ gd 65 = Macro *coF c cross radica for =catterinci

~

where:
4 x % .? ,4 * Xacroscopic Cross Section for radI.'. tact!vsj s

Q\ h $ /g

L/ * t t V b# ' ' ' ''P'"""

y gte .v s
R3 8' I. = Lc.N::cgic Croer Section for chare-id'

*# C'D
t .1 p.irt Iclo ..::IcMon

'v* |
'
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A

Vi
'I

O 4 Builduo h eter -
Factor used to account fer in - scattering.

h{w.N ~
-

G b, (. *. - qX
where : 3 = buildup facter.(Unitiess)

5. Shielded Polne Source
;

. :L. f

%) f,y a e.-v)
'- ex =

.

.
IV. Equivalence of Mass and Energy

.

* *

, A. Einstein's equattore : .

21

! E * MC __

4 where : M = mass of body .

Q .

"
C a spee i of light

E = equivalent energy of the body of mass M.

_ B, AMU vrs Mew
'

*

IAF/J = 931Mev .
e

--

i
, C. Nuclear Torees:

Short range attractive forces acting between nuclear
within an atoes nucless.

[

I

, D. Hueleer Stab!11tv :
_ Is determined by the relative nu-ter of neutmns

'

and protons in the nucleus,

1.
Ir. lighter elements, stability is achloved when the number of neutr

.!ons
and protons in the nucleus are equal.i

I( 2.

() In heavier elements. It requires more and t cre net:trons in th
.

Ie nucleus tto obtain stabil!ty.
3. In heavier elen.cnts : |

: .

.

.

._ /.
-

# --
u.s3 ;i 0, .7 7d ..
'

_ _ _ - , . .
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"*1
L' 3. heavier ele =c.es : (con't)

(a) If exces: no :trens, stability is achieved i:sually t y
*

beta cecay.

(b) If excess pretens, stability is achieved usu. ally by
.

pcsitron (3+) decay or by orbitc1 elcetron espture.
.

E. Enerr/ and f.as: Cor.cideraticas .

1. Atomic particles of atoms if asserabled into an atom vill
.

.
-Theweigh less than the sum of their Ir.dividual weights.,

*
e - .

difference in weight is called "rass defect".> .

(a) hass defo;; Represents the amount of masi which must*
* * .<- ,,

* *
*

be lost at the !nstant' a atcm I's cree.ted. .. * * ,
.

. .

O
'

-
V. .fuelear Reactions

. ,

.
A. Types of reactions ,

1. Ther:ctuelcar reactions : occur when a temperature of sc.eral million .

degrees is achieved and nuclei have enough kinetic energy to overcome

their mutual electrostatic repulsion.
.L
I 2. Acceleration of charged particles . Protons, alpha particles, electrons,

can be accelerated in atom sr.13hers until they have enouSh !rinetic~ energy
.

to cause a nuclear reaction when they hit a target nucleus.

3. :Tuclear reactions : reaction invcives a neutron interaction with

fissionable material.'

3

4 Radioactive sources : reactions.involv. the exposure of a substance

to radicactivity from a radioactive source.
t.),
O

,

| ,
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@ 3. TransmutItier. :: eess .

1. Target nucleus + incident ;srticle -->c::;:.n: nu:laus

2. Cc:;cund nucleu: -9 Product ::.c'.eu: + ejected particle

C. Atocie N ice-!!ec

- 1. Tyces :
*

.

*

Particle Symbol' .

O
* .

,
. .

. . .
g

(a) Proton ' P or gM
.

2 2
(b) Denteron , d or 3H oc dg-

d 5'(c), Alpha tarticle or 2 '*

l *(d) :eutron n or p

(e) c=-ma photon 7cr ,[

9 /t'# Q g.) c''3. Proter Ber33rd-ent
.. .

ex.

g C * + ; H=9p p f /o a**

E. Alpha Particle 2ce3 sed: ent ,j & oC, g g

s w + .,n s - > c z . g

d,( ,g p st/I'. Donteren Borba9_ ment

7 -

.

~
, 1 / 13 o

0 f b .f + o ht& 4 o
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,M*h [, /)) A'k# ~( G. Camma Photon Re-Nedcent F

,,) // . rf& asN +,Y

H. Ener-/ and Mass * Consideratiens )
i

1. Rule: " The sum total of cass and energy must resin ccnstant !,

i

throughout the process of a nucloce reactica, j
t ,. ,

I

2. Use of this rule can be applied in determining if a reecti:n vi 1
* * n ,-f* *',

.o

take place.
** fg f.* *

.

'.* - G ##8 Y '''
VI. Neutron Behavior

i hs* f/s* CW/A. Neutron Sources
,

. jfdec,b/D b
Y ' ''#"'

THI source (ABC) '#f**
.

m m
9* s w> 8 -. + p- . .

: *

u ,

_
4.,.66 . ? s 'ga L***Gy.e f

~

'm94 p4 fr *cs-r. s s,* s'w
u - ,P < - .

%' /
'A .. | h se s* C Cf .**d h . j.

, - .
. L vr_

,

B. Neutron Reacticns _7
'

1. Radiative Cacture ('5,Y) f:
*

i
Are reaction inwhich the co:A .d r.ucleus emits its excess energy

.

as gs:tna radiation.

'#4

Q 2 r/ s,4ex. - o'lo~ *

., , ,, / g $ r-/ 0o

T 0 ')
.

'I *IA,sjg -| H ' * v
,

,

|g *I a /:ra /,Teg ''i=*Ia *h C| * Y' ', | * ' * .b,s]N|
~

*
p

~[' ./ 2. Charrod Particle emission (n , p) , (n , C) , etc. //j I'j Nfj

Are reactions Inwhich the cor; cun'd nucleus decays Lt the emissica of a
,e [i![O

,

/~~ .

g, l''A%,. / charged particle.
-

f|0'* , cle.Y#fex. g40 ,
*

,
,,

gu -i o 3 - - 3 -r -

_ _ __

. _ _
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3. Macrescopic Croc: Section : (Ccn't) b

*

[.

.

where: = P.acroccuple Cross .~cetion for ficslon

i

ff 4. Total Mlemncepic Cro Section ('e~t - |)
*

$a *5'
,

. <

b Y-
- * *

., ,
. .

.

3 . . .

D. Cross Ecct_fon Vrh Er.ergy * ,

.

1. h w;:.itude of o cross ucction Is also dependunL upon the cocrgy of
.j . -

,

'' * the neut:on.
_ . . . *

,

* 2. !*er elements of mss nus.ber > 100 their exist three important .

* *, ;- ' . . ,

O n :tMn enert / reg! n1 f.r &,c-ption crcs.r. a+:ctior.s. ,

H e.a, . / ;.;
'

(A.) Low - encir/ region M.lov) :

4 the absorption cross tcction decreaces in r.cnnitude c: the
-

n'eutron ene 7,y increases between 0 and 0. lev.

~
e e-

* * W s.f /j> -

f B.) Ratenane*. rerlen (0.lov to Ikev)

the abecv; tion croci coction within this rer, Ion is characteri cd
5

- Ly the sec...iara.o v' yeoka st. m ti.c ahscrpti,a crc:s a ct*cn L

,

r1ces folcly chenrgdy to high values for certain ricutr on en*:7,1cs

f 4Ad ' then 'faJ la ag. sin.
~

L

I

b fa a f
1
' (C. ) Hivh Encrav ::eeir.n (>I freir ) .

' {1..h .rc.-e rired ty a ?tudy <%ct<aca in en.A9 r.sctI . h, a: 1.eutron

Lsi ca:t,-; I: cccc .ca :.cic ? I ke. . Thtn r.g!c. I r.ot of m nh

I?f=>rtence thvu rt:r.nvi ;. LL- .>P en tw ev;,iarcs .es:ri H'? r-Ar
,

t he.y pl : . 1: 6.iuis .r- i.hy'6!.-s.

- - $

-- -.

| ./3. 9.3 7, l . .0. _8. "_4
'
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C. ClassI!!ca-fen of-'t.pdmn r .ergies (r:o;E: rar .?: vary for textbook to

textbook) i.

pf{ G [ 1. Slow !!eutron : :Teutrons of energy /, tev.
r

h 2. Inter ediste ?!au ren : !:* c:-:ns of anergy between lav to 1Clev. k

/ 3. Fast ?reutrons : Are Pfeutrons greater than 10 kev. '

4 Thermal 'ieutt'ons : are freutrens which are in thermal equilibriumt D .
,

o
'

with their surroundings, pr f.,2 y~ s .f 2 ##.? 7, ,.
*

-

. offed / %% & **
. .,

h ,s g,y q * '
.

T. !*eutron Flux (O) '

. =.
L

1. .!!eutron Flux Is defined as the total distance traveled by all of the R,

.r . -

r.eutrons in one cubic centineter of material In one second. b
a *

. .

f..

O' @ z gy *

3- where : n = neutron density (n/cm )

Y = neutron velccity (cm/sec) >-
*

<

|

v
- *

= n/es? - sec3 =n x en *,,

E E
h.

G. ?feutron Reaction Rate I
1. ?" action Rate 0 NYor(0 ;=

(reaction /cm3 - soc)

where : 3 = neutron flux*

!! * target atom density 1

,

i

,
f * s1croscopic cross section (

f., 8 c.1croscopic cross section ;

:.) ;
c'

- - - r__

-

- . . .

| /,Yo.3 p...5. l .0 83 ,,
.
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.
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=

.
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O
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2. Reactions per second = 0 !!M or f,(4 V .

. !
-

where : V = volume of target nacerial

.

VII. fluelear Fission
.

A. Fissien Cross Sectica
'

1. For U - 235 the fission cross section follo.: a 1/v characteristic.
_

Cross section varies from 10 barns at 10-2,y o app 7axgg,g,37
6

'

.3 barns at 10 ,,,

.

**2. Typical thereal cro,s* section for Urar.ium isotopes and Pu-239 (barns)
s' -

Y.fU-235Cross ~wetion U-238 U- 23 *J Pu-239.

t} o f' /;Q b .

h >750 I3

c-(a r.,/I y# '[ 107) 2.75 52 315,

N f.h 9.0 _ 8.3 - 9.6

N tal 696 11.05 107:4.6--

3. Fe= tile Material : tron-fissionable cate::ial to thercal neutrens but
/' |\ .

which cla be mde into ficcier.able raterial by neutron bombardment. '

Ye vYe &~ ws. &<g~

/ .* 19
e.... . .c.i. e.. ;- < -

} ' ',''}'*1. U-23e to P.1-239 g ,, , ,, ,,, ,,, , ; y
_

;
,Ni% ./.ve n a3

92 'o U23,9 ,U,
* g7

.

.* -~
,

/Ua3 ) h.
.

_,i.., _ &.: , 5.

.

e"

.

4

e * e
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.M
. .

*

.

!
.

.

R *
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1. U-239 to Pu-239 (Cen't)
. ,

U $ fj m yg3% + B" + hI

-
.

2 q ,239p + B+ 7N93 p
.

s
. . .

'

2. Th-232 to U-233
.

'.% . .

.

23*J232 1 s..
*

.

[** 90 "_ 93 o
- '

.

.'-- - .. . . .,
,

_

* 231.f };J_gr a' _ 233 * -

Pa ,g-, y* Th ,

9,

.. .

233 an .s) 233
Pa - ' - - - - s U + B. +ygg <92

i.

C. Flssion Reactions and Enercy Release

<)
'

1. Tyofcal Process : p'7 /

c 9-
235 i s a i

U t 9 Xa , y , (9) o fs
92 o j. z z

where : X* and Y" are two isotopos produced in the
z z

process and are eslied " Fission Produc6s ".

*M Kr 5624 +Ex. U + 27o) o/92 36
,

:d !
i
e

1

4

e

e . , g
- -

"

Noa. ,J. 9.?.f
. ,
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2. Mass defect e

1

Eefore rissien After Fission

94.945 m vU-235 = 235.124 ,,,4 Kr95 =

#p = 1.0c9 e u Ba-139 = 138.995 <d

2.018 ag*/Total 236.133 ,,. 2n =f
,

'
~

*
Total 235.918 #f. 4. , ,

n- *.

gg e/fc.fr/*' *
** *

*

= 235.918 - 236.133 = 0.215 amu(a) Mass.. defect.

*
, . . . .

0.'215 = 198 cev '',

e (b) Energy release per fissica = 931 eev x
* *

. . amu &

'

G
3. Distributien of Fission 2nergy aA

ft|y',} . >.

'

p

G K.E. of fission fragments

'I h Instantaneous ga ma photon energy 51 1 mev.

K.E. of fission neutrons 5* 0.5 mev..

g, Beta particles fmm F.P. 71 1 cev.
pu [gf *- / ac=a frem F.P. f ;

G 61 i eev.
},l*l,

'

,s ;

/ -e) t
Antir.entrinost,ij

mev. g

. t
Total 201 + 6j.' - i

yh g,, ,, sa A./. s G A ** " , II'- Y$ ft b''* | /' ' '' ' 5 #. # ~ ~ ''

..I ,,e -)* a a J+ < ./4./ ,; , o 4. e- f* * ~ * A* c -f* J*# b" '''e N"* b fsuy/o
' * * ia) Rate of Production of 3ecay Heat To11owing shutdown fxn*

..
L8

f' full pcuer.
s

r i m.. ..e c. . . . .,n ; o, r,.u nom.,,

i sec. 6.0
.

-_

l. /eua ,d. ?.. 8%.. .

&

g * .
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.
all the fission tm?.uets fall into two breed gr ;s, a " light" grcup, with -7

i. cass rc.:=hers fro: 0 to 110, ard a " heavy" g=up, with r1ss r.u-bers fm:
125 to 155. He most pmhable type of fissi n, e::;risir. nearly 6./.". of
the total, gives p oducts with cass nu=bers ?$ c-3 ly). 2 erefore, it is
ap;sreat that in the ;;rcat cafority of cases, the fission of U-235 is
u.s) =stries1. Pu-23? snd U-233 hs.ve similar fi:sion pr: duct yield curves
which a*e also shown on the figure,
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, . TI e After Sh :tdown % of Full Power*

1 min. 4.5 j

30 min. 2.0

i hr. 1.6
.

8 hr. 1.0
-

e
* 0.724.hr.

48 hr . 0.6
.

.

.

l . .

E. QssionFreducts_

1. The thermal fission of U-235 has shown possibility of splitting up
*

t+0 different ways yielding over 80 primary fission products.

2. Ra.nge of fission products fmm A = > 2'.tJ 160.
,

v 3. Stest probable type of fission e.omprises .ipproximately 6.:t % of the

total pro!uced cr.d gives rise to products with r ass nue. ben 95 and 139.
.

u. Yielding Curve _ :

e

/O' q ,- , - - -
,

', ,q . as*

io* / \
.

-
.

'.

'~IS$10d * -
. ' '

'

\'5 kl'idg (%) /C '' ', ' . -.
i

. ,,o -, ..
%' 1/

/
*

/6 ~3 I' $

;' u .os %a /6.. .

i,.

'

Q '

-S -

,. p , ,. ,

, , , , . . _ _,g
YO $O //O /,jQ sg*6 /76

-,, - .- i , , , , f. , , , .
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T. Tud*cuctivity of ris .icn Trodu:ts

1. ~e a rl-/ all ficclen products .are radior.ctive.ond enit nc.,i::ve beta prticler.

2. ris.sien pr<, ducts passas as oxcoss cf r.autres. O.cr:for- h!,h n/P rati .

.
.. Ratio is so hir.h that it usually rcquires three 2:ta <.cissions to rea:$.

stability.
.

3. Approximately 30 different Isoto;es produced ia IIss*t.n. Each preh:u an
!
'

,
.

averaga of two additional radioisotopes. Result is a pr:-dt::tten of Over ;

200 radioisotopes within a short time after fission. ,
, ,

; ,

4. Cur tain isotopes such as L-1:: arid 0 -143 aie very ing:rtant fissicn
.

prodirets and play a r.sjor role during reactor' operation.
'

:
< _

._ .. - . . -

- G. FIaIon l'irutmas * * ~ ' * ;
.

FirEinn frage. nts eject. tr..ir neuttu a la pu::. 10' # sec. after fi..lon..- ,8 2.'

e.s
-

- The.se neutrens are criled " prompt neutrons".
-

.

2. Ter U-235 p mept neutrer.: ccustitutes aprox. 90.367*, of all fiss!o:: rwu t avas.
>

3. The rc=aininr, 0.6% of fiss!on neutwns.are called " delayed neutten:a".
.

Dela7cd neutronc are produced frem the decay of certain fission pir : sets.4.

5. For U-235 , U-233 ana Pu-239 the delujed neuteens fall into G r.conps.

.

.

DEI.AYED Nf:liTP.O.'T GROUPS

Trac t!or, cf *,'ot# '. rissiet. ' <:u'.t. ns G ' ..

_1:nor .7 (nsv) U-233 U- 2.- ~ 'u.0:?
Crou.s. T!; (rec) J. - - -

|

L
1 LT. 6 0.25 0.022 0.00 0.007 L

.
i,

2 22.7 0.46 0 . 07 f', 0.14 0. 00, .

3 c,, p d.t; 0.005 0 . M '' O . 0 ''
,

y 2,3 _0 ._8:5_. 0.072 0.20 n..''
'

-

e

4 n.n 6. ':2 C . 01 *. 0.0" 0.0 */- - |
.
t

t
!

__.

__

, - -

..

./u. o.3 ,1. 0. - 9, 1
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(Con't)
fraction of tZ f! scion ;;cutrons (*4)

N
Group _ "'' (see) E'ncrev (mv) U-233 11 - 2 % 7's-m i

('S.s

0.009 0.03 0.009
6 0.2 ----

Total 0.26 C.54 021

.are ..> e f f.o cwin| A " ' A*O E" ' 'E A $n.*

he /op es| s%

.-

6. The 55.6 see half-life is associated with the decay of Bromine-37.'

The 22.7 see half-life is associated with Iodine-137.
"

' '

7. Prompt neutmns have a continuous energy spectrum with a peak
*

- at ir.ev and an average of 2mev. .

a -

8. 70, energies of prompt neutrons are censiderably hi,gher than
,.. ., * the energies of the various d.elayed neutron. groups.* *

, . . . .
,

.

. * e
&.

.

h.., H. Spentaneous Fission
.

1. All isotopes with atomic numbers equal to ce greater than 90 are

unstrble and have a definite probability of undergoing spontanecus
,

fission (fission without neutron torbardment) .

2. For Uranium and Plutonium isotopes the probability is small
15 17-

Tb c 10 - 10 years.

Spontaneous rission SPR per ton |.

Isotope Half-Life (years Of Material (fiss/ree-ten) <

17U-235 1.8 x 10 280

U-238 810 x 10 6300
<

.

Pu-239 5.5 x 10 9100

t
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I. Introt.ction t1 .%4ctors

A. Chain Reactions

1. Appecxirarely 0.5 neutrens are born en the cversgo in the fissioning

of U-235. .

2. If each fissien cause. at least onc ::cre fiction the process will be

self sustaining and vill constitute 4 '' chain reation".
-

-

3. The prebicu is to assure that at lec t one of tho 2.5 neutrone produced
. . .

causes fission. ..,
_

* - k. A coactor is a device wnich ir.itiate:t a chain reaction and then centrols
s .

'
it. . .

m

. . . .. .

T pes of Tvel *

B. y ,,

n e * -

1. Natural trani ra : Centsins 99.22, of the Isotope U-238 ar.d 0.7%
.

U-235. Natural u anium ly itself cannot be used fer the construction

of cheln waction. Reasca : It is impossibic to establish a chain.

a
reacti:n with fact neutrons in natural uraait.m bt.cause, at the aver.ge

fission neutron energy of 2mev, the fission cross section of U-238 is

only about 0.5 barns as compared alth the scattering cross section
.

of about 6 barns.

(a) A chain reactica with tk.er 11 r.cutrons is also ir:.po.sible

because U-203 has nry high rescr.:nce i.ecks in the int.*:c=ediate

rangu. hersfere, most neutrens wculd be absorbed before

reachin; there.1 energies.

[v*
|

.

!
.

u.v.w, s_ r- - - ' - 3 2-: _ _
.y- - - . .

.

en

|*, /g} } .1 .0 < m .~'"

.

p :- _, .

.

-e ed .

m>-

. ..
%

.

. . .



1
1

%m
.

-
..

.

~
|

i

.

. -

-
__ . . __

....

LJ
'\ . '

'

% e' ^
.

.'. ,I

-

.r!m ,m
;

.,

,,

. .i .

=..i
J3 gw. . y ei ~ .

% .
- N r,. ::.= :: .'::::. ::: :: ::::. .:.-*.2

.. .e, , . . . .> # ^x ,M, ~~!:..

's: .. f .-

n ,.&0 : %,~j s. .,N ff'
-

..~

' '
.

~ ,
.

'' .t, .',:
3.A

/4

. es

.
ii.

%s y.,-$. .
.

1-.-..,-,-
:.,g1. I .'v;

M
: Tn:-v.

1< e :.r ..: -- :

W )ks9. .
..r.. ~ w;. . ~ . - . ~,. .~. . s ;, ..

t= * i. . ...-
, d-. r ..u .r. ,*

:.. ....y
. h. .> 8

e.. . . . . .*a
~ .)

t* *! s# ,.

,.?.i' <.* f.-
. .

'
,

2 ... ,
.

-

. K. ._ ,"h,. li.{
' / ,' ..! *[:. 1

g ,A./' - .,e ,.. 3

; .

,* n s It .s . .
.

{ T-
. . * -'

..

:.~. $ ff. c::.+ + . . m ;r.c. .r . +. r,. ' a(. r'[
.

.
- *

*

.

's ;s ..r'p Na'.::.C:5D U K.; : '-Q f .*
-

m *, .*

.y . % . .. _ '. - . . . - . . , , . , .C. ;. -
< ' , (,5,....

.

1.{=. r1 .,, : .,#,1 *t
.

*

. . ,. ' . - '
-

# = ' " .' .. h.
/ * , *-

.: :: s.

* ~ . L.. N.....~- . .

, .w- *,.=..- s'
N .:! ' . . ..'

-

,s .. i.
. w,*
--; i. -. - -

.

h,'.
, .

\ .
. +; { 3x e

.. v. a '.g,
'.

.

s, .. / f, - t ..,.s, , ,.

..
,

s. . .< . ... s. . , , ,.. . . . ... . ,- . ,s

. . . . . .
.

s,. ;i .s. .,. , ..
<

..], T. '.T. 1.'! .

.

! :. ,.. : p/ r :
.N '

:

.c. . :. . _ . . g ; .e .
.. -- , .. ._ . : , 3. 4

.

. -......:-3 >... >, : g ., .,s ,..:.. .:- . ..>:,. m. . . ,,-. . .
. . . . . . ,, .

--. . n . . . . .. .. . . . . f. . j ,. - ,--,. : < = .
r'

y - ---, N , Q .i!...v-..,..
.. . .

. . F. -.-.f,-.
.

,?
.: ;

. m. . .e..

*;~, '''~s. 7 /d',' y- --
'

~ . -
.

ws -, . . a,

|'?.
'

. . -.
~ . . .|..

e. <.~ g
,

. i .

*.. '%.M.,.{-t.,'..&.
.:.-b* (?-..-.1.,

t,--

s s s .. . .

.

:lCACTOR VE55d'. /NO I.472:''!aL5.
*

GE'I ER AL .'.'.R A;ic.E.'.:i9 i
N

TlidfC S.:!LC !SL*J:0 NL'Cl LAR 3T/.''s.~.N L*. it I
'.* 2 .~;d. .: .= * - *. ..

.

. . . - .;

.'
.s..

- - -
_,

M M -N g

k !:/e3 ' I O. 9 '.h., , . , -. .. .
,

.
..

.

l
i

es.

. g 4

.

. .

.-



f
-- - _ - _ _ _

.s

'

.
~.

.

.

.

e*',, . ,
"

.~- --

1. .

-

| /"~ce u1 .

,

\ t i n -

J l'1::i.'. CM.1:: . -I '' ~4' . ,

s j ( ~~~'*
. . .

-.. 1;*:Cp". i Ti' / <fffy,,/
'

;? // .W,. es'''pg ~ I . s ,,
y.

135
1. The half 1.ti'e of I235 is 6.7 hr:;. * *n a t in tha de er.'s ce.'.s tan t for I 7 (!, pts)

*'

k * e $$8
'

* (*7 '' 'e /
/ C J A de s

4 1.,. c. ,'i , - - r: -

/ ~9

- x :&e* : e '-
. 2 f Lo see:,"~

-
'

A c1' X/*
. s. 1' .. se ' I35 135.

7. If you have a 7 curJe source of I at seen tie t h:w many atoes of I
(5 pts)were present at tiru te which in 10 hrs. befoi o tir..e !? j, , y, p g/'s c,

x N,*-Ae
J (+ '' r s . ). 9, y ,.,,^' //-4

.

=C , = ^'o=

. -:- ' I# ';-=, 2,0 f.r/ag ,k'-M ~,

I?j\ e%, '''J4Q1 '* A'''')bl - .,

2''"

_ ~}Ti-~. i. os ete -

o 3.fi
3. Discri;>$ the phenot <.non of a pair production. c, y'fec/E./ ,3 /.u ,,c.e e,- (5 pts)

Q.. ,, ); ,% ,aaci{e,3 )0.> ewe.j f.s; e : o /*2 e A r.fe. sse ' e /r <<s ; e.9 .. ,,rpa.e

./an,,o .y ,s ,y. =* 'r 3,.,,,7,,/ss*s2 e ' /~e * u J. e A c,/

y [. . ,; y y a - . h cf <><j e p es* /~< * ~ . / e /a , / c s ,n ysr.,n - fy w ,,.y.~~*
' (Q' .. . ,

r 4e + e,o/* * * T k .r.,, . : e, s,, , ,,,e , ,,t,.,, , , 7, , , es ,,-' s a , r *: ai *'s e 9.u ; ~r < u.

C $1[r the foile. ring sketch;4

-

, f, | ,

2.7 anec=3 uo pu 'eu -
.. -

i g-

o, - (n)$)(s.) 13 ,. .Jt>
I ~AX /'

$' elfcas b [ ': _So_ e- fo d '//f/*x ' h'

*- /V ,< -
~ .u., )c)

C.
87 - . r '^~j~~~

f6 Y d h h ;f
. f .!

' '
1

,,,,, . , e .a r8,;.) ydfxSofd,/0$
= 0- ,%

' ' ' ' '

j *gg , e

The total dos.e rate It point ? is' 25 mrer /hr and the sc.in o c! alt: 2 ".ov gac;_23. Uw :si.j

( /sce are being emitte* frem S ? j f , /, r . Es/.7g a s

%, .s.s n so s,. g aea
, ^._

- ,= _ 2. 4 x so_fsj ~

(/. t .w* -) (.2 ) (3)
e. , * . :. <-

'

9.c.-

4 4'JY [f'o) Ao4x to /?.$'/[J.i 0*$' * y',rf y jg

. |Je.c
.__

3.t .eyy
l 5.* ** E 't,s;, ,

-

C.- C ''
_ _

--

.

-

. _ .a 1

.///o3 ] 1. .0. 9 m.- -
, .._r. _. c _-

I
!
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i
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5. C.ticulate the flux cntering the slab in the follo:: lag sketch:
I
,

:

'

l"' . . f fg = 7.36 g:/ce.3 '.
_

I.
a

_ _ _ . ,

.. %-i G out a 5 x 10'g '/cm?sec; r4 mey (5 pts)
.C e -i

%- >= | 4g ~

V

Q ,,;* ;* h e *C,a .
..

-- :. : i

l * . . ,

< ;- E
. ..

') \' l ** '

fr. 3 .s ,0.?$ , , , , , , " *
'

,. ,.g . a m :. g o (..:a.,s_=. w
'

"

;;
-

_

J/20
$,Y, X/o. p ||:

"
~~~0*X 'o

- ,X 9,* SA) -
-

Q,, ,

- f. e Af2 sg
es -fee.e. .,

.o.p .t/* (-*
,.

U / 7 2, I
l*

6. Censider the following sketcf.: , jg p ,j
s , * D s /*'

p - ~ ~.. ,

h % --
_

1he dose rate. 300 ft. from the 'sida of this tank '

.-

is magsured to be ? m.em/h:# sit ~6284g>se rateI
a) 80 from the tank and * 200Mmly;. tarC|

%. ..
-j (** ''''g

J {pc)=. 9 SAS' '
,,,

/c(1.r.)= ? .fo ' ,' s e,c ,:'

< ,

i 00' L) . sco'.1

Q . . ... . - |' | Is 1.2/ .

}Y .Y h hfO

/ ,,' a v -

p.. .r p. 1 _y b 4 - ),'fy ( ,
YOe, X , = 0', & h, = 4, asy;\ 't',.

hi-.

he, (Jfh ; Y h he*)1
,

a

, ,
-

b*

/ -> < \

i
[o,. > , = % %

N# d' - /yrciv.g,. * Mi*p,. A 1'
-

.
/{

-

,, 10 .

| |
,t.

>.
_ _ , _ ~ -

_ __

--m
_

_

| ./v. o3 ;:,i.0,79.7
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1. !!ca many Wattu are pcodned f:cs a flux cf 6 x 10 teutron-

'
54 C =G.2 2 * '' 'CC

.

,. . > :

'

.041 cm-1Given: { =

I watt = 3.1 x 1010 riscions ,

LOC u
- .

'~

(1 neutron = 1 fission) :,<*" (5 pts)

f d : [g r ; o Y/ os ' $2 '' * *'' ** YC
if ess 3 :e <:.

k$ X /0
.

'

(J/O'[ s *.. - ., e u .J.t. .

~ T. a ,s '> 9. 9% 'y
. - . .

-

. .
*

g -
C. O. e

*
*T*3 . .

* * . . . . ,

235f.) 's- N' la * macenecanic cenas-section for fissii,:n of a 4.3?. 5:nric$ed U **y""
ruel Assembly. /f . g
Givent Oensity of U235 = 18.7 gra :s [ =' f '

' ''' "'

'' = f *'''X" 'X'f|f '|,)( o) = /. /7/c,,- /

'

18 -f (5 c)3
lihat is the bindjnp nergy por nuclcon of 0a f. f a to ~ (.. <* i I L$'|*0X #

7

j[*p'|p, * ' ~ "
o,

/, e c *>.2 9 a Y' NW7/I ''~'nmt4mJ ,j4ooo ,,
*- . * .

d. d * - 9J/ x , /f : /J9,(seeer ,' r ' /* c.c TCC a " - /* ? IW ~ ,n;, / i..s> .

Y'S*| Y| b ** S 0'Y
e le.orP m, pf mE p g,je,,4C. tg 4 e- - f, r*',r e se p y e

s j f
4 Find the energy relcared from the following reacticna *

103 + Sn128 + 8 alU235 1 Mo+ n/ 92 a c
42 _ . ,%

# dig7,ggi61 / ts)Given: Sn128
-

4 ff. Ass.'011? " ~ " ' '3, f'{ff%- ; . csy
;g i. e o uc .-u y, ,, y , 7

2 M*OddN 334732Jist. TJ23 C
doa=*h3/}{2#*N f 00 A'W |s ,.i.,n > . .s ) o .t o _

w ...: :. 2 .a ,.
|

!

_. -._ ._i

'

.- -

. . . _ -

/:/e3 ,), ? 9' 7, -_ . . _ _ -
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5. Finish the'following:*

A. U $'on * *
92 p 36 .t O

0 + ,~7 F*)B. h/ ? + -10-

s1 s.:s.0 4 ,

y ..

*p-A * o"C. 18 " *
. . . . . .

.

a . .

.

D. FIselon fr.17.ents usually decay by .wan.s of dcccy. pt)*

c . .

+
,

. . . *

,

, ;*. gonW+ g |[ t)*

y. 1

,

$).hNLu:L,*
*

je. .'_3y
*

',----> ' y.
,

.:7da '

-->: ' ed.5'

+[y +2

$

6. Using the chart of the nuclides. Take the tip xelL2 to its final stable htste.
T1/2'are not necessef **)Mp. C ' jyp d' 143 - ~

.fs" (S - ,r [ k // ce
<> a.

Y yg >7/e 'Ssm?
x...

3r.1/c-
.,

t.,/

- .i

'

i
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- 7,. True - Flase (If ra5se "*.;hy") (Each count 2 pts).

??3 to ficsion. [r4/VA. Slow neutrons will caus rp ~ ccuring U
,g

- /

g. The lenge,st delayed neutron group has a half life of 55.6 seconds. / /t /&

releases aboat'3.ra neutrons per fission. D }} d j W /* /e'D -3235
/ C. On the average Uo

S S ofwe.<|o'%2 J$ / f a $1se.,./ a ..

/ D.* The rips ranges are usually found ne.ir 9r. for the light nucial and 20G [ /jp
for the heovy fissica product. - '

* .,

' k.$ f$v A*:-* S-osfe r.r,s a! uc 5a
. {'.'

-}
f. Production of Plutonium 230 cm '#2 used tc Icagthen the life ex1.sctancy

,
of luw enriched fuels. g y p,*

/ F. Nuclear reacticas are hardce to produce than atenic recet on because [t

the rapulsiva force of the nucleus. gsp -

9

N t bM0 $ j.f

/ G.
todothermic reactions) create highly ence,,e-!c cnti es which take '

the newly created energy from the system. g/fp i

&)C Cfkt.ts*'1/ L /* 0 * G?* C A/J
'

H. Uranlus 233 could be a good moderater, because he:Sy nuc3c1 cause clastic
'

collisicns ir. which the neutrens c13w do m. [~4 /y u . y ,,.;/~'f f f ,

s/ ,,,,g,,,,y fe er.e J-|.:C/**d/| Q dwa w AssJ <r Gw 2 3 Y de J 4 4
se efa y/Z'$. co///EdN#11C WaM 9p| e w/~/** t.1f wrae

'

I. Most of the energy rolcased by fissica ec:as of f as instantsnocus and delayed-

E**=** , oC~a /rs . c e a c.1 o f f ,, 3 sh /'e'e.*,

f o : 1 s sese Ps y w ff ,,apy/,,
J. The regica where high peaks are it:ually found is known as the resenance region.
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2. Enr!:hed '.?a-l'm - Uranium ir. wailch by artific.f.21 nan.t the porcentage

(D . . Cce.enly used in power reactors tod.ty.or U-235 content is Increased.-

,

* Tor Tr.I cur fuel cons ~sts of lo.r-enriched U3 pollets of ;|

cylindrical shs;e. Fellets are contained in hollow mds in each

fuel as c=bif. Total n's:hcr o'f asse811es i: 177. Average enrichment

is 2.62%
..

C. cditical Mass .

,

~ 1. .So e neutrons born from fission will es. cape or leak out of reactor.
. .

Sece will be absorbed in non-fissionable material."

2. The larger the reactor, the smallar the fractica cf neutrons which
*

1eak out.

3. By assedling a cere until just enough fuel is added to overcome
.

the percentage leakage and absorption, a chain reaction is sustained.

The minimum smount of fuel is called a " critical = ass".'

to . "a'en a reacter is just critical the producticn of neutmns throush
.

fission is exactly balanced by the loss of neutren's through leakage
,.

and absorption.

::autron Production = leakage + absorptica*

..
.

D. *eseter Cen rol

1. for a reseter to operato at any appreciable po er, more fuel must

be added' than just that to create a critical mass.

2. More fuel is necessary to overcome the effects of temperature, the

buildup of fission pr v'.ucts ;cise,s (non-fissionable neutron

:hterbers) and fuel burnup.
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3. To asse-ble this M41tional fuel initIsily would create a

supercritical reactor. That is, a reactor that could be increasing

pcwer at a rste which wculd be uncontrollable. Therefore, so=e means

.
of controlling the chain reacticn is necessa y.

- .

4 Methods of Control *
.

(a) Pchos ccatrol rods.

(b) Sci.:ble poison In coolant.
,

.

.

. .

4 E. Classifiestion of Reactors ,

s . e

1. Py chysical ar angement of oderator and fuel* *

*

.- (a) Homcgenecus Reactor : where both fuel and modecator are mixed, o . .
,

, . .
** * *together in a unifom mixtdre.* * * . .

(b) Hetergeneous Rcactor : where fuel' and coderator are separate bodies.

GD TMI - type.

2. By Tyre of Ccclant used

'

(a) Water cooled (TMI - type) '

(b) Sodium cooled

(c) Gas cooled

3. Neurm n Er.erry S:ectrum

(a) Tast Peteters ' rely on fast neutron = f!ssions.
.

(b) Therr-31 Reactors (T'iI -tjpes) : rely on moderated neutrons

(Them31 neutrons fissions).
'i

h
4 Use of fuel

(a) Breeder Reactor : Pn: duces more fissile material than it

utill:es. !
i-

I(b) Ccavertec Reactor : Produces sor.e new fissic mat'crial bist lensg/ |
.

W *'
then that cor. u.ed. (!!!!-types) .

(c) 0 .r..a *- w t. .e . :'. o44,. no nyw r : 3..% .,. , t+ r ' . l . fs

)
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h r. Mc M ators
~

Thst natural Ur could not fissics because as neutrons slowed1. Kecall:

down they were absorbed in U-233 resonance peaks, therefoce no U-235

fission.
'

-

2. Natural Ur can create a chain reaction if mixed with certain materials which

could rapidly slew down the high energy neutrons...

3: A substance which rapidly slows down high energy neutrons is called

a " moderator". **

. . . .

4 Slewing down mechanism is a moderator is " scattering"., .
,

5. Characteristics of a good moderator are:*

4 ,
'

(a) A11cws the neutron to lose a large part of its energy in a single
,

-

__Therefore dictatgs a light material.
..

collision.* *
,

.

(b) ' Low absor; tion * cross section
*

*

(c) High scattering cross section

(d) Can withstand high temperaa.ce envirements.
* (e) Can withstand intense radiation. * '

I cos /

W 's.g p ( '( c ( v C fo)'' 7' q bc |/bW
,

-

.
6. Cor on moderators are:

f j' ctJ ~

(a) water (light) - (TMI) <

~ '# ' // 7(b) Heavy water 6 // */ Cy' )
~

# 4*

,

(d.,br[)(c) Graphite < - du //< av Car ,'t *

(d) Beryllitam C /ery sec/ /O''I Co I /~'5 M

. . .
,

G. Reficetor - A m.aterial which will reduce neutron Icakage from a

reactor core by reflectir.g neutrons back into the core.

1.- Admneaims :

(1) Raduces critical m. ass

.j,M (2) Lower "vol cost

(3) 0:.:411c a rh.ctor comynents-

- -
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2. Chars-terictic: cf a re.d scatter . is that It have a high scattering('~)
' cross section and a Icw absception cross section. -

3. Since its characteristics are ahout the s.tme as a moderator,

most reactors consider the moderater -he reflector as well. (TMI)
.

H. Coolant :

1. Since reactors are used as heat sources, coolant is used to remove

*or transfer the heat. .

.. ,

2. Cooiant characteristics
3

*(a) Sultablo heat transfer prop'erties * **
.

,

*

.,

(b) Low absorption cross section
.-

.

Compat.able with reactor enviroment.(c),

.
, ,

*

3. Types of Coola'n'ts :

(a) Light water (TMI) +

(b) Heavy water .

(c) Cases (helium, CO )2

(d) Liquid metals (Sodium)*
>

*

se) . organic caterials-

(f) Holten salts

I. There.a1 Shiald

1. A steel shield separating the reactor core and the reactoc vessel.

2. Purpose : To protect the reactor versel fros passLbic da age frem

the heat liberated upon absorption of radiatien. It is effective for

absorbing i photons and scattering fast neutmns. -[g 6-

.

J. Fuel Reds'
D)'' 1. U ually Uo2 In scdern reactors (discussed earlier).

.
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t ( K. Control Rods ,:
t

*

1. TH1' : "See handout" F.
-

-

.

II. "ultiotication and Reactivity considerations in a var.:r moderated Reactor
.

A. Multiplication Factoi- (Kl .

1. Multiplication Factor (K) definition: Is the ratio of the number _
*

. p

of neutrons in one generation to the number of neutrons in the previous
r

1 , generation.

-

w

K = # of neutrens in the in + 1) ceneratien [
.

# of neutrons in the nth generation
'

'

-

.,-
..

F

2. !!eutron Generation definition - is the period of time between r

r

['1 -

successive ficcions. --

s--

.

3. %~ hen K d : The number of neutrons in the (n + 1) generation

th generatio'n. In this 6equals tha number of neutrons in the n
.

-

cendition, the reactor is considered to be "just critical".

The neutron population (or reactor power) will4.,When K > 1 :
i

continue to' increase with tiee. The Reactor is said to be

"supercritical".

The neutron populatien (or reacter power) will continue*

5. L'han K< 1 :

to decrease with time. The reactor is said to be "suberitical".
*

r

3. :leutron Cycle: is the sequen:e of caice events which neutrons undergo

(h fr:m Welr " birth" th~meh f t:;cion to their " death" throur,h abso: ption '

. .

-
. .

-

.
!>
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, _.
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A
t,.-3 3. Neutron Cvele : (Con't)

in some catehial or leakage from the reactor.
!

- 1. Exanole Stecs :

A. Consider "N'' fast (2=ev) released from fission

'

-
- -) O '

g >@ Wo "N " ;
,

@. . good (mc.ubd |>0
|

' *
B. Fast Fission

(1) Since the fuel * is general lue;cd together IE the forh of rods,
,

there is a definite probability .that some of the original "N", ,

neute ns will strike other uranium ,atc=s before they hate a chance
[.

to reacn the cx,acrator and slo.t down. |

(2) Some neutrons which strike U-238 will have energies above

the threshold fission energy of icey and.'therefore cause

fission.

(3) Also note that U-235 has a small fission cross section for fast

neutrons however, seme fissions will occur.

' '

(td Total result: rast neutren popalation wi11 increase.

J'* .. g z ~
C'd)o L vrtteutte,,'N''

) Q Jo
J/

- -) O >0 }~/W.lAL.t<.* do

L_,) (o2<t.)%Ldu,dco'
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k 'E" is called(5) Let "E" equal pretability of f.nc fInsion. "

-
. .

the " fast fissien factor . Note: "E" is a .aluc > 1.

Total fas; neutron pcpulation = "NE".
.

C. Fast Leakaste ( 1 _fc ) '
'1. "NE" fast neutrons are ready to enter the cioderator and begin to

alow down.
. .

2. Ilowever, before they do there is some definite chance that sere of.

-.

theirs (particular tho*se born near the edge of .the cere) with leak of the' *
.

. ;.
,

. ..

reactor and be lost. -
., *

. ,,

o
.

. .

o - 3. * The probab(11ty thit a fast neutron will not leak out of the core is
a

f.O -
,

called "the fast g i.. bey 7 3331 g;..= (r y,. O.trc'b e, th-*

.

Pmbability of leakage then equals 1.g .j

ts . Lf then represents the fraction of the total nurser of fast neutrons,

o
which remains In the core.

'

5. ne total now remaining equals: )j
*

"NELp " which now start to slow down. {

o x..-W? N #A $
o >o

NE o- Jo
.

lAlc,Lo- ->o g ;o- _ _ .30 j
iD. Resonance Escace Prebability (P) '

:

1. As the fast neutrons slow down, the encounter U-238 absorption
i

renosances,

h. 2. *he picbab!1 Icy that a neutron will E be captured in the U-239 iM
resenance escapo prcbat, titty (P). |

!

- . . _ . . . - . . . . . .
m

. . - . . .~ . . - - . . .. . .. .,,
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g,m 3. "P" repres.tnts the fraction of the total.nu. tee of n utrens whIch |C= -

|
.

re=ains in the core. ,

e. Therefore, tha total re aining in the core equals:
,

"!rt*9 " which represents the total number of neutrons [?

Iwhich' reach thermal energies.
r
m.
|-

._. ... .. ,

.

-
*

e
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E. Thermal Leakace ( 1-L+ ) p

c-

... .

1. As the thermal neutrons move around in the reactor, E certain
.

percentage of then will leak out while thermal.,

2. The probability that a thereal neutron will not leak out of the core h

is called "the thermal non-leakate probability (Lt ).
,

,

3. her+rfore, the total nurter of thermal neutrons remaining in the
1

core' equals - -

i

"!!EL ?Lg" represents the total nurber of thermal neutrens ;f
r

which do not leak out frem the core and will end up beine,
--

c.bsceted in one of the various materials in the core. ,

b- 2h: : The only neutreur. which will be of any use inHJ
furthering the chain reactlen will be thcae s:hich arc !

.

O corhed in fi::lon2 12 r.r.tcria u.
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F. Thermal utilization factor- ( f-)
-

. --

1. The probability that a ther=al neutron will be absorbed in fissionable
* material as apposed to all other materials.is termed "the thercal .

utili:stien fsetor "f".*

. .

b
' 2. Therefore, the total nu=ber of neutrons absorbed in fissionable2

,

'

material is:,

, .

n
.. I i*

NELgPL(ff' .y e

Note: Of the ther:al neutrons absorbed in fissionable

material, some will como fissions and some will'
.

_. be wasted in (n 7 ) reactions.
.

(j )G. Reproduction l' actor

1. The nurber of ft:cion ceutrous produced per therr.at neutrons absorUed

in fuel is called the reproduction factor "j ".
2. Therefore, the total crier of r.ew f *ssion neutrons equals:

NELg.'L(* reprocents the nurber of fast neutrons available est the '

start of the next generation.

C
I!. Multintiention Fae or I v '') ( fy ,fu 8. . + /Ie' )

h r:tio of it.c nu-te of r. .scrons In t ha (n+1) 0*reretien !? * hat*
.

.- = m mr~= -
_. _ _

_ _
_
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b H. MuttInlication T4- :r (Keff) (con't)
*.

La the r.th rah Is the:
.

Keff = ' ::rL Pr = ILePL +4
3

2|ote : Keff = ELj? Is referred to as the

"Six factor Formula".
. . . .< -

2. Multiolicatien Tacter (K )
. " Although leakage can never be cor.pletely eliclnated in a real

reactor, certain solutiens to cer ain publeca can be found
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conveniently by considsring a rea:ter with no leakage.
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such a reactor would have to be of Infinite size. The multiplicatien
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factor ror tais type of reactor would be refe-red to as the

" infinite cultiplication factor (Ke.).

where:- >
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* " Although leakage can nevet be complete 1/ eliminated in a real

reactor, certairs so.luttens to certain problecs can be found,, ,
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3. Exa=ple : Cur fuel cen.Ists soley of 2.62[* nriched U-235 and U-239

in oxide form, the oxygen has a neg!Igible cross section

- - and gas be neglected. Thent
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C Item:.; Af'werint " "

,(a i. Enrich =snt, the greater the enrichmnt the larger " ," .

(b) Neutron energy also affects " * "

|*1

' (1) *Ince nectron entgy Is affected by the coderater temp the,

the following variation in " N * can be seen.
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(2) Re: ult: l'or U-235, " S " is essentially constant. Tcr
)8

'
PU-239 there is a definito drop at apprcximately 0.29 ev.

(c) " [" fer both U-235 and PU-239 Incr:ases slightly with '

increase in neutron energy but fer cur purposes we consider it a

conctant.

(d) Also considered constant for cur core over cer* 2Ce. (U-233

compensates for U-735 hornup).

t'er) "' " value for 7MI core 1.67
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c. n. m s1 Util! ation factor "9"*-

1. The thental utill:ation facter refers to the .eutron absorption in fuel

to the total absorptica everywhere. It is expressed as: ;

-. ,
.

.A ';s**h^~\/.
s.

1p ~
.

.
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.

g4s m y -r- g mvo, t'*o ;jr.ua + ;,.g - ur.. .r e . #
. : < 7P Q,-.
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A q, -ss f
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[es eas.Where: [f, a flux in fuel y c_ t

t , A , f. , j / g;. .

..

#

= . flux 1,n .oderator --
.,

. .,. .. ,

a flux in other ciaterial . . qc c ra# 5//# / M*-'
.

,.;, ,,,' sxa t-
-

volu*.e of fuela -

a./a.desus 4 h r~
{D. - /g.

= volu=4 of moderatorV r*

['a= volu=e of other =sterials (,

i
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(a) The ratio GMod/Pr is called th. disadvantage factor. It has a value

.. ,.of from 1.1 to 1.2 in water r.oderated U:2 lattices.
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2. Peraeters affectIn: the thermal utill:ation factor.
.

(a) Is strongly dcpe:. dant upon the relative amounts of various reacter
.,

materials. Particularly fission product poisons. '

(b) Movement of control rods directly affect "-7 ". It affects
r
'

"k others" in denominator of above equation.

(c) Ratio of moderator molecules to fuel meltculas affect' "f " - r

as the ratio increases " y " de:reases. geratiedecreases.
,

* *as the temperature of the moderator increases. -
*

-

;.
* *

(d) "[" Decreases with cgre age he.cause of the burr.up of fuel and,,

5. .

.the buildup of fission product poisons. J*

. - ,
,

. (e) As fu.el, enrichment incre.ases the therm.al utill:ati.on factor .

;g.
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3. V.dae of "[" for 7:'I cors = 0.3
, re. Effect of Pu-239 buildup over core age.

.(a) Pu-239 has a higher r.feroscopic thermal absorption cross sectica

(10295) then does U-235 (6835) therefore, direct substitution
,

of Pu-239 for U-235 would result in an ir. crease in "-9 ".,

'

c-
'

However, in practice Pu-239 is only produced,as the reactor is
' '

..
. ,

operated and thus appears at the expense of, U-235 depletion.,
c

* In converter reactors (T!!!) "-f " could increase as the fuels*

.., ..
.

,
.

burns if for about the first 100" mud / ton of Uo the initial,
.

2

production rate of Pu-239 per U-235' atom Jestroyed is about* * *
* * *

.

0.8. However, the enrichment must be less than ::c, 2% (as
*

p.
g, enrichment is increased *, there is less U-233 in the core and-

- hense less Pu-239). Since TMI avg. enrich ent is 2.6% "-f "

would decrease centinuously throughout core IIIe. Ho sver,.

even in this case, " f " decreases more slowu throughout , '

core life than it would without the contributico from fu-239
Buildup.'
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C. Tast Tission Taccor " I "

1. For vr.ter zeicested reactors, the fact fission factor varies fro::: abour |
1

1.02 to about 1.1. Fort:f!however,(*1.2. ~nis large value is due
_

to the fact that the BG reactor depends rore heavly upon fast fission

of U-235 than does most water coderated resctors. ;

" O " is stron6 y affacted by the moderator to fuel ratio.12.
,
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As the amount of coderator is reduced, the fast fission factor increases L

l
sdue to the fact that neutrons are loss likely to encounter a moderator

molecule and be slowed dom before they can causo a fast fissica.

.

3. In the rango of enric5 cents (1.57 to 3.5 *.) the fast fission factor is
-

essentially Independent of e richment (bo:ause the fast T for U-235 (1 b)

and U-238 (o.4b) do not diffor greatly.

4 The buildup of pluteniu:s as the core ages also does g effect "[".
5. As the temperature of the moderator increases "O" increa.;es for the

same reason as #2. ~

0Q 6. Therefore. < hsnges over the ecm !!fn ;irr Insignificant.
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D. Pitbabil!!r of Eesenance Escaue ( P )

1. Is strongly depender. upon the coderator to fusi ratio. As the a: cunt

of moderator in the core is reduced, the fast neutrens are not slo. sed

as efficiently and therefore, spend r. ore tims with er.ergies in and

about the resonance region. As a result, more of the:n are capt tred
-

In the U-230 resonances and the escape probability decreases.
. .
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2. "P" is ..;. ant,., , f ected by the fuel *enperature. As the fuel
'

e

temperature ir. creases, U-238 resonance stsorption incr<.ases and the

A esca;e probability deem.uos.
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3. The resonance eseaoe proNhility is also dependant espen ti+* < onpacit e,t

l. j* of the fuel. The higher the encichment, the greater the "P".
.

4. As the core ages. "P" decreases due to the buildup of fission pmducts.
.

Principally the isotope Pu-240 which has a large resonance absorption.
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5' value of "P" T:iI core = 0.65
,

i
E. Thems1 and l'ast Non-Leaksen ( 6. [, )

'

1. %g 4 depend uport two quantitles:g
.

(a) The average distance the neutrons travel in'the reactor. -
.

,

0
(b) The size of t.he reactor. . ..

.
,

2. Average distance traveled is determined by two parameters.

(a) The thermal diffusion leagth <k, uh is u % of the average cmw

fil'ght path of*a thermal neutron in the core betvaen thermalization*
,,

,

and absorption.

(b) The fast diffusion length g, which ic 41% of the average crow. .

flight path that neutrons travel between birth and thermal 12ation.
,

*
..

. The square of the fast diffusien length is referred to as the

fermi age. ,

3< The size of the reactor is measured by:

2(a) The geometric buckling (Bg ) which is a censure of the reacter size.

(1) As the reactor sizo increases, the geometric buckling decreases.-

,,

Therefere as Eg- Increases, 1rakage increases.

b + b is very sensitive to the 2:derater to fuel ratica4
f ig

(1) As the ratio decreases, k increase because the neutrons are loss
-

likely to encounter moderat:r at:ms and be cicwed down, so the

slowing process takes longer ar.d the neutron travel farther.

.
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2. Fast tieutron ree. oval from the core is mainly by thermalization rather

.

than absorption. Therefore k depends strongly on the moderatingg
'

ability of the core. In addition, the fast neutrons are heavly
,

subjected to scattering reactions therefore travel a crooked path

as they slow dos.n. This path tends to reduce their crow flir|nt path

length. Therefore, re+r' r the fuel code':ator to fu el ratio results'
| 1, e e . s **

in an increase of b % the ne.utron path is straighter.g
/
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.':1 Eiple removal of thereal neutron is by absorption. [ ]
'

E |

t.: t: e me!erster to fuel ratio decreases, the moderator absorbs [.
1

.

fewer neutrons and the neutrons travel a straighter path. Therefcre ,
s, ,

*
'

tends to increase.t :' .. f
The isotope composition of the core can have a significant effect

.

,

uponkg. * For ex*aple a strong abscrter such as che : shire .

~

.

tendstoreducekt. = .,
,

Typical values of crow flight argd b and kg are:
, ,,

y ,,_

[
--

. .., ,

.' Room Teco. Opec. Temy;
,

,

!* .

,,/
crow fiIght (Th) 2.9 cm 3.6 cm r,

crow flight (T) 16 cm 19.2 cm F
. -

h 7.9 cm6.6 cm ,.

' det 1.2 cm 1.5 cm

[f.
-

. . - " .-

[
!. r- = -.,~ --- - -
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::ote : (a) Tast !!an-leakace r, rob 2bility f. r.ot greati/*h
affceted ley changes in fuel ec ,osition or

- burn .; since the al' star.co travelad by' a fast

neutron is principally determined by scattering
..

preperties of the modcrator. ,

.

(b) Tast lion-leakage is dependent upon the power *
*

distribution in the core. The more power that is
.

generated en the edges of the core the greater'

the leakage. Since near end of core life the power
-

.
. . . -

sh,1ft$ to t'e edges of*the core, leakage will increase.
,

h
-

,

(c) Thereal !!on-leakage is affected by both powgr *
.*

>,

* " distributica and the buildup of fission ' product -

' - * -
. , ,

.

absorbers. However, frota a gractical standpoint.

ther=si leakage is so low it has very little effect

over core age. .

*

5. Value of non-leakage terms for T;1I reacton are:

L = 0.996 ,

f ,

L = 0.998 ,

t

J. k'ater to Tuol P.atio

1. X4ff is the product of the six factors.

2. It can bo seen by the previous discussed curvo: t!iat for lov :od/ fuel ratics-
i Koff decreases rapidly due to the rapid decrease in "?".

a
,

I
g 3. For high values of ned/ fuel ratios Keff al o decreases due primarily

f
.

.

to the decrease of " :f a (See previous discussed curve.)
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re . There is an I ter=edia e point where Keff is a caximu= fer any

given res: ce .ind set of operating c:nditions. *his pcInt is the

opti= = desip for a car.1=t:2 Koff.
.

,

*T.en the c:d/ fuel ratio.is less than opticun value, theNotes (a) .

the core is said to be undermoderated. (It has too little

ursderator to achelve the maxicus Keff).
.

-

. , ' , (b) '* hen the =cd/.'ue.1 ratio is greater than the opti=um, point,
* t.he core is said to be overcoderated. ,'

r
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,%o ( G l f n J.: C,,A1.-
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jy', :+.u. n..- c j.

.. . _ g
'!"ote: (a) Tor a core with chc.n shl=s, the optimui point occurs at a

lower value of water / mod ratio.

LT.xplanatica: * en the moder.: tor is pure water, adding sorie of it.n

to the fuel i=;. roves "?" without sipificantly hurting ~

e6 .s
(7' "J " (because water has s low ahtorptica cro:n section).

The result Is an incres:e in Keff uhich woul.! conti:iue.

.

as wa add estor until we ,4et "P" c;out to 1.j
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In cher.icC shia ccre, the adiith. cf La er hal;:-
.

.

d 2: 5.19 tima th: 5ph e s:- --!:n cre:s 2=_1-S- 7'4 i

poi:en (}cren) :;tarta kill "4"(" " falls off

alot faster with chen shis ths: withou ). Thus, the

benefit we get far: increasing "?" is =uch core quickly

offset by the reductics in " " so the opti=us point.
* - i> .

2 decurs at a lower-water to fuel ratio.
.

'
. .

,

. .

.

K. Epithermal centributicas to Xeff:.
.

3 , 1. Resenance caoture in fissle ratorial:*

,

.
~

.

*

,

When fuel rods are closely packed as in our reactor, the relativity Icw*

.

Q wad /f..a1 aerio results in inet plete ther=sli::-ica cf c:sny neutre.s.

before they are absorbed. As a result, resenance fissien will represent

a significant fraction of the totsi power (10 to 20*.) Usually this

is accounted forby adjusting " fr " however. 95'4 consider this 'as

fast fission and therefore adjust " C" .

.2. T'ast and resonance absorptien in the nederator and core structure also

occur and is accounted fer by adjusting the resonance escape probability -

"?".

3. Beric Acid also resul:s in a s=all ar.et.nt of epittor 41 abscrptien. This

is accounted for by a correctica to "p ". .

.

*
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III. Reactivity

A. Reactivity (P) .

-

A;;roximate fractienal change in the neutron pcpulation1. Cefinition :

per generation. .

s ;*[v
.

.

|
H, .

.W
,.Keff . 1 , SK'

. .. . .

Xeff K
* **

*
.

. .. ,
*

.
.

Note: When Keff a 1, P = 0. This means that when the reactor''

is just critical the reactor has zero reactivity.*

,

..
,

.
- t

, ,
'

*

2. Suoer critical eendition
m ,

ex: If X = 1.003' !V -

.

7 * 1.003-1 8 + 0.00299 44K1.003.

or *0.299% 4 A'/K*

,

. If in the first generation of neutrons we had 1000 neutrons,,.

the second generatien would yloid (1000) (Keff) or*

.

(1000)(1.CO3) = 1003 neutrons.

3. Suberitical Cond! tion

ex: If K = 0.997

0.00301 "/K0.997-1
P= =

* 0.997 or -0.301% M/K

.

kj , , If in the first rencratien of neutrens we had 1000 neutronc
*

the swend Senera:lon would y1uld (1000)(Kerf) er

(1000)(0.0J7) r C97 neutr-n: .
t

i
_ __..,_,.,_.f- .2. w - - - -- - ._, _ _ - - - ____ .. _ . . , , _ . , . _ _ , ._.

._
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N,
e %

|i(, / in ,
.

3
s

4 hmmar/ \

*
PRx conditio Keff

-

t s
k.

Suberltical 4 1.00 Negativo (< 0) g

Critical 2.00 0 |

Q
4

\

Supercritical >1.00 Positive () 0) g |

8'

t
.

~#f K
~

/5. d K vrs
4

--

. g

*
_ It shodid be noted that Y;cff-1 approximately e<1uals Keff-1 g+ 4 .

Keff ,\ ( ?, *

<

T.* /Kwhen Keff is close to 1.00. Therefore, when Keff:ul.00,ffK=

.. . p...- , . . ..
* .. . .. < . . .,,,

Y I k {
'

B. Controls Reds- gi)# f J.V,

.
.

*m sa
ff ,e,[ p / f ,,./;. {.(V

-
.

1. Used in a reactor to centrol:
$

a. reactivity wIthin operating Ilmits, y / .f g'

. ,''. .) j .: %
i 4

'

Ql.',a}(s[J),//'/
d

)/
* b. reactor power

,

.) 4
V .i ..' j*c. power distribution
e s* ;s 4 Ng

y f.;*I',,' f,h'#[ *b k .{
'. *

Id. rapid reactor shutdown g.( g

/ (f
'

-

2. Control rods contain materials having high cross sections for thermsl u ^
,%

. and in the core of TMI epither=si neutrons as well.

3. The principle effect of control rod Insertion is the red' ction in the

thermal utill stion factor. !

4. Control rods are locall:cd poiscas, therefere have certain importar.: effcets

upon reactor operations.

5. TMI Control .tods (Coe Flandout)

6. The potential ?trength of a centtvl rod deper.ds upon the percentage of
,

ss
total core therul and eoltherr sl neutet.n ooulation.

7. Tacters which affect the abcorhabil*ty of reactivity worth of control rod.

f
t
e

,_
_ _ _ {

.

w- W |

- --

, we.

j .ms3 11 & V e- .

,P.* ..

.

. .

.

e .
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,f,.. , (a). f.bror; elon Envelope _. *

'' '

(l) Cectrol rods have a goed cha .ce of.. absorbing themal neutrons

fro:s within a diffusion length of the red. Since crow

flight is approxie.ately 1 to 2 inches and since b ,-A" 141%y

of crew flight, bit .:: 0.8 inches.
.

.

a, . . . , . .
_ - .

N * ,

~
'. /G . i' ; *.

,,
\

,
. .,s

($ g , . . .* "

3
,

%.

I .
* *

+ i. -
-

. , ,, .. . .,s
.

' A ..\ g t *e!-
- (N - .' I 1

Dotted lines show area of |g" _ ,,
*

'
i N influence.,

. n i
* ' .

.

,

.-
..

. -% s .(- '
6s T . t

'

1t 's %y/ - %_ |y *.

Q N
' ."*, %,

t ** '-
. "' s % ,s\9/

I e "s~

I*

s s
.Ns -
t

,
.. - . - . -

.. -
3

.

..,

b

The % of the total cell which would be under the influence

of an inserted control red is given by
.

Volu=e of Abscret!ct. Area Envelote Surroi:nding Red b-Sa,Total Volu:.e of Cell
_

Vccil

. . . ..

, . . . .

,f ''** Where: }} m thermal diffusion length
*
'

_ # 1
c . . m% g -

-

' . 7:.C.~'.~~ ''M,72
.:O:1r C . -

= surface areaSa
*

:2.mD' [; *11-itch ~.~~;~f ;,.,m
.

Vc = volur.o of lattice cell
'

. |ji:n.J.r_y-.a.r. . a..
;,i ,..

. . . . ......

:1s. ..
__

cat. . . . . . . - - -

- ,....-.. ...- ,
- _ _ . . . _ . . _ . . . . . . . _ _ . . . . . . _ ;.._...__ .. _ . . . , .. , . ,..

.
-

.

h* N ..

| /.'/ o 3 d de 5"O
q

. ,
. ... - ..

_
_

.
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.

.
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(2) Volu e of core ur.dce the Influence of centrol reds.
Since the real core contains many cells, some which

.

are ducentrolled and some which are uncontrolled, we
.

generalize and say that the % of core under the influence
_

'of any control rods is given by:

,

t* '

' vol. of Ah . area Envelope Surrounding all rods of - )
interest ( Sa) i

t i
7 - Total Volu=e of c re (Vcore)

where: Sa = total s'urface area of all rods of
_

- interest. ,

V = voluce of core.core
* .

**\ *
(b)' Percenta-a of c=re neutron Inventerf itkely to be found within

g}_p

volu: e of Interest.

.
>

(1) Cbservatiens: In general the neutrons density near the edge
*

of a reactor is so=ewhat lower than in the center at BOL and

cpposite at ECL.

(2) The ner.ber of neutrens which are potentially influenced

by t!.e in:crt *cn of a red I: pre;trtier.al to the produ:t

of the value of core influenced by the rod and the neutron

concentration within in this volu=a.

I of neutrons influenced (h.)(Sa)(Otcr) ;

it
I

f diffucion lengthwhere: =ig

total curface area of all Control rods in1,') Sa :

area of interest. {*

!

= thereal neutron flux at tne locatien et the !*/ ect *
rcC: (prior to inscrtion). '.

.

.-- ___

__ .

. -..

! ,'. /0 3 ;; l. . l . E.E ' l.
*

- ..

x _. . .-
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h
I o

.'.o t e : The total nu=her of thermal neutrons in the core ,

*

;' |' would be proportional to (vcore) x (9t avg)
,

T-

. . The % of the total cere neutron population which a*

control rod ce group of rods is capabla of absorbing > i

1
,

is then I
.

-

p. 1
.. . . _ .. . ., . . . --

_

, f r ) {Se $ler) . /$r)g Ele'

~ ' '

N-)(m,) va . (eaJ..

'
. c,s

.
. . ,

. ..

*.-
.

.
. -,

(c) The importance of neutrons which z.re absorbed.

^
.

: y (1) lo rocs which aosorb equal trac;ie.c or tne total neutren
. V

population may have different reactivity worths depending
'

~upon the importance of the neutrons they capture..

(2) Will assuna that regions of the core havir.g high neutron

contribution must he where a lot of fission are taking place

and therefore ar important regions.

(3) Will assu=e that regions of the core where there is a low
L

concentration of neutrens must he regions where many

non-productive processes such as ' akag.e and absorption are

occurring. Therefore -hese region: are relatively unimportant.

(4) Therefore I.mportance is rotated to the ratio of theres1 flux

in the reglen of interest to the sverage throughout the core. l,
.

*
s To co=plete our detern.ir.ation of a control red worth, we, , ,

t,jz

multiply the r.urber of r.curren: r.b. orbed b/ their relative
..

Impo-t?nc.* fTet:r .8.. A8 . ov, .
.

...
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diffusion lengthwhere: C. =

-
.

>.

surface area of contr51 mdScr a
-
.

L
Vcore a value'of the cors -..

*
.

.
_.

thermal neutren flux in area
' ' ' Cter. =

of interest.(C.wns/ Auf)

-

f t avg = average neutron flux in.the cere.' *
'

. 7
. .

-
t-

.

(d) Suecarv: Control rod worth is a function of: -

;.

n , ,m.

- e
,

:,-

t1. The volune of core under the influence of control roda.
,

,
-

e .
.

2. Percentage of cere neut-on inv,entory within volume
of interest. c, r / 4,/* .

e

J 3. Relative.importance of the neutrons. -

. - .

(e) Vorth of control rods ves hot cc cold core condition. 6

Control rods are worth core under hot conditions than cold'

conditions due to the increase of thel;%s s** Idiffusion icngth "fJ.t".
>

IV. Neutmn Scurces
'

A. Where neutrons are found to start up a reactor. Both natural and mar made
*

.

) sources are available.
| .'
|

1. Nat :ral Sources

I a) Cosmic *Teutrens : nuc2 car reactions frem the sum precluce approximately '

1
1 2

50 neutrenc/cm -hr at saa level.
i.

.

-

4 b) S wn oneous FI-sien: Icotepcv of uranium have a sm.ill probability

k of fu:icninf. spontaneously.

(1) For U-235 la antx. 2.00 fle alon/te:-ten
i

|*
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.33
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* * (2) For U-239 is aprox. 6300 fission /sec-ton

For T !I aprox. 91 tons of U-233 would produce.*

ex..

+
.

i-

.

6

5 Ession/sec :91 tons x 6300 fission 5.733 x 10
fsec-ton ,

1

On the average 2.19 neutrons are ecitted after each
.

spontaneous fission of U-238, therefore the spontaneous
6fission source strength is 2 1.26 x 10 n/sec

(c) Photenuclear Reacticas: After a reactor is operated for

sosie time there is a 1srge inventory of fission products.
,

built up in the core. l'iny of thes are high energy gs=3 .,,

cmitters and react with heavy hydrogen nuclei to produce
e o

(.) neutmns:

- y 1, D * - --> , H ' e 3 '

f2 .2/ M t)^ >*
.

however, note in light water reactors there is only one ,

atora of heavy hydrogen per 6,500 ato=s of ordinary hydreg: ..

2. Artificial Sourecs - Since a natural supply of neutrons are available |

one could start up a reactor with then. However, nearly all reactors

butit to date use a self-contained neutron source installed in the core.

The reason is "SATITY". T5cro are two main purposes of usin,1 an artifical
*

source, they are:

1) It will supply a steady neutron flux which will be

1observable en the cost sensitive neutron detector
|
'.,

t.g in the core. ~herefore, the operator will have a

indlea:Icntoobrerve. :Iatural sourms are of auch
.

a low Inter.sity that they are r.ot readily used. -

i

. _ " .- - ,- ,. r. - _ ._: . . _ .. .. _ . . . _ . . .__., .....,_ ,.. _ _ ,, , ,
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(2) By having a reliabic and reaccnable strength. <

. source, one can obstry... the ==all changes in

neutrons r.ultiplicaticr. as control rods are

slcwly remov ed for criticality. Therefore-

,

.

yielding a safe appeosch to criticality.

, (a) Exa' ples of Artific!al r.eutt.cn *ources,
,

(1) Antimony - Deryllium sourc=r
. .

.
- - . . _ . . .' / 12f-$g /.t3

*

.

D '

-t- A -> Ss + 'Y.
,

c/ n .

.
. .

' ''

TdI si ' ! //+ ' .
'*

f
, ea~ T''' ,, Ge, I . % ...ks,.n +-

3.
.

- (i
in * *Erh^ **' !

*
.,

~ 41 -
* '

,g .-t

j
,

n . .

V ,2 .
~

- ,.

"f* f s- d.t. > 0.t
n- + :?, '* I (& '7- . ,

\
.

.
.

-- - . - . ._

>

,--- . . . .

*

(2) Neutron source used at T:I is a
#Americlu:n-curium-Eerylliu:a cource. 58 = C

j ,,ssf./fr p e dr < h /*;,. - - - . . - ~ - -

. f 'f''kN I "' y,'

' b at4/ ' + /d%x -> A..'
.:! .:s p'

is h,.-Ib .%
, .. g

d ~

4. is9 e ,,., c.rae <i.1- s. ,,, ,,.

i. .

;
, . ..

2+f m0 f f
aw

a < ,.C uu ., , ,c , 4.,u =

. . .

*f-

f # fe /
< i> /

> 0 Y ' *r (.r~.- ),
c p

/* ^%/er. .m !-:':
#

,
-

t,,) B. Suberitical Pfultiplication: All Ou'. critical
,
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*All subcritical multiplication prgblems .

9
,
.

Involve one of four genera 1' cases. 'de
'

will revic'w each case.
, . . .

. .

.

J

~
.. *

'

Q .

.

.

Burst of neutrons in water/~1. Case ! -
.

>
>

| Burst of neutrons in fuel a water2. Case 2 -

MODEl.S
-

Constant source of neutrons in water3. Case 3 -

Constant source of neutrons in fuel a water.4. Case 4 -

.

.
.

LJ

.

.

. . ,

> ~ . . -
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CASE dl :

1. Pleutron multip1(cation (t'e_ Sosree) L

F
Consider tank of water containing no fuel:

1. One million neutrons are introduced into'the water. >

2. Neutrons will travel until either s,

,

(a)_absorbedbywater(n=p+le) P

(b) leak out :.
,

,

'

, , In a short time no ntutrons are left in water
T

*
, .

..

'

2. CASE #2

/Same tank of water with just enough fuel to make Keff. = 0.5 .7=v e 'g, ",$ 1 f/;,

1. Again if 106 neuts, added they will die by Icakage and absorption. K 4, ., f;.jL|
'

some abscrptions will produce new r.euts, due to fissic,n., y
i .

(-

CASE #3 I

3. Neutron Pultiplication (with a constant source) J,,e c 4 ;. /.
'-

a
,

0
,

(a) Assume source (50) emits 10 neutrons so timed to coincide with beginning .

'of each generation

i.

Neutrons present as a function of each generation |=
.

- SEE FIGURE 1" ."
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9 flote: (1) f:2utron population does M drop to zero because at the

beginnfag of the second generation the source is still

present to emit another burst of 106 .eutrons.r

*
Neut. population is constant at beginning of each generation..,

(2) roff /1 sir.cc Keff is intended to determine what happens

to the neutrons from any single burst = THAT IS - ARE THEY
.

SELF SUSTA!!al:G OR NOT.
- ..

,

* .

Since we hava artificially sustained this neut population . .

Keff f 1. Source out =) neut die cut.

I*
c o .. e.

*
,

' '

a CASE I4 3* *. r t. e- sr * **
- - e .

. .

'4 . Same tank of water but with some fuel to cale Keff = 0.5

.

. ..
" SEE FIGURES i 21314 *. - -
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1. An eqJili~urium valve for neutre:n population is gradually being L

approached. Equilc=$thgen ,

,

In theory however - would take an infinite number of* r

s. .

.'|.[generations to reach -equil.

I-
2. If X were,to equal 0.99 the nu '.?r of cer.eration necessary

- to reach equil would be'euch arcater therefore. the time to . ;

level out will also take longyn as on approaches K=1.
,-

. ,
,

i.
*+

.
'

5. Suber*tical neutror, ecoilibrium penilatinn: *'

. ..
.

A. Equilibriusa invel found from: F-
-* .. ,

So= neut/ genera'tfon*
_.

*
. .

-
* * *

. . . .. , ,
,

So*N p. .. *
' *

,V
. 1-reff tq '

.
,

p
~

,

P = equilibrium population
,

,

*'

So = Source strength

*

6. Suberitical !!altiplication
-

A. !!eut. population measured in a reactor by ricting indication cit source
,

a

range count rate meter which roccives its signal from a neutron ;

sensitive detector.

(a) CR meter does E indicate all neutrens present in core but just
w

a percentage which is proportional to total.-|
t

'4
,'. Count rate (CR) :<. actual neutron population (P) [

t} or CR = I F I = preportional constant.

(b) By sul'ititution we find:

eg(1) P= 0 ,

:K
I
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7. Multiplication Factor (M) _ ,

-

(.

Looking at CRL we realize that this is nothing more than the cultiplic,ation* %
1

?et"'p,,,oU.aJ.
'

factor .

, w ,.. < .:,6,y,4,

'4f ct!I
,y.4 \ --

. C#.^g4'

e H= CR, = _1- 4 *

77-Q R 1-Kg

f*
,. Note: (1) as CR becomeslargerK2approacEes /. #2*

c f1
t.) ! 4)

,
(2) if we invert the equati ,,g * ~

#
i - -g

* #* N# '

w W(,fy.g
N#

I note that as CR2 cow increases fg .p in sp;rca.chesr

1, but 1 4;pecache 0
Y 6- Je'*,

v
8. Exaveles: Assur.a a reactor with all control rods in core and a Kaff = 0.9. L

Find ne.: siff for this reactor if rods are pulied such that the count
'

rate increarcs 20 times the count rate cbserved for Keff = 0.9 .

.

.V
4 , .1-<1

1-E23
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' ,s*

~;~, . 20C',

C2 200g p , C'g' 20==

.

"

- . I 1-0.7
7 20 = 1-K

K2 2
=

0.1
1-k *. .

20-

*
.

1 .005K =
2.

.

.99s
.

r, .

.; *
.

O
(d) Prior to pulling control rods the count rate r.eter indicates 10 CPS.

. >-

Af ter withdrawing three rods the count rate is 20 CPS. The next three

control rods are withdrawn and the count rate is now 40 CPS. The shutdown
-

Keff of the ccre was 0.9 when all the rod: were inserted. Which

rod group withdrawn Inserted the greatest amount of reactivity?

I

1st - 3 rod e:roun
.

C 1,= 10 CPS
C2 1*K1.

, = .

y C2 = 20 CPS
o C 1-X

1 2 K = 0.9.

1
1

1

Cg(1-R)
i,) K2 * l- __

C
2

.
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e
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-10 - 11-
|

'
. .

K2 = 1- (10)(.1) ,
**

I,1
%. u

'
'

K2 = 1 .95 .c-

I.

K2 = .95 4 K = .05 .9 =_.05,

.

.i
<

.. . .
.. .

2nd _3 rod crouo ( *8 )9
s

. -
.

.

.e
,

.

\. l'
.

: - c = 40c3 1-Kg y , 3
.

, = ,
3'.! ct .c t ct= 10 ..?.

3
s

-

K = .91
+.

.

o 1
/ h.

. .
,

. -a.

K3 = 1 c, (1-Ki)
r.3 1 - 10 (.1) .

' -

c3 40 .

- e \o
.

K 1 . 9 75 .*, 4 = .975 .9 5 = .M,'
'

'

K3 = 1 .025 - **
.

3. ,

.':L
... = . ., . > .. . . .. .

* i-.*,
' ~ , , First group was iorth the n:ost,') . .

,

-.
.

.

..

.. .- . . . ... . . . . . - n. . . _ . . . ... .

.

A shutdown reactor has a source range reading of 270 cFil. The'

,

i~

operator begir.t to pull cr.e of the three supposedly 00u:1 reds. ,

The count rate rises to 450 CFM. T!.a eperatoa now pulls the second

of the three rods an equal c.maunt and the count rate rises to
.

.

1350 CPM. Docs the much gnt.ter ecunt rt.te ,how that the rods

are not equal or is this to be expected?
.

.

Explain:

.

'
Ans: This is to be cypected. The closer the reactor is to the

') critical, t. Ire wsre the cointrato will ircecase for ar equal
.

reactivity irisertinn. - -
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So

Ke e.-$er: D. =

L.K

Ste;s: (1) Stace u2 are ent;. interestad in finding ..K

we can assur:a in this ;resle: any value of So

and then use this ulue to find value of K for

each CR. . .

. . .

*

(2) Deter =ine .' K for each step. If they are*
*

, ,

~
*

equal.,then rods had equal value.,
, ,

.

.
--

:
* *,* . .

Step 1: ;-
,

. . . ..,

i)
C1= So let So = 10 CPM >

1-Kg C = 270 CFM

.

.

then .Kg = 1 - So
C

K1=1- 10 = 1-0.0372 .'
Tlif- -

'

K = .9628
g

.
Step 2:

,

Let !o = 10
C2 = 450

1 0.0222K2=1 _10_ =

450
i

,V
K2 = 0.9773

.

. . . . . . .-
._ _ . . .

. . . . ._ .. .. .. _

_

.

j /,, o j e, I.1 .7' 2
. . . - -

. . .

.

.. .

.
-

.

.

'
. -

. - .
_ .. .

-
.



.s s

-
-

.

.

* '

_ - - * -- _;-
_ _ _ _ _--_a-. -- - - -- -- - ~ - = --

|

*
.

**i, \
s- 1

T
. m. ,
'-' Stso _3_: ,

t.e t to = !C
C3 = 13D

1-C . C^4 74K3 = 1- 10 =

TW
*

.

*,

% = 0.99253 * *
. .

. .,
.

'

Step 4:
. . .

> - * * *

, .
w .

Detennine t.K between withdrawals
-,,

'C 4 <1
-

o.377a - o.sc2 = o.ct s- x-x= =
2 1

.

0.9926 - 0.9778 = .010.- 4K K3-K2
==

g,

4K2 and rod groups are equal.- f Kg-

e =

o

.

4. During fuel Icad the Keff of the core is deter-ined to be C.93 with the

count rate at 45 CPS. Af ter several additicnal elecents are added

a count rate of 180 CPS is observed. 1 ha t is Kef f ?

.

C l~ K
2 1,

Q Ci 1- K2

-
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.02

1-K2" f
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.

1-K2* -.005-

.

K2= .221.
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S. A reacter show: ICCPS during startups with t. Keff of 0.9. Wa t
.

will the counts per sccend be when Keff is G.?757

O C 2-*12 .

1-KC1 2
-
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1 = $9,21C2 = (10) (.1)
=

.
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V. Reactor Period vrs. Power level
'

A. Concent .

1. A suberitical reactor increases pcwer.eponeti lix. Thtrefore, peart
m - -. m _ - -: ,

,

increase with time in a suberit.fcal reactor can be expressed as:

.

kJ
"P = Po e

..

- . .

~

where:
.

Po = initial poacr

. P = power at scme later tice (t)

at = change in tire bot.:cen initial pcwer , level "Po* -

and fir.al poter leve! "P".
b 'T' = . reactor period 7:<c)N .

3. c. ,

2. Reactor Period ('T): is defined as the length of time for the reactor po'..cr

to increase by a factor of "e" (2.717).

3. Example : If the reactor is initially at 100 watts hen control reds

are withdrawn sisch that the rear. tar is itiereasing p%w on a 30
'

second )ceriod. Determine at schat poker the reactor will be at

I ml0*Jte later.

P = Po e ar/7

Po = 100 watts

d( 1 win. or G', seconds=

'7" = 33 soco.rh ,

.
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4. Str. t. a t r.We c: . . . : ! M o' I , J . I': ' e9 s ex ! . i t. h
.

sco.atiws ".e.r.coicot to r,. c ;M . F.'t f L. 3 t!.at 4 : h t ( t 'y c
.

vrs .-/- yields a strei;ht fi,a .a semi-lor:) pcrer at:d is th:ref::r:t*

t

convenient to sr.e.
..

*

4.

-

Cc$lingTime(OT): is defir.cd as the tim required to increase5.
7

or decrease stactor power by a facter of 2. The relationship between

. ./. ,... / 1 .,, /, 86<fresctor period " ~/' " and DT is as' follows: ,

. /''' Ib 'f .
.

.%:- . .DT
,

bl ' kh 0.693
~ s 41.1 : !E

1'
.

Ex: If reactor p .nr doubics in 50 seconds what is the

reactor pcried?
.

50
72 seconds7= =

0.693

G. "stule of th.*6" for pre.tr t.hiojes iet.s then 20/.
.

% .,r = -
- -

.-.
.

(P/pc} - 1

.
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(3) The rel:Lienship betvee, an increase or decrease of reactor pc.eer

and SUR is given es follows:

**
.

E

(5'JR)(t.t )
P=(Po)(10)

.

where: SU9. = sta. tup rate in c' : des per minute
-

ar = ti.e interyc1 hetw: n Po or.J P. in minutes.
. ,

Po = fnit!al power I,

-
.

.

,P = final ;cwer ..
. ,

. . . .
e

. '

.

* (b) The relationship b6tueen SUI cr.d .ceriod " 7'" is also given as:
. -,

o

* .
.

.
. . - -

, , - - .
. ,

* .
y, 25 - *

O ljd .. 8

'
.

.

=

where: SUR = startup rate in OPH
.

7 = reactor period in seconds.
.

-

C. Procot neutron generation tire '
,

1. , Recall: Ger.eration lifetite is the cvarage 1er.gth of tin.e bet een

successive neutron " births".

2. Total prompt nautron gen:rati:n tir.e is ca.r. posed of three parts:

(a) Avg. time rceuired te sicu newly ;crn fissic, neutrons down

to therral energies (t.ppres. 7 x IC'S sec)

(b) the cal lifetime bettacn thernali:7. tion and d:a*h by absorpti n

or Iraka;e-(approx. 3.5 x 10-5 3,c)

kg) (c) A'.;. t!ne tcti.$an absorptiots of t!.::ce.21 neutre ss and th: birth

cf a rcw f: t v.Ntrori ( ;'rrox.1FE scc)

I
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'] , Total pr cht neutron ger.eratinn tice approx.
4.2 x 10-3 sec. -

,

6 0.* Effect of Octaled neutrons u on reactor bahavior
"

1. Sir.cc delayed neutrons are produced from the decay of fissfor, fragments.-

they wi11 be predt.ced se:atice later than that of the pre pt neutron's.
^

2. De'1 eyed neutrens carkedly increase the a. seige joneration t, ice due

to the long tico lay involved in the birth af delayed neutrons.
. .. . .

Therefore they increase the core averane_ generation time froa about
.

. .

.
4 x 10-5 sec (tshich is the value in a prcept ree::cr) to about

-

* ,

* 0.08 - 0.10 seconds. Thisisengushtimedelay"toallo.sr.r.e]-rator, ;

and the ir.herent cont'rol ,cechanism*to s'afely control the . ..r. **
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3. tial rtpid rate of rise of r.eatron pcwcr due to-

,

.

,

oduction.,

.

-/'[(,,4c./ Ihethd as tacter criticality en ; rem;; neutrces alone.
'

*

Prc- -

E.
,

c. ._.- :l tion: r

,

e
' '

when P,qess 0
'- ;

.
.

3ej.'.r,< v!/y 5ctutea Reactivit e and Period :- F. r

1. de ,A/a. egu,a,t_f o_n : an equstfor. relating reactivity ar.d reactor period.
'

. dv
.

" ~ ' ~ -

Coridition
if + Eeff 'P =

j Kef t 7} 1 + AT All
-

. ..

Prodpt :'eutren lifetitte M"there: f. = r

.

Reactor Period fT =
,

f ~

L'eighted decay cogstant of 5 delayed neutro%
,

- Beifx*2.8Nc.t.ieedelayed .\ = n -

groups. (.03 sec- ) j |Nc fr:n fraction
,

2. ,fs,.,s/f.fforcericd:
_

a

Condition
.e --

-.
.

/. #_ +(B-!')-
*

, "I'" + B' e P<B'
/- ht

_ y
.

I. crc: 'T = Weighted tetrc:.a (12.6 sec) P = rc..ctivity (AT/K

Condition
.

U T= ___(E - P) F-

PA P < S/2 F

a
, .s

?$ ts ,

~~'
'P P>B

r

t
!

-

_
_

/-, >
_
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' 2. Example : (1) Octermin.! the reactor period associated with a reactivity*

,
insertion of 0.001 a X/X to a just critical reactor

s-

Given : at 201. . Se(f = .00589 . th = 23 Us -
.

.
*

. .
-

I

4+(as - P) 7'. = 1

-t
'T

P ,
. .

.
.

23 x 10-6 + (.00G39 .001)12.'6[' ' .. T
-

=

-
- .001 -

.
*

. .

'

23 x 10-6 + (.cose,9)(12.6) *

'
T =

*
- . . .. . ,. ,

--

16-3-. .. . ..

. .

7.42 x 10-2 = 3 ;2,gec ,-6 +'

Tg =
.

10~3

y
,

2. If a reactor is en a 10 second period, determine the excess reactivity

of the core. Given : 1* = 230s Beff = 0.00689 .

(B-P) 7T =1* +

P

PT = t * + (B-P) 7
.

PT = 1 * + B -P7'

PT =1*+B7'

P( T + 7- ) = t' + 8 7'

23 7._,1pj + (.0pf.M)(!_2 5)'
P = d.* + 3 ** =

'.' + 7 10 4 12.6
.

- - __

/,'/4,3 .l. . I. 8 I.
-
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0.303 x 10-2
*

O P= 8.66 x 10-2 =
.--

. - - , . , _ ,.. .

hE5.191.0.5G.
' ' '

- -

0.00156 at E01. due to Pc-239 buildup, determine what thes 3. Since Deff =

reactor period in example Il uculd be at ECt. for the ::arce reactivity

4 insertions.
* .

( B-P) 7' -~

T =
= .p

'
. . .

...

h00156 .001)(12.6). .

T =

46 I
-

* . ,
.. ,

.

.
~

T =, > | sec
. . . , ,

..
.

* . ,- . ,

C'. the shorter period that results at E0i. for the s.tre-

f.0TE: *reactivity insertion.
.

Ip

4. Detennine the reactor period for a reactivity insertion of .006 VJr.

to just critical' reactor. ,

Given * 1. * * 10-6 . Seff = .005.
.

.

_1 *._T =

P
,

.

i

g,f;g,;;n g;gggg,10-6 g.geeT =

.013~'

note: P > Coff .~. Pro.?.pt cri tical
i
'

,.

VI. Pacetivity Co;fficients,y .
_

A. :bderator Tr veratura Ceef_.
.

_. .- _ __
.- ..

.

! /uo3 l;.l. 1. 8,"-[' fg ,..
*

.

.

.
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As the tmp, of the water codt.cator is it.cre2:cd. Its densityN'
'

1.
decreeses.

.

. - . . . . . . . ..... . . ,

,

j
*' |. .

. '
.

75- I-
.

I
; ~

I

{0*
* - . ... . . . .

; . .

,

~,y t. . f) . ~~. ./
s

.g ,.. . .. ,

.''N. ' .
', '

O%Y)'u.. . : .-
.

g. . ...
j i :

a- .
"

* .

[- , |i ,. *
-

, . , .-| - j .. --. ...
. .. .,

. .

|.

-
. .

3 o.. . . . .. .... . . . . ,.

I. .

I t g
N., ,|,

+

;*
1 - .. - - .. .

,

'r, I. s\...

'

;- /8 - ! .'
*
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' 2. Since the voluac of the corn t;hich is occupied by the c.odereter
||

reraisis constant, a reducticn ir. tr.cdc.Mor censity :..eans that there is
n

a redection in thq number of i derator role 6;les fri th3 core.I
'

=

t

3. Note: The number of fuel r.alecules in th? core rer.iln constant4
y

.! as the temperature increases therefore, the next result of a
3

tepperature incroace is th3t _the rnsda-ator tn ruel ratio (on a
_

,

.

weight or trotecule basis) heresses.
.
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i 4 59rmry of the effect ef a decr2ase in mderater de'isitz. -

'

i
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'

J FACTOR EFFECT IMPORTANCE: t-

%' (t.
.

B0t. EOL 6
,

-! -|
| 9 .. .

Neutrons are not thermalized as Negitgable negative Small ne.jative effect 1 "~~i
''

P

,
of ficiently because there are fewer effect (d for U-235 ( ,4 for r -739 decreasesu -

rec'erator trol:cules availa' ole and the nearly independent of faster thai *1 " for
neutron energy). U-235 as r.aufron energy M- trolecules have a higher vibrational -

energy. Thus average enc-rgy of slow increases). 9
f , neutrons.is Increased. h'

.

, ,
,

,. Neutrons not slewed dovn as quickly be- l, Medium Positive effect > e
' cause there are fewer moderator. ,.~

molecule. available. Therefore, neutrons
', .

*srend mnre time at jilgh energies and
' rmre fast fissions occur.'

i
,

,
,

-

.
..,

Decreased ederator efficigncy means! ( Strong Negative effect >7 that neutrons spend more time with -

resonance energies and resonance
capture increeses..

,

*

,
.

-

' 1. Removal of water frosi core reduces ', Medium rositive effect ).

s capture in water.
,

',
,

2. Avg. slew neutron energy is increased.
M U llore neutrons are captured in Pu-239 #, Snell Positive effect )" '

resonance at 0.29ev..
,

1 3. -Sica neutrons travel, farther and more.

i are able to reach the surface of inserted ( Medium Hegative effect. Throughout 's *

centrol reds. Worth of inserted rods increases, core lifetime nearly all centrei reds
are withdrawn when at full power.

,

.
.

.

p -, - . .
, - - - W - p

.

:

I .

?

;'
.
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COL ECL. -
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I

j@, }
.

4. As mederator expands If chem shim in fleoligible neg.1tive
dissolved boric acid is moderator is high, - effect. f!carly all*.

,- removed fren the core so positive effect. chem shin has be2t g ' (I
-

there is less reutrens re.rnved fron roderator |-
absorption in chemical shim. atEOL. til[

I.
_ __.

'
-.

. /. * Less moderater mean?, neutrens ( Small to Fedium negative effect > e$
c T4 - travel f1rti.2r during slowing - 1-

7 *.down process. Leakage increases.
7

-

Reflector ability of water is
t/) - reduced so slow neutrons travel k Small ne;stive effect /

'
*

; farther. Leakage increases.q.
.

.. .
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5. Definiticn ef merv.or tc??j(Ltyre '?fiicf ent; Ido?)~~

. '

** ch- ;e in reactivity per deyea che.ge in mderator.

terraratare."
.

.

6. En ple_:

Asma Ycff = 1.003 (P = 0 4 L'Y.) and recdarator temperature =

Isppese t|c r.oderater tercrerat;te is raised to dOOF0400 F.

withoJ: rakhg cny other chcage in the re1ctor. If- *

.

Keff noy decreases to 0.995 then the s.cderator tecp. .

' .

coefficicat is nct;stive arid has the, folic. sing value: *
, ,

* .

.
J . .

" o .
' * * -- dei = t.P

a
' 0.0-)5 - 0* =

. . ~T- . T-@ - 400 . .* ." * . .4

.

1 v 10~4 t.Y/Y./~ u = 5 x.10-3Q = -

- g x 3g y0
m

.

7. F.cdcrator Tc p. coefficient oser c;crat'fr.g ranges.
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/ ,, ._ Correspondirq thderatci temerature ccefficients |

'

.
a. , , , y

/r' ..

.:. g-
'

dLk/e/ :\
~~

.
..

C /#2

o --

_ ~,A / -[ !''

M4' |~

,9 |

i7 ;(*
>

i
I*. * *

a), TVt Const_ derat!cus i' '

At 201. considerabic concentrctions,of boric acid.is in,
1,

'
& .

the coolant.' '
-

** NOTE ** Any mechanism which removes moderator containing
>.

,

,

boron frcm the core will result in.the simultaneous
<, . ,

' ,- ... ,

''''''' '' '" ' " ' ' ' ' ' " * " ' " " ' ' P '' " '"" '"* "*' '
.

O -

poison will tend t.o increase Kaff and will represent a

positive contribution to the temperature coefficient,
i

The greater the concentration of boric acid, the scre_1

.

important is this effect end the more the roderater two
-

coeff. tends to be cesitive.
.

2. The mod:rator co fficient, gets care negativa cycr core

age as chemical shin is removed fron t!a core.
!

. . . .

.o
|

!

- See diagrces en next page -
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D. Moderator Void Coefficient

1. Moderator Coefficient is defined as: the change in reactivity

associated with a unit change in the moderator void.

.

APgv =

'4 void

I 2. Since the moderatcr in a D'.!3 reactor is operated in the st.bcooled

) region due to operations at high pressure, 3 high degree of boiling,

] is impossible.
i

3. Surface boiling does occur in a Pt:R and at full po..cr may result

t.,,,) in a void volta.e fraction of approx. 0.5" in the coolant. I
l

4. Vold ccef'icir.n at BOL is slightly negative. R.mga over enre life

/is ,';;cox. 0.00 to .0.13" 4 K/'t ?7-

/ 's':i.l.
*

..

. = . . .

. | /. .j .3 ,| *| Ca1 p- -..

. .' *: s -a, , ..
v
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C. fuel Tc 9erature Coefficient.

1. The ruct temperature coefficient is referred to as the " doppler
a- :

coeff f cient'.. d:p = 2 ,P *
,,

,

2. Doppler Effect: is the broadening and flattening of the U-233 absorption

cross section resonance peaks as U-238 tecperature increases.
.

.

.
._ .. ..

' * *
, . . .

: -

.1 r
I -

: -

.i ,/
,. ..

*
s !.

\ U .s r
*

!
--

,

-

, ,

. . g

C . : . \. ; ..

,

''

O /E > q 'N
' '

-
'

! .
-

: : i

i

3 9

! :!
'

r ?.w C,4.e.7p --d-
, f

.t 8. . ..
,

,
,

3. In a PWR (large amount of U-233) this effect is creat yiciding a fuel |
;
'temp. coefficient in the order of -10 K/K *

r.

}4. The fuel temp. coef acts fr=ediately upon a chanJe in fuel temp. and is ;
I

the shutdown cechanis.. for a fast power rise transient. There fore. '

called a prcmpt coefficient as compared with tr.oderator or void

coefficients.
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N Influence of r:derator te..P. on fuel terip. coef.
.f5.'

As cod. te. p. Increases the average energy of the $1 cts neutrons .

. a)(
*

.

Increases.
,

.

.o --
....

F " I D -/- ( ? ) 1
* * ~'

:'

_f t.o. -
- .

.
..

* .'W -f.

}9:2 .Lj)2 .15'# O 4 7 *? S~.t.=> L .2 o
'

0 1 l~ ^4 I I $
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.-, . ... . . ., , , . .. . .
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_ . :-
.

1,..

- a : . _ . . . . . . . . .. ! .''
t

'
I j ,.

. ..

.. w ,_
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(b) The absorption cross secticn of the surface of the fuel rod

decreases v.hich allows core slo.* n:utrons to penetrate into the 1

centers of the fuel rods. Therefore, the U-233 nuclei in the {

conter of the rod gets 3 greater chonce to contribute f
3

;
I 8

j to the droppler coef. rakin.; it more negative.

6. As burnup of fuel occur over core age, the fuel teep. coef.:
'

becencs v. ore negative. inis is because of the buildup of resonances.
,
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,] 6. Con't
.

In t!.c feel which were not originally present. The. Tost imper. ant

contributiens to these resonances is that fro.n F;-240 which has a

5
'

resonance of : e10 barns at 1.03 ev.
.

t

VII. Reactor Poisons .

r.

A. Xennn Poisen ?, ,
, , ,

1. Xe-135 is one of 200 possible fission products. o

*

2. *Xe-135 has a thern21 r.1:roscopic absorption crcss sectica g = 2,700,000

[barns. - ' -

.. .
-

. . .

3. Production of Xe-135 is bf two r.ethods:
. ..

. (a) . Directly as a fission product (0.35) the is the nu .ber of Xe-135s .
+

O - -

nucios fon.:ed p., 100 fissions.

(b) Through the decay (by succcssive B emi:sions) frci Te-135

(fori:ed in 5.L of :11 fissions) to Xe-135. *-
.

4. Te-135 decay scheme .

135 135
> 54 ,135T g g-52 e g. x g-

) 53
,

6.1 nr 9.2 nr /11 sec
.

C 135(stable)55 sl35 __ B< h3
,

,, _

2 x 10* yr ) 56
,

,

!;0TE: Since Te-135 has a short half-life a: ccmpared to Iodir.e-135,
[

we say that for all practical purposes, I-135 appa3rs as thi enly

direct fistion Freduct. TI us s.e can scy that .u-135 -

(,) prod'scticn cc:"n frort t-o cajor sources:

5. ((i) Direct Fi:sfon n 3;.,_ =
,

6. *r

_ _ -
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'
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95%
~

9 (2) Occay of 1-135 5.65 = '

' 5.93

.

. S. Recaval_ of Xenon-135 occurs throdh two ccthods:'

(a) By radioactive decay of .Xc-135 to Cs-135 -

,

.- (b) By capture of a neutron resulting in the forraation

of stable Xc-135.'

'

6. Net k.ount of Xenon in the core is dependent upon the relative

rates of formation and re= oval.
.

;-

Rate of change of., " RateofPred.frcsdirect\ - Rate of re:r.ovel I
'

'
'

Xenon level fission and fro.n decay of - by decay end oy I '

jodine J 0utron capture j
'

, ,

-02 *

~-- -- - .e ,

Nde2E D + )XeI:xe
+ ff 0 [2 %/

} g:::4 Xe = -
a ,

sT
-

Y,

PRODUCTIO:: CECAY
'

.

Txe fission yield = 5.9%=
.

7. Reactor Startue free cold cl.nz (ne ir.f'.f c1 yar.ns-J.'5 presen),

Conditlens to equilibrium.

l's See Diagram -
t
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Q .*
a) Tin:e to reach eluilibriu:a is depender.t t,psn the power density

and therefore varies for v.irious reactors. Ho wrer, in prtctice
,

one usually considers equilibt fun to be rea.hed in cprox. 43 hrs,

b) Explanation of equilibrit.n bt.ildup:

(1) As soon r.s reactor recches power Xa begfr.s to fem due to

,
direct fissien. In addition a large a ount of I-135 begins

to be for:2d and Xe begins to apper at a gradual rate from

I-135 decay.

(2) At the beginning there is little Xe in the core (!!,e iss.9all)
.

therefore, the rt::r.vt.! eceiunisr:s are tcc 5::'311 to t' !ance

the production of Xc:'o.n and'so Xc cer. cent. .tica incrcas.'s.

thever, as ft.se 99.5 1.it uce, re 07t.1 t'y Min deca" and hurr.up

'j increases, tending to etncol tt f r+t:ctic t end ce.csir..; the curve
#

to sta t Iceclimj c..:!. 1:3.e n ti .. r.us.c! cc. ,ntetciy c. itches u;: :: 8

|t':e prcdu: tic!!, cat.: ! ;!:rit::: is r: ached.
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m, c) At equili* ium tt:e rate Of chccce cf ?3 is zero incrofore:u

.

.

fixe ,pe do= A fi +1r&yxe + Axe?!xe-gg

4J$.

or at equilibrium - g

''? J,92'

e

- . _. he./N _P
'

fixe ('at e4uil) s rti, + / 50 .,.=

k , /-( yh%' #' 9 + Axe,
,

2* }.e <* q. c* 2 <- .s _,-- . .
'

, {, , 2, n se see
(1) flote: Xenonequilibriumcor.*centraticndependsupedneutrcn0 ,

*

flux ( 0 ).,

d) Full power equilibrium Xenon reactivity worth is aprox. -2.7." 4 k/k.,

. . *.. =o . .

8. Reactor Shutdown from ecuilibrie: Xenen: *

.
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a) Af ter shutdo.en it tAes 8 to 10 bcurs for 'Xenun to paak in core.
.

Total .Xenen ,corth 'is oprcx. 5.3' at peak. Xer.on rcsches peak and

decays off to approx. zero in 101 hrs. .

b) h olanatien of Xenen paak.

(1) At ti:r.2 of reactor shutdown equil. of I135 and Xc-135 are present.
4

(2) At shutdown, the production of I-135 and Xc-135 b/ direct fission
s .

stops.
.

(3) 1-135 already in the core than decays to Xe-135. Stoce tr.e
- . 7 '

reactor is shutchwn, burnup no icnger c: curs therefore Xe-135

2 build up and than decays crat.
,

c) flote: for a reactor to stcrt up at peak Xer.on, tharc c::.st
-

.

be sufficient recctivity in the control rods to overide,

peak Xenon. Tcward end of core life it c:ay not be possible.

to overide peak. Xenon therefore, startup af ter a trip

raust take place uithin the first two ' hours or the reactor

must wait to achieve criticality in a day or e,o.

9. Reae. tor start:m with Xenen in the core:
. - - .

p &.'sW.,'T Ys
4

$
'

- \ ~ . -..w. .. -, .. .. c.
,

/.
, .__ .. - - - .

%.e ...m ! .s
i sIA;4 4 N ,j'

,

. . .
.

k) .

!
'

| _ _.__ . .;-
| ... . .___ |__ . . . ;._ _.. .. ...q _

,
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* -

.

*
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5)
m

.

a) Once reactor reache's pc er, Xenon begins t'a drop because of

neutron capture (as well as decay).
* n

.
- b) Xe-135 rate of prcduction at time of reactor startup has j

i
fallen off from its equilibriu:n value because decay during

'
the shutdown time has depleted the I-135 inventory. Then

. .

the rate of Xenon removal at this tire exceeds the rate of ,

.. . . . .

production.
. .-

How the I-135 inventory starts to recover ir:nediatelyc)

upon the return to power. Its half-life however, introduces

a lag of several hours before the Xenon begins to recover.

Eventually, the Xenon also returns tc equilibriu:n for the
,

cbtained power level..

0"
,

10. Xenon behavior on load changes

>
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a) Explanatfor. is self ceidant wi :: respect to inforr.atio . already ;

, given. i

'

_

|*e-

8. Sacarfum-149
,

1. Samarium-It9 is another fissicn prot.ct having a large _therrul absception [

cross section ( Ca' = 53.000 barns)

2. It is a stable rather than a radioactive isotope.
,

'

* 3. It is not a direct or primary fissica product.

4. It is produced in 1.4*' of all. fissiens by decay of neodiniums-149. f.

9
.$ p.// *

. .., .

B~ P 149 8 Sm (stab!c)Fission 6hN 1.7 nr ' 69 m 7 nr > 62* -

* -

e. c . . ,**.. 1.45 ,.

* . ..=a . . . . . _*
, ,

' . r*

-. . ,.

"

C 5. Startuo frem a cold clean . condition,
.

a) Sm-14? will build up to an equilibriem value in aprox. 30EFP0 -

(

(cffect f0ll po..cr days.) n.

b) Equilibrium reactivity wortn is aprox. - l',' 4K/K .

c) Equilibrium inventory is flux independant because it is a stable !
,

isotope. The reeson is if because the reactor powcr doubles,

the equilibrium pecauction rate doubles but so does the equilibriun

removal rate double without rc;uiring any change in sar.arium

o .)
,) -concentration. *

s*e

[, '7 (' ;
'

4/

ytn. o v.m o s ,- e a xsmn.m .

atr ,,. .

A :sn 0at equilibri:rn : I =

, -. u |

N O = [src (,f - C'"a" Mw.

.40 '. i ,d. n i rOR ;isn = =

;i ..a - c !...s.
I .a r * to !fit ?, e

,
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"
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a) U% r. a rucc. . shutd'.n'. S.-S3 uvilc i.p beyv.d its

equilibrir. val.:e duc to :t.e !s:07 cf P.1-149 to .5-149.

b. It 6cs.not d::ty n y af cr *his buildup becacae S:r-149
.

is a static 1:010;e.
-

.

b) . Tot 1 worth it' core aft:r- thatdcar. is eprcx.1.50 dK/K.3

..
(0.5' from bulidu; fro.1 celuilibrium).a

,
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1
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t& I
h 2. L L des:riljs: *..' n.ur.: - f j,. : ry; . .. .:. d {:rc ,. . : *. dc; q..

.

pe- r gh of . : ... tor f4: .~ ' i

Nu +.e. Ti . terci * .d/T ce/M csp 1icJ *.9 a sir.:.9 fa:1

ass.2:y,fr.: .earage t.. lea in a prtf.;1er rc.;i 2

. ce to the .;i.cic core.
. .

3. ! cst corcs ted can acht:..c 'ovrr s; ;;i t? ore: c.*
,

,

10,000 to 3f.I,F.0 20:0/T. :: burs.t ;- it rated et 14.403 ".'*/?"

s
'~~

B. Contersion 4 tig
7 i .tefers te ?!'e nunter of Fu-22; n;cief whic'. -;5 preda.:ri rer1. :

103 U-235 r scloi co.nenad exprests' 'n per :c.t. g[f.,
'

2. Typical cenversion rction for a 7..?. is apro:: 50-707. /
'

C. Effects of buEaub. ,. -

,

f-:.ct:ra1. Buildup of "lutonit. . rt.:::.ces t!:2 :.icrage <'. layt:d ec::' ..p,
n-- for the coce. Ther efore, for a yiten reacrivity ad(:it. .c ;, a

.

.

Shorter paried resultc.
. .

,.

2. Effqcts the reactivi!. ccefficic.:is in tN t.o a. 1;.,:'' si tcw

cocfficier.! Mccrres 'ar.: negativ . The vre! .i.-d r.cJ:: : 7r tc:r.:
*

coef. bee r.: ;rrt: n ';::* ive due ; ; dt.on r. re sa s.

3. T!:e powei d stribul'. . ?!:rcu;r.e.i : e cura : ni .4 e . 1.i e u;>.

(To be di: r: red Ir*.+r). uill ci e r; care e.5G:iy ,.: o. ..
.

trarsfer 11'.11:5.
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[*Directions *

.

L

1. Each step will be worked out b"y the student. "..-

.

_

-
.

r-.. . , . . ..
*

| r..

. . -

e . .

Initial conditions: r.

-
.

.
. . .

1. Reactor coolant temperature at 530c
, (

--

2. Reactor coolant pressure at 2200 psia ' ' ~*
.

*
t

3. Reactoy i:colant boron concentration at l'900 ppE .'
'

.

*
.

.
.

84 Reactor is 15% suberitical . r.
*. '.

-, .
.

.
: .

* i'2 r ..

Dats Sheet - ~ ' , -
,;

1 -
.

1. CRA Worths .
.

.
.

y.s

' " ''J' Croup 1*= 3% Ak/k ..
,

,

'

. Group 2 = 3% ak/k- .
,

. .
.

'' *Croup 3 = 3%- ak/k - >-- . , ,.
-

.. ,! , , .
, ,.

.
. .. .

-

,, , , ,33
. . . . . . . . _ . . . . . . . ..

..
'

* Croup 5 = 1% ak/k i*
,-~. ,

,

'Croup 6 = 1% ak/k ,,
,

* Croup 7 = 1.5% ak/k * * *

' '
,

. .

2. Doppler Coefficient
.

.

;
. . . .

. .
*

a0 = .01) ak/k/% power ;,

*

3. !!oderator Coefficient
.

'

ogg = .005% ak/k/*f*.

4 Boron Worth
P

- Ippm Beren = .01% ak/ky.. . ,

'5. Pressure Coefficient

p = .011 ok/k/100 ps!. *a
.

. ..
. .

.
. .

.

- - , -_
_,.

.

l. I| / ,93
'

u. _.l. _.I.
.

.

.

.

e
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e
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T. Assume Initial conditions 3s outuneo in nandcut for eacn proolem.
Y(

,

1, Establish criticality under the following conditiens:
*

(10*m,
, average temperature 530*T ,

*

'
... ,

1.1 *

** * *

1.2 Pressure at 2200 psia .

1.3 Reactor Power at ast 7i"9, ~
,- ,

-
,

1.4 Boron concentration 1300 ppa ..
,

; - -.

Q. Find the critical rod group positions at equilibrium Xenon conditions.
. . .. .

- -

2. T.stablish criticality under the. [ollowing conditions:(10)
|. ..:* ~

,

1.1 average temperature at 530*r
* 1.2 Pressure 2200 psia -

.
-

1.3 Rod Positions .
-

.

- Croups #1,2,3,4 at upper limit
Croups 6 and 7 at Lower limit, ,*

Gmup 5 at 40) withdrawn*-

. .
*

1.4 Essentially 7.ero Power Level

Q. What is the criti al boron concentration 2

'(1,] 3. Establish criticality under the following conditions:

1.1 Average temperature at 580*r -
,

1.2 Pressure at 2200 psia
1.3 Rcactor Power at 85)*

,,1.4 Rod group positions:

Group 1,2,'3,4,5 at upper level
Group 7 at lower level
Croup 6 at 30% withdrawn -

Q. Find the boren concentration to maintain the above conditions.-

'

II. Define the following and explain the basis in which it applies. (5 points each)

1. Isothermal temperature coefficient
.. . .

2. Power Doppler coefficient

3. Moderator Temperature Coefficient

4 Power Coefficient

.

.v~
.

.
.

* *

- _- _

- __

- - - -

1. 2 1.42:| ./vo3 i .r~e--

.

9

9

* *
b .

O
-

-
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IV. Utilizing figure 2-54 determine the Reactivity deficien't dhe to doppler when ..

(10) increasing power frca 40 to 90% pcwer.-* *
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' I. 1:;2t M d:i!c.1 to e .:tcrial ( i p.'?c c5...".'2,'

,

.
S-

f. BTU l's:t Cr e : -i tv 1C4
' " 1. Deffr.it loa c' Bill : 1 th? c: .r.nt of hat.t tv ;.. red t ; rei:a the ::. .7 chcr

6 ,,

.

of one poe:::: cf tea cr sc'10f.e

-
/N+'

2. Eret Ca..c.i../ fe. >!a f f r i. tie.n .
.,

. a. - - - -

'

a}
.

Hest capccity.rtt n!T:s reR:rr ed 'to as :.pccific hcat, is th= 1.ct
y //

recuirsi to raise tise tawp trat::re of crc :':e:td of . .'. trial 1"T. ??
' , * If \\definition, the spe:ific heat cf water is 1 All aQor specific

, .
3 . .

heats cre relative to this..

b)
..

Unit of S<:st, capacity (C ) is.i;TU/lb/ 7.t 0
*

P
, . . - * e .

*
,

C
, . p = P./.;a e,

,a r *

3@'
-

-

-
C = !'ut esp. c:'y of a m.ccrial (5Tt:/ib 3 )w. ara:
? F.n

.

>
.

Q = total heat added a -Mrc:::f Tic, tac ted. (~TU'
-

!! = .rass of bcdy (1b)

6i = (T fica! - T initial' = tw;.r:Re ch.ing i.T dody
. o.

F.

E.w.*. rpl e : EO L..rs.dda h: ' '.cch hE . . ' . ' I.1 0: ..gl tid-

.lo l'd Ib ' a Sub i tH:4 0 '.t ! W a . t-, ; ;st. ,it y of,

0.5 Q.:/'t,'c' :: d.ar.~: 1:: tea.y.,30 - fr. .; - .3
.

t0 2 *C.9 f.
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'r/.,

.-

.es
.

- s- .., ~ ~ . , .
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t J

..i i-
.

Q = MC *C T i| ]*
,p

,

L -

~

~ Q = ( .0)(0.5)(212-M)

.Q = 50 x 122 .,

1

'
- Q = 6100 BTU

c$n
' '

c|G, ' .. f.O - AY
-

-
,

. C. Hrat casacitie: of .arious raterials " C' +

:... . ( a.. a. 4) | 'y: ,

,

h -:. C, /// AI'%TE.J.! AL C,(BTU /13 - FO
,

0 *

water (70 F) 1.0

' - .9 water (5is:F) 1.3
,/

[ stcac: 0.38

UO2 0.03
.. .

steel 0.13
-

.

3. Fundar. ants.1 heat. En:ntion

- a) T:m t'uada::en'.0i nca:. eque.ti 21 is gieu.: n:
1

I'

O - t C ST i '

p :

i

%
it d? ,: rites the : f fN: c' t e it addi .ir . ta a tic.t uad :r t'.e

~

ec :di tic 1 tSi t > :.* body 9.- : s ::e S . in ;. .. e (hil i..j,

" n:.1 - . j . e r i r . i n ' 1: ;; ic t :: 't .11 ;; g
* '

,&
er v: .

l
'

.

.

I
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,_ _

-
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|' ./,*),9 3 ;. I. 2 b.'..b.'
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4 I!eet cyp!!O: to fic*ir. fidhs: *

ir., our r/.er.:. crplicatst.;'t. c.! the fa: d. : ental .:t:4'.ica c.ri 5 'tacc'

*
b.* first ci,angfr.g LSe crc:aMon tc c :: aider hen sad ::a:: f'.J4 r3:01

as fellows:

.

'
Q = *: C. A TJ . ,

-
where:

. .

p Q = hcet additic t (or subtte-tton)(rat (BTi!/hr}
* .

M = c.:s: fles rat: (Ib/hr)
..

S. lu rp1,g,:
,

0*
'

In trie TMI r.ecipe the ,<.o; w.* .-J;.. , tir , k.;" - -< th c ~, at 555 .:
O*

,

b (fail po.;er) acd let.tes t!:e t;p at 60~,"F. The cec'.ar.t flo. cate is"

,

0a r. pro x. 131,000,000 h/nr. In the ran.ie of 555 to 603 F, the heat

5 62t rc. cr is thecapccity of water is arm:.1.3 IllL*/l> 0F. t .

reactor eperatiag? *

I
.

.i
? Ans: !

I
t
i

I.

Q= 4Cli Ip ,
f

Q5 { 1.~il v 100 15 )( ! . 3 f.r.' )(v.0a, ,/.s. ,....

) .rf- ..
( hr , , ' * . .. . . . - ;,.

,

1

iQ = 3.17 x ;00 0 U/*-r ;

. i'
Sir.ce, lif.: = 3 . a n * ' n'3 * iU/ .r

\ -

i.-: -u. p .r. . - ., e, I: , t .. . , .s. 1) - n .
. .. g - ;). . .
;r-.>..%'-.,

s
e i

I' . . '. C ;' * * *14 ! *. . **4.'.J s .
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| ///g3
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e
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Q = Pl<y' NVy'(con *!', , ;,
',s*,,, res

k' 'N Y. n.c : "!y .

.

c,
X :- or .

* . * .-

& x ?"' k ~/
.

..

. . . . .. ., ,. . .

,* ,

j, r - .

' cp X "' g''*(. e-j'"<f. .fp 99,,.c.,sc
. u-.

g.,,.~~ ~.sr -p.- 7
.

/sf tr* ,7 n / . p -
.

/
.<..,. 9 y . .. x.a

A c/>r+xm L)
-

$. 1-

c z.y ) e

,

W i
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X 15 da., 't <*f c,'r .s y't, ;, ,
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:!. Hea t i. J .s fer Ti.r.d .satal; .

2 et.cen Flea tat 3, 2rivis, Forca- c .:! Res is t.:..r.c.e.
s

A. ~.el e ' ic qs e.i b ...

- 1. The flo.t er trar.sfer ( ' en qu:nt!ty, s::ch cs ratter, siectricit/,

- or heat, i.s r,overned t. three t'asic laws:

1) Ther2 cc.st be a drivin'g fcece which c0urcs the econtity to fi?. .

2) The rate of flew increases in direct ; c.prtion tr, the :-Age itcde
.

of the driving fe. ;e. If we d.nble tha driving (crce,.we still
. . , .

.

dobbit the rate of flo.e.
* ,

.

3) There will alwys be sova cuistie ef fect which tends te ' cat:ia
.

" *
; the ficw. Fle t rate varic- inversely with resistance.

.
.

l J . .
. *

.

Tiu.i 5 tc = n-h ino ic ~ ** . .,

...-....e.i.....

)c

v.

b "'#3. H: .t Tr:nsf" R:te Eq r,tjon achis C/
> .

a) Ir. the case of flui I flow:.

a) Th, p, dri+. inry_fp, req * Presstha dcop

b) Tlie Pasistir.cq a fricticnal effects of piping, crifices, v:lt as, etc.
.

c) Flo;; = fiosir..; fi.,id

'

} 5) _Enns t ; o.1. .
4

- , . . . . -

4_.7. .. _.0. _ 2

! A R
1

<
.

1

dic - 3=;. c; M -.: 1re. :. r (t7;., ..-)
'

s
J

s ., ; h, .,f... ...; ;Ite-.

a

.e,. , , . . . . 1. . ; ,.. . ,
.

-

.: .. . . . . . . . ,

.

---- - __

,

|. /,ys3 ]L'.210'1-
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u
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D = i: eat trcem i'er cesist:ncep.r
-

.. - I H)hirM f t 1 )
.

3
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C. Illustra tive Exar. ales, -

0 '

1. An f r.s_:1:ted ste,.t lir.c: ,!.r. fr:uicted 1000 F stc; i Ifns.
,

Ca) Hts large driving fcree = the differe,ce tietaccn ICOO F and
.

rco.1 temperature. .

*
. i

o
~

b) Hsat flux ,to room = q::ite 5. mail due to large resista :ce (Insulaticr-),
. . .

m
'l to heat transfer.-

.
. s

2. A Co-6nter: heat from the cendensing stcam is tr.asferred through
,

. . . .

the cer.d<:nser tute to the cc ling trater. .

4) fr-5 da3 faa:c = leu d. ; te rel:'.i::: ! u.c;.. diffc ;.. a.
-

g nw- b) Hes.t flux from the certcascr tubes to the cooling water =
.

* Targe heat transfer due .tc low resistance. noiE: Resistance in
> .

this case included the resistance Of the filr; cf 'etta.: and cor.de::::.te

on the outside of the t abe, the resistence of the tut,e entarial,

. ard the r<-sistance of tt.e stagnant fila of .::i e on the insidei

surface of the tube. .

p

0. ,Tygn,1 cal f'Jal E'3d /!.*..' v r . |-- _
4 .

. . . , . ,. .-. -

* * *
. *..
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| | r I. '
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. . . . -
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!.1
.: hare: 'Tc = F.vl Center Tc..p..

-
.

'T1 = Fenl S::rface Turp.
*

T2 * Interior Cladd;ng surface T wp.
-

.
*

is = E:: :vf or C1:dding S::rfecc ic .p.

'Tf = BiIk Fivfd Tc"p.
.

%

-
then: 0~ =-AT

TA T -

.t.

, here: Tc - Ti = (Q/A)(Ruc2)w
,

1 T1 - T2 = (Q/A)(Rgss)
1

T2 - Ts = (Q/A)(Relad) .

' '

is - Ti*(Q/A)(y,0)p ,
-

Y
.

. Note: Q/A c=5 a constant

Therefore: *

,,
,

1 - I ) + (T2 - T ) + (Ts - T ) =(Tc - Y ) * (T 2 f1

~ (Q/A)%::t ' (Q/A)R ,s + (Q/A)Rc;cd + (Q/SM;g 0ty
2

Ort

1(T - f) ' Q/A ut2 * P . s " 'Ic!cd + UraO ,,ec

0. T.S. -ral _ C:q:.:ctf *et t1,*
_

I a; Definit. den : R l':fiity cf a s.: iter;c t r.:,'cendst heat. Th:: higter
,

; the i*.c r. i t c::r .. tivi ty, tia t. tter t e. - *.erict c. . :ccts h at .3
..

.

th: ic .ee is n r. s !- t 2r. :r. ' cst t: na rer.. .

6

|m
J g
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I
_ _ _
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s
.
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, .a%, . . ..i:. t.F.c.s' . . . :.., .e , : :. e. .' . . . : 9.c."
,

b:
. -- ..-. r.c r *.a. i

,

- . - - . , ,, . . .
1

< . . . ,

.e . .e .,. r .t. .

7. Ocn :. s.ca-p.:. o . crystah.

3. Cry r.r.rc.:s ric ..: etals (ex ar':es tos , dry w0od, :ork),

,

. .

E. .C..a.&. ction:-

c) Ltfiniti31: T!.e tr.'r s fer nf he t 'y . iter:ic, n:locuin or electr:nic ;

* **

ection.

. h) *s the pri;:vy hcit tra:,,fer r.a<.h.:nita ir. sr lids.e
.

c) *n a feel r03. cor.d.:cti:n is th.? .:rirOry hset tran:ttr mehanism in the
.
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J02 and t... clatiing.
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F. Cc, w? ttori!-
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< .

d a) Leiinitim : !s t!.e i.r. .:sf<.r M :.m t t,y t.'.:: r.i<ing of i:ot and cold.

6..ies. .ev.
.

b) Cenceall<" If:11 ted ta 'mt tran".fr.- f r. flute. (licuids or cases).. . .. <
)

G. R.:st a._':f c_*t :.

a) *r:fini ti: . - The er.i .ic.i of cle '/t..:acr:etie rc114 tion by a t.o.1.v.

+.51ch pv heat . - - .e
f..

b) h ry 2:.- r.'.:tt"r . ' .h pos?r.. . 'wa t e r.are; contirasti-j c~it;-
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'.g th ::ca t Scir. ; p.v.,d;.ced Tc.u il.c surfcce of the t'cci rod to the ;
,

:
rc2ct.,r coolas:t i'icreasts gi . ,t,1y. Since the reactor coolaat" -

.

te:.p. is fixed, th: tc p. of tha suriccc of the ft.cl rod a

r
'

'incrassas greatly. L'sually t'ils te rp. differene.2 is high
'

enou ;S to cause tii: it.e1 cc.d cladding to exceed ;ts cr. citing
L:

point Ond a fuel failure .:caid occur. This offcct is called
,

r

" burnout".
*

. .
*

. ;.

I. Critical Heat Flux (CPF)
'
'

,

1. Nar;nitude of *.he criticci heat flu.t is dependent upon rany variab1cs ,
,

ho,tever, the followint; rer.crks ap,.ly: '
,

. .
P

a) The CHF fr.c. cases trith increcsing coolant flow rate. -

O *
. .

; . J
b) If the ecolant is subcsoled (f'.?".), an increase in the subecolin'; i

4I will incre.tse the ChF. 'r,
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y c) The 'ypfcal ep.* r ung rc: / ,.' t ;" R c C-T s,uality-

'i 'at:j e cri:ical :est f t::x ca ti.e. crc *. et ICSI:ia."-f t .
I

,

J. Critical Meat Fh:x Ratio C::M).

1. To avoid turr. cat, a r acter r.u:t bt o;erated such that tne critical
.

heat flux is r.ot e.xceeded at any ;nint in the core. The limit is ;

.

expressed es the C::perture frer; i:ueleate C-ciling Ratio (L::3R) where: [
.

*

-

C|:3'R = ,c.r. itical heat. f.l.ux at .T.H. . ific location '
---

s.tui,t heat t eiax et sa..; Iccatico

~
F

L.
,

2. S!rce crit cal heat flux is a difficult part:cter to ceasure under I
,

various oper.itir.g cotiditicr.s, & dacree of Cet servatfor. is built into the

o' crating 0::3R limit. Mest P'.!R rt::ttrs ar2 designed to c;' crate stith :

3 D!B?. ret! : ;reater t!.. e ! 3 to 1.5 : G k. aticr.: d.r. .;.3 stesdj [
tV state and tr nsient op'r: ting car.ditions. - *

3. C::3R ratio for T!!! is:
,

0 :2R 3 1.3
-.

i

| i
|

K. Peak Flux
!

l. Since t'n L'." et. tic iar 1!:I is 1.1 ani sirice this cc:,cipo:ds'

Oprcx. te c :.aat fl;.x er ;;5 (: 27.'':.r. f L , tr. . pg< f1 p.,, n.us t de

611:r.ited to t.i.aut 13 /1.3 cc 7.7 x IE OT' /lir.f t .J 2
.

4
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. 1. There are tfo host transfer li:tif.s which tre re uirX of water

ciodera:ed reactors. 'ihey are:
e

(1) .!t.i_ai'a.vr.1 f.ri tical heat '*;:x ra tio ('. :_ . 3.). : 1.!.!ch is 'inte':dt d to'

-- . .

pec/ent cladding failure.

(2) 1.icit c:. fu 1 r .d cente :- _2. oe ra t u.r: : which it intent:d to eicid- ---. -..

.

ft.31 p;tllitt ec:iting c;:. ir.; r:r- 31 J:6. atic::s c-d -:x;ccia

t. c ! cats.
.

.

2. : citir.c Point er : o : T.;.f. 7:llat r:lting o::vr: . t t;re.- C F.

Sinc: t:c fuel pellet te..;.e atere is e:- Jirectly '--':, rad, t v a uit ):i

enren:j carlice ett:5:isha ti:e linit. [
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.

I. A typical fuel bundle
- i

i
. -

|.
|

i *

A. Kw = 1.3
4 1.0

Leakage very high because bundle size is ccall, therefere keffB.

Increasing fuel, increasing active core di::ensions. ,* 1

i. 1. ,

2. 'Decmase in leakar,o with add'itional fuel bundles ,

,

;

10-2C fuel bundies are critical 13. -

,

Next 100 bundle add to the excess reactivity of ccre'

4
. ..

* .

Precautions ag.tinst criticality while loading
-

* **

,

II.

s + ,

A. P,oderator is highly boratede 3 - la *

,
.,,

*

h. Centro 17ods are in fuel buntles. . . . t
> . 3

E
.

.

O .
*

*
*

III. Leading -
,

Several neutmn detectors are placed in fuel bundles.
.

A.

The fuel bundles with the cource are placed in core.B. .
>

.
- Neutron population is constantly menitored.C.

Ibel bundles are added continuously until core filled..

D.
.

Only 1/2 the nu-ber of bundles, extrapolated to criticality Q plot), can beE. ?. .
,

leaded into core. .

,

1. Suberitical equation, I*

a

E 3 / (1-X )
? CRR" = CR2 * ,

22 2
' _

CR E S / (1-K )y gy y
!
i

Assu=e the cource has a long half-life and is constant during count
-

a.

i
5 taking.

,v.

I
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T6-3.

-
a

t:
[ b. Assure efficiency of both counts are the same.,q

* 2. Si=plification i

f CR 1/(1.x ) (1_g )

. C.'ta = - m - ,

CR 1/(1.xy) (1 g )y
2

.

a. As K2 gets greater, the CCR goes to % .
,

b. N can not be plotted ?

c. InvertM'; becomes 0. -
*

.

d. 1 1 i
*

II * M * q. 0*

,

. . .
,

. e. As -+ 0 the ccre keff approaches criticality, K = 1.0

-

.

< .'.

Approach to' criticality in leaded core . *
-

n .

'c I. *heduce for r;;g * * *
,

A.
Withdrawal of centrol red groups called the shutdevn. bank.

B. Beren dilution

C.
Criticality Mached by withdrawal of additional control rods.

. .

II.

Keff is varylag by the changing thermal utilization facte-', whereas during loadin-
Keff charged due to ncn-leakage factors. i

.

III. Neutm n Count
.

tA. Control rod produces step changes " ' '

B. Boron dilution has gradual change
C. Varles due to gec=etry . ,

'

D. Varies with position of core cc:penents

. .
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r

i 1. Higher if near fuel-scurce bundle
.m-

2. . Ia.rer if near control rod bundle
.

.

-'
. .

<

.. t - . .
|

*

. .

'
,

. .

.
.

. . .. .

i ..

.
.

.

. . . .
.

-
, t

.
. .

*
.

.*
3

. .

<
e

. . . .
.

.
.,

.. .

. .i . .
.

. ..

T

.
.

|-'

1

o' ' 'h 1

I

. <

l.

-
>

.

.

.

'

.

.

.

1.

. . |

|tJ
l

.

_.
_

_ _ _

.

~*_ _ , . _
- Tf

.f .o rh.r ;*

-

. .
. . . . .

__

,m..

%

e

. g a

4

.

,
* .

4 *

.,_,.-,-v -.



. _ _ _ _
,

w w

.

e4

_

O

e

* =
. _ - - -.

- - -
^^ -

_m. _ -_e -

e

t*

I

:
o t

, e"
k

e

n-

O
e

* L
P

N
- .

e

>

1
,

,f._
.

=

b
+

8

'e + . = |
>

*4

S

|=

4
*

|g-
.

.

e

W

L
5

.

I

r

e

I

~|

lE
t
a

'

.s >

.
I
.

P

P

k
i

e

g- '%

.

_ _

. - -

O
e..

7

* '' 6mg ,/0 , . , .,,.
JP - -.__

,e _
..

6 e e

.
. |

*
e ,

,

|
|

|

e
~

0

'

.



- _ _ _ _ - - _ _ _ _ - _ _ _ _ _ _ _ _ _

.

.
-

|

\

|

|

. .

.

I

\

|
.. . . . - . . -

. .- ~; . a

--|_7, 9 2, { |
.' .

'/
,

- _ _

.

. .

.,i

|2-16 N*

-

.s

, rl..

!

_...._.r...S l'~~:::, j r_..s t c. ;.: , : _.: ._. : . ". . . : . .. : .- . .t.-; ri:
. . . _ = . -

:
. . . . _ i ..

. - .:
_.. . . . .. . . . . . . . . . .. , . . . .

:. e. g ......g_. . . . . . g.< . . . _ . . . . _. . . . . . ..

. ..j . . , , . . . . . . . . . , , - . gg . ; . ;._
. _ . . _ .;. ._ . . . . . ....p ; .
...._.

.:..
. . . . . . . _

. _ . _ ........ ..
. _ _ _ . ,

.
, , , ,, .,

.

.). . _ ._ . . .
.

.,:
. _. ._. i . o.. . . . . .

._7 . . . .
.. .

.._.a :. '

_: i ., .t: ._. . . . . . . . . .- _ . . . . ...!. ..t! !' r e- '-
1 ; i .. .it. ;

... ..._ .._i.i n : e ;- 1

o
I !i .jji..

. . . .

; il [0]e.l!- i ;i 'j: ;.;. jl *

. l' . ii.'I i. |.l . :l _ ,

-

,1: .1 i;l ..tr, oi .: .:.. .: . : :i . .
I

. u ,

_ .._ . _. . _ . . . . .u r- - :.:= .:r- - * ;- r:=. . =... . .; .. d- .. .- .. . . = . .. : : - .. _:.r _ _. . .

; ,
.. . _ . _ . . . . . _ _ _ _ . 3 . . . . . . . . . . . . . . _ . . . ._ . . _ ..

_. _ j .,_ .9
.. __ __

2.{_._ . , . ,
. . . , . . . .

. ,__ _ _ .
_.

,<

. . . . .. ..
.

.o,
, ,

m
: .o... e : . :i : .:. i.stii .... : . .:. .. . . _ _ .::,.izia; : -

a_ .
-

j_l ! 1 till I ;i; ';ll !!!: :i'! !! kliin i!!i ill! il:: i el .,e ,i3. . L. .
.ii.,|j!i' il!I |ilN!g Ij!i. . . . . . . i ... . .i i, . . .

l I Ili .|. .I!! l!!! | { '_ t .. E
"

Ill. : i :i . _ r.b a
----- a

,
. -i.= = =.2..... 7.,- =..;... _ i= = n

--

< p2
_

.
i. ,

p'.u_ -

.- ;.-...r, - _. c,..

" ~~ T$'i . . . .C.
-

1-- ....a. . .. . . .

.. .. _i. .... s.
. _...,

* ..: ...;i i ..i: .i!. ..it ... ,e i t ; *..*. .

6 !! !!:: | l l I!!M'lll ;ili !Ill 111-- lill o"T
i illt illi U'. sjd li | !! I

\ i '9
3 1:i: i || iiii ||ij r

~

l 1.,i|\iilII lli i ! ! : il:i i Il I!!! 4. ii. 4ii

.
___ . :1 _2,__ __

. .......;_.----._ _ -., f.:, y G.
.

.
. . . . . _ __

. . a a c
.

.a,. _ . . _ . - . - c_
- . .; . .

_ ..

A..u.o -,,' 4. :.: N2.l : .
- u u

-
.

. a .s.
. :;.' . . ..--;

' . _ , . - , .

.

,i..: -: : :;..;..:..;.:. ::?.
'

< . _ . . .
.

v .o.
.. ,.,,

. .u a. ...

. . 3.. . w. ,.a._i._s p t
_. .i..-.. . us

I l I Mi. i .+r. :l W i H#i,H # l i l ._
_.i.i i..Ti t i! ! :s !!!!;li! 141 if .,! ?

%n

t... i v ii'i.i:i : =.i. w = u,.. ._. _ - . .

..

. -- m- _. t i . . ._ _=^ _ > .
-

=^2 o% r 2~ y. . . . _- . .* s .=. .; .7. .=. .;:-- .J . , . _r _ - ;
n~: . . _A., . !--9. w ._.

.. .. i ._. .a - . - . - - ..-
-_ o .:.-- +

1 - . ?
__ 4 _

. ,a g. . . , -
.. . . _ gg;g,,,,. f . . . . n, ,q.,L,,; :.. : .

. .re c i l .J_. 4. ;a. .; .< .it. . , .116 i s n_t . .;i. : . : , sis. .......:. +. ={
. _ . , . - a b:

1 | t i|i titi r i ! _I ilst i l i i_ _;C t i th il(i .ill! I W. : * E_. : 0-~~
_ g~-~

i inI i t !-| g j: s t:: i - i
I'

il I. |.
i j jitjsi ! ! ig n

! ! . _1 Ii ill: i Il li illi s! !t ! 3 ! 4, 2 1I
2e . _.

in- ; _L_.,. e _:.:: .:.2 - ._ - e.
-

=. a. 1.- ---- 9 .

-

_

: . . . . :I_. .
- o,_n._

_ .,. ..._ ,._ ,,.
.

6._

7 gy 3 L
.

. _ . = -
_w.. n,,,, _ -,

.._,.... ...; . . . ..,i, _.,;,_ y . .
.

. ... .

i: !: sisi _i,. li:
.

.

it. a.i. ..i .- :::i ! e.
i l l i T i l s. ._!>:,,.,>.a

,,,, -r

,. n
1 i .;!!i -I l i ' :i!! !!!' !ii . . 4 !._|i|' i!!j A.m s. ,-

i I jill
!

lill 'l i
'

; !. ! i. I ! | i i '. i
: l ' lit. 'i' 4I: .

I....l.a . ii L1 ....; : i o m,.

._ i= -=_=_ :. . a_.--:==__a__~_.-__.=._==_-,--...--
.

-
.

.

- ,.,
-

. - ..
2,., r--- - . ., .- - - - -- - r r. ...

:. . , . _ . . - .-i_.a _t.r .

, ,

. -. ri. n. -*we,,, . _. _ ... w _. . ..

...
.. .

J l' -
. - _ .i i.i:,,.:.u-

-

.iii
. .

:.2 , isis is i s.t. i,.i .i.: .::: -

.

1:ll.ll!i titi I!i' il ! i l i l.. :_i... ..!.! I l till 11: 1 lili r.
-

.
-

'"t
'i|I.li;|IlI||1.1!||li||,

.

!!. !.!Ilijl jjii.l(9 j . . ....
<

i. i n i : .

,4
..

..
. - -; c __. , ;.,g n. h

.; .. 2i.r- .

-
c4-

ut

,..
-- -

,
- - -

3 _ . _ _

-

. .
,

.

.

%

.

s %-



F

..g %

.

..

-- - '- - -
.

s

. .

.

, .
. ..

. _ - _ . _ _ n r.- = -
._- ., -

o-o

.

-
. t.+

'd CONTROL RCD UCRTH CM.UACTEP.ISTICS

~hi
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/%, .
,

'
*

~*
'

I. Loaded Core .

,

'

. A. Suberitical by 4-5*, 4 K, (K = .94 .35). -
* -

1
- K

,

- B. Center contrci md withdrawn

| ' 1. Still it 4 K/K till critical

- 2. Rod Vorth 3-4 4 K/K ,
,

, - ..

\ - . .

C. Ave. rod worth = .5* 4 K/K .

'D. Rod worth is 10-20 tir.es average.
* 1. Size of core; only those affected by control rod.

-..
'

*2. Effective s1=c of co,re is effected stron[;17 by red e.skJnc its ucrth high.,
,

' *
E. Second md pull and still suberitical -. ..

s - -

4
-

*
'1. Therefore rgd worth ( 1.0% <t K/K -

.
,* . , , .

2. Far away fmm first .. ..
, ,

p. '

v 3. Actito cere n:.i the hs1 effected by centrol red plus the fuel batt:cen
.

them.

T.' More mds pulled incre::e the core si:o and md worth decreases proportlenly

with area covered.
.

C. All of bank pulled

1. Even flux
.

2. No peaking

H. Next bank pulled

1. * The 1st rod has r.ost worth because it causes flux peak - due to uneven

co'tml rod distribution,

2. Next rod less importar}t worth due to the fact they, balance flux.
l
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II. Undesirable patterns

A. Those which confine the effective critical volu.ae. i
-

r

B. Two-rod clu:np
,

1. Not critical on 1st rod withdrawn but Keff = .39
'

2. Second rod doubles core size, so it is wor'th 50% of first rod or 2%

* d K/K. !!cw Keff 21.0-

i .

C. Hot, Standby condition'

| 1. BWR shutdown with all, rods inserted.

2. Is at rated temperature and pressure.
,

3. Exists immediately follo: ring ceram.-

Y.
4 Due to strong negative terperature coefficients c: cans it is now possiblo

.

to pull more rods beforo criticality than with cold start-up.
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5. I,: larger due to '" hot" condition.
.
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ICCRCT!!TAL CC::TRCL ,nn 'mTIM
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*

_
.

I. The total rod worth will,be the sum of the worths associated with each increment
.

f
,

of movement' -'
,.

!
A. Relative incremental worths can be found by:

i g.a .

. Rod k' orth @. ~ Lt xSS x[(dt.cr
!

Jt, ave

- .
,

.,f
--

.

K/ V Core
.

,,

,

l .
*

.

1. Physical size of all control rod increments is uniform.

2. Physical size of the core is also constant.

'3., Variations in worths, 'therefore, must cor.e from variations in Lt and 9t.*
*

. .
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' * ... . . . ,

. . . s -*
<

- /
/m K. (M<

-

:::- PCR. STC . s .e.
Q N*s s

ac)-
(r

.. Oorst. <
. - / ,

_

- , .

/ >
. .

/
/

/

/ .

/
.

/
p . .

.

h !
8 / .

.? /
-

-
. ,

8.* on 25% mstmc@O% 757. 10 0 %'

!
- .

Percentace Control Rod :.sertion
.

- ,- ,_

f.y,33 1_2 e 7_ ..

*,* J
,

..

.

e

,

* .

4

.

_'m-



r
'

I%g

.

-
..

.

. .

;, _ , _ _ ,u
_

- - -
- --

_

'

- e

.

- ,

i, A.o The contm l red incremental wheth follow the sa.e rule with j and the'
, .

dave
{

,

axial flux Is a cosine, therefore the curve is bell shaped.
.

,N'
B. The total worth after each increment fo11cws the "s" shspo curve. The larger

' change coming fmm the center, where the flux is greatest. !

C. Prom the plot It appears the strongest incremnt would ccme from the center,

however, this is usually false and it is movcd about due to certain factors.

1. . PWR, the strongest increments am belce the core centerline (Skexed to the
#

right)
,,

a. Polg are partially inserted from the top., , , . ,
, ,

_ b. Wamer water in the top of core
.

2
2. Hotter water near the top causes increase in the thersal diffusien Lt. ,

I'
.

.

*
.III. Incremental horca worth refers to the*reactivi,ty.effect of each incre=ent of

=

* * ' '

dissolved chem shim added to the core.,

A. Approximation: 100 ppm 3 to reduce f L by 1%.
Q , ,

K !
1. 100 ppm added to free core (0-100 ppm) will have = ore effect than adding

[

tc a highly borated coro (1000-1100 ppm). .

2. Thenewlyaddedboronhastocompetewiththeoldl'C00 ppm,uhikethefirst

bren in the coolant has the field to itself.
*

'

...
Incremental bcron worth drops as concentration increases.B.

1. L :, .
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Incrcr. ental worth decreases as moderatcr temptrature increases, due to decrease |f C.
e' .

in coderator density. |g-
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