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THERMAL HYDRAULIC FUNDAMENTALS
Neil E. Todreas and Mujid S. Kazimi
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13, Table 1-3 (LMFBR | Cylindrical pellet Annular pellet

column, Line 6)
40 (Line 2)

40 (Line 3)
42 (end of page)

57 (Line 9)

63 (Line 12)
64 (Eq. 3-63)

64 (Eq. 3-64)

85 (Eq. 4-22a)

90 (Line 22)

94 (Line 2)
141 (Line 22)

143 (Line 2)
146 (Eq. 5-65, 15t term)
149 (Fig. 5-5, bottom)

... appears as kinetic energy of the
fission fragments, ...

... emitted y-rays. ...
... (neutrino energy).

thrermal

g, @) = (101 ..

"

q(r)=...

qi/(r)=...
54" () = 4} (F) + () + g )

Dy Y
=-m—— +m-—
hin - hout

= uin(T) - toul(T) - (P/P)in - (P/P)out
= (pout - pin)/p

withn

... Using Eq. 5-30, we can write pp,
as:

vapor fraction ()

... appears as kinetic and decay
energy of the fission fragments, ...

... emitted y-rays and neutrinos. ...

... (neutrino energy). Accounting
for capture energy, the fraction of
recoverably energy, i.e., core
power, deposited in the fuel
becomes about 95%.

thermal
qY”’ =(10'%) ...

"

9ep = ---

no_
qip = ---
" " "

sq" = qy ¥ 49er + 4qir

Dy Y
=-m— +m—

Dt ot
hin - hout

= uin(T) - uou(T) + (p/p)in - (P/P)
= (Pin - pout)/p

within

... Using Eq. 5-30 and the area

averaging analogy to Eq. 5-16,
we can write Py, as:

vapor fraction {3}
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167 (Eq. 5-158)

172 (Table 6-1, Line 8,
Eq. 6-1)

176 (renumber Eqgs.)

188 (Eq. 6-32)

219 (Eq. 6-97)

221 (Ex. 6-7, solution)

227 (Ex. 6-10, solution)
231 (Fig. 6-29)

232 (after 2nd eq.)

241 (Line 1)
241 (Eq. 7-2¢)

242 (Eq. 7-2d)
243 (Lines 3 & 4)
245 (last Line)

246 (Fig. 7-4)

250 (Ex.7-1)

251 (Table 7-2)

0
first term — pp (VA/2)A,
ot

0
second term — Gy, (vr2n/2)AZ
0z

Uy - Uyl = Q142 - Wi

(6-2)
(6-3)

Wy ,max —

ot

(U - TOSW

_ P2 _ D3
= o=
pr P4

£ = (Wr - Weplin

Wu,max/rh
We, = mep(Ty - Th) = mcp T ...
Graph drawn as T = Ty and
Tz =Ty
v-1
where T, = T) (r,) ¥ ..
o My s Mypd, @nd Mypr)

For mypq:

d (mwpduwpd)

dt = prr—wpd -

d (mwpruwpr) _
g o
... 7-2c and 7-2d ...

... coolant in the primary or secondary
system, ...

... saturated water in equilibrium ...
Example 7-1: saturated water in ...

Example 7-2: superheated water in ...

0
— pml(V2)m2]A,
ot

9 Gulv2R2lA,
0z

Uy - Ul = Q12 - Wi

(6-3a)
(6-3b)
v -T,S
ot
_ P2 _ D3
=S =
P1 Pa
£ = (Wr - Wepliin _
Wu,max/m

We, = mcp(Tr - Ty) = mcy Ty ...

Graph redrawn so that T1' = Ty and
T3l = T4l
v-1

! n
where T, = T (rl'3
woe Myyc; and myp)

For myp:

d (mwpduwpd + mwpruwpr)
dt

delete

...and 7-2c¢ ...

... coolant in the primary system, ...

Changed to differentiate primary
and secondary coolant in steam
generator.

... saturated water mixture in
equilibrium ...

Example 7-1: saturated water
mixture in ...

Example 7-2: superheated steam
in ...

= Qn—wpr -
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254 (Ex.7-2)
254 (Line 20)
254 (Line 25)
263 (Line 2)
267 (Line 9)

267 (Fig. 7-16B)

278 (Fig. 7-20)

280 (Fig. 7-21)
281 (Fig. 7-22)
283 (Fig. 7-23)

301 (Eq. 8-16c, last term)

317 (Line 3)

319 (Fig 8-13, y-axis
label)

338 (Eq. 8-23, top)

359 (Solution, 15t Eq.)

376 (Eq. 9-62)

384 (Eq. 9-84)

397 (Line 9)
397 (Line 12)

... superheated water in equilibrium ...
If the water is superheated ...

... treats the superheated water ...
computer

discontinuous phases

(mV )s'U
(m( )s’L
vapor at hg
liquid at &,
- 1797017
Hence:

Void Factor, Fy (o/p)

Tmax

fo

T.. Tci

co \Tm
a < 1| el - 1]

C AY
e 23] 41

(Tzr)eff = Ty - PV' ZV'I‘
Dy
Deb

.. Cg=1.75 (by extrapolation ...

_(1.75)(8.678 m/s)*(0.417)
2

=0.153 MPa

... superheated steam in equilibrium ...
If the steam is superheated ...

... treats the superheated steam ...
compute

continuous phases

()

(mf )s”L
liquid at £,
vapor at hg

Redrawn with lighter shading so
arrows show.

Redrawn with lighter shading so
arrows show.

Redrawn with lighter shading so
arrows show.

- 1.797017

Hence, Eq. 8-57 becomes:
Void Factor, Fy (o, B)

~{Tco

N__Th

) | exp PC Ap (?)Tt} -1

¢ exp PC Ap (%) t} + 1
T

Tci

(Trz)eff = Tz - PV' zV‘r

D._.

€1
D eb
.. Cg=1.7 (by extrapolation ...

(1.7)(8.678 m/s)2(0.417)
>

= 0.149 MPa
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399 (Fig. 9-35, top) —{. =<y B ==, < ==
s s —> K 2 2 > %
— Sr—%|— o—==
Note: The arrows change to —
s s
22 O
. V3 %)
399 (Fig. 9-35, bottom) | K¢p 23 Kc.p 3
406 (Ref. 18) Zerke, J E. Zerbe, J E.
437 (Line 9) ... sublayer. ... sublayer.

451 (Line 11)
467 (Line 4)

467 (Line 14)
490 (Eq. 11-82)

490 (Eq. 11-83)
510 (Eq. 11-126b)

535 (Eq. 12-17¢)

559 (Line 5)
559 (Eq. 12-62)

567 (Line 7)
571 (Line 10)

581 (Ex. 13-1)
582 (Ex. 13-1)

585 (Eq. 13-22)

numerical results for the ...

...P/D > 1.1 the equivalent diameter...

... depend on the channel exit
conditions.

Pushkina
#r =
0 =2 Jrp
o
LFm f lo

SNEN

ol \¥+1)y-1

T, - T,y = 0.00135%(1%%
/

p = 800 to 2000 psia

[(2.022 - ...exp (18.177 - ...)x¢]
[(0.1484 ... 0.869x,]

[0.2664 + 0.837 exp...]
... needed for x, which ...

)1/2

83:3

Linear heat ...=17.8
Cp: 6.143

u =917

b A
sm(Le)

Kays and Leung (1963) used
various refinements for their
approach and obtained numerical
results for the ...

...P/D > 1.1 the equivalent
annulus...

... depend on the design of the
channel ends.

Pushkin

2
dfo = ...

2 _ Py frp _
Pro o fro

(Pb) _ (2)ﬁ1
Pl v+ 1

~ Ty = 0001351 (Re,
hfo

p = 800 to 2300 psia

{(2.022 - ...exp [(18.177 - .. )xe]}
[(0.1484 ... 0.869xc]

[0.2664 + 0.8357 exp...]

... needed for x = Xy, which ...

T )1/2

sat

83:351

31.1
5.60
u=91.7

sin (ﬂ)
L
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587-588 (Ex. 13-2) Change every 17.8 (¢') to 31.1
Change every 6.143 (cp) to 5.60
Tm(z) =2959 + 99 sin ... 305.0 + 19.0 sin ...
ic = 0.6 0.65
Te(ze) =286+ 17.8(0.83 + 0.858) 286 + 31.1(0.851 + 0.836)
=316.0°C =341.0°C
z=0.014 0.015
T(t(Zf) =286+ 17.8 [0.556 286 + 31.1 [0.610
sin”(,?'om)+ 1)+45.99 in”(oms)+1)+45.99
n(0.014)) _ . ( ﬂ(0-015)) _ .
(cos3_66]_1114.7c cos T3 ] = 17353°C
_ |G _ (G
597 (Eq. 13-45b) " pi s ot ks
599 (Eq. 13-53) ﬁ ﬁ
(r2-x) (e2-27)
. | 2
603 (Line 12) o, s
(x' x ,,2)1/2 (x 2 ,,2)1/2
2
603 (Line 17) (0.10362 - 0.08622)-1/2 (0.10362 - 0.08622)""2
604 (Line 7) -1(0.794) -71(0.793)
604 (Line 8) 1.1362(1.277 - 0.7260) 2.276(1.277 - 0.7265)
604 (Line 9) 12.3 kPa 16.6 kPa
604 (Line 14) q = m(hout - hin) g = m(hou - hin)
604 (Table 13-3) Apgravity: 6.47 Apiotal: 16.90 8.81 19.24
9.07 28.61 | 12.21 31.71
12.58 4961 | 16.63 53.68
15.14 6943 | 19.62 7391
17.20 88.89 | 21.83 93.52
20.51 128.30 | 24.85 132.7
23.34 170.10 | 26.64 1734

605 (Fig. 13-11)

605 (Line 4)
610 (Eq. 13-70)
611 (Eq. 11-104)

623 (App. A-4, Ap*)

625 (App. A-4)

Graph based on original Table 13-3
values.

hout - 1224.1)
Pz,

X

AP or -1

*

Xer Vol. Il

Change graph according to
Table 13-3 changes.

(hout - 1224.1)

PzB

Xe

Ap
p gL
P12-557

-1
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628 (37) FS Fuel pellet ... Delete the entire line
633 (App. B) Electron charge 1.60210 x 10-20 emu | 1.60210 x 10-19 Coulomb
637 (App. C, Table C-1)

Col.5,Row 1 6214 x 104 6.214 x 10-6

Col. 5, Row 2 6.214 x 10-6 6.214x 104
637 (App. C, Table C-2)

Col. 6,Row 1 24711 x 103 24711 x 10-8
638 (App. C, Table C-4)

Col.2,Row 5 1.016 1016

Col.2,Row 6 1.000 1000
640 (App. C, Table C-7)

Col.3,Row 5 1.440 1440
641 (App. C, Table C-9)

Col. 1,Row 6 1.0133 x 103 1.0133 x 106
641 (App. C, Table C-9) | Pascal Pascal

Col. 2, heading kgm-ls-3* kgm-ls-2+
641 (App. C, Table C-10)

Col. 4,Row 7 1.9500 x 106 1.9800 x 106
644 (App. C, Table C-14)

Col. 6, Row 4 1.1583 x 103 1.1583 x 105
646 (App. C, Table C-18)

Col. 1,Row 3 14.618 14.594

Col.2,Row 3 1.4168 x 104 1.4594 x 104

Col.3,Row 1 6.841 x 10-2 6.852 x 10-2

Col. 3, Row 2 6.841 x 105 6.852 x 105

662 (Table E-4,Col. 1 @
2700

663 (App. E, Table E-5)
670 (Fig. F-2)

672 (Line 5)

690 (Index)

(1.052 x 102)

Allv
He graphed inproperly.

i

Cladding

thermal properties of, 295t ...

(1.5052 x 102)

v

He specific heat level corrected.

P
kg
m3

Cladding
thermal properties of 296t, ...
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37 (2-3,Lines 9,10 | ¢'(2) = ¢'max - q' (2) = q'ref --.
& 12) where o =1.96. where o = 1.96. Determine q'ref
such that ¢"(z)max = 44 kW/m.
Answer: MCPR =343 Answer: MCPR =1.54
72 (3.3) Assume uniform axial power profile. Assume uniform axial power prof
and the slab approximation.
1. O = 2385MW 1. Q= 2379 MW
2. Q0 = 2437TMW 2. QO = 2439 MW
123 (4.7) 1. Fx=1875N,Fy=32476N Fy=5625N,Fy =-3248 N
2. Fx=38333N,Fy=14434N Fx=2500N, Fy=-1443 N
169 (5.3) 2. 4.89 m/sec 2.83
3. 1.636 m/sec 0.74
233 (6-2, Question 3) | ... in the legs 3—4 ... ... in the legs 3'—4 ...
236 (6.5) 36.7% to 37.8% 36.9% to 37.7%
236 (6-6) 1. A perfect gas. 1. A perfect gas of ¢p = 1.30.
287 (7.2) Heat of fusion for water = 3.33(105) J 3.33(105) J/kg
289 (7.4) p=93.15 87.9
289 (7.5) 34.7°C (94 4°F) 35.3°C (95.5°F)
290 (Table 7.8) Specified cool-down rate = 38°C/hr
(100°F/hr) (68.4°F/hr)
sg=3.1211 3.1211 kJ/kg K
sg = 2.6922 2.6922 kJ/kg K

293 (7.8)

339 (8.2)

340 (8.4)
409 (9.5)

519 (11.3)
519(11.4)

Suppression pool initial pressure =
0.1 MPa (15 psia)

230.2 seconds
22.16 m3
28.81 m3

0.7 T¢i + 0.3 Teo
1.73

2. Tave (O

Apfriction = 29.29
App=92.71

13959 12139

Slug to Churn: {j,} + {j, } =0.5344

... tubes longer than about ...

0.1 MPa (14.5 psia)

227
22.14
28.83

07T +03T¢

1.67
1388 1213

31.17
94.59

0.527

... tubes with a diameter
largerthan about ...
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521 (11.6) D=35ft 2.4 ft
521 (11.7) Answer: Level = Answer: Level swell =
573 (12.1) (Ty - Tsa)sodium = 25.2 26.1
(Ty - Tsa)water = 3.25 3.15
573 (12.2) ... boiler operates at 3.34 MPa, ... 3.35 MPa
574 (12.2) hgg = 1803 1766
py=173 16.8
o=0.0204 0.0286
k =0.606 0.628
Answers: 1. N=6 N =6 (basedon C; =0.18 in
Eq. 12-10)
2. gi =3.04 4.19
574 (12.3) HyO at 0.1 MPa: T - Ty, = 176 156
T - Tga = 406 368
H>O at 7.0 MPa: Tgl - Toat = 194 1907 (too high in physical sense)
Tll}/l - Tea =374 2629 (too high in physical sense)
Na at 0.1 MPa: Tgl - Tsat = 206 87 (too low in physical sense)
TN - Toa = 1071 771
574 (12.5) ger =137 x 106 1.41 x 106
615 (13.1) 1. g =6170 5760
2. ¢ =4070 3960
617 (13.4) Aptric =139 144
Apgrav = 16.1 15.8
Aptotal = 42 .7 42.9
Martinelli-Nelson Apgic = 18.0 204




e SUPPLEMENT

PROBLEMS

SUPPLEMENTARY ANSWERS

REMARKS

9.6

answers for interior channels:

1.
2.

3.

JSlaminar = 0.12

Jturbulent = 0.02

Yes for Turbulent flow (f=0.018 from
Moody's chart)

Cannot compute entrance length for laminar
flow in this case.

Z=1171t0 18.6 cm

No available equations




