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Study of Transient Burnout under Flow

Reduction Condition
Takamichi IWAMURA

Department of Reactor Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

( Received August 20, 1986 )

Transient burnout characteristics of a fuel rod under a rapid flow
reduction condition of a light water reactor were experimentally and
analytically studied. The test sections were uniformly heated vertical
tube and annulus with the heated length of 800 mm. Test pressures rang-
ed 0.5%v 3.9 MPa, heat fluxes 2,160~ 3,860 KW/m?, and flow reduction rates
0.44~ 770 %/s. The local flow condition during flow reduction tran- )
sients were calculated with a separate flow model. The two-fluid/three-~
field thermal-hydraulic code, COBRA/TRAC, was also used to investigate
the liquid film behavior on the heated surface.

The major results obtained in the present study are as follows:

The onset of burnout under a rapid flow reduction condition was
caused by a liquid film dryout on the heéted surface,

With increasing flow reduction rate beyond a threshold, the burnout
mass velocity at the inlet became lower than the steady-state burnout
mass velocity. This is explained by the fact that the vapor flow rate
continues to increase due to the delay of boiling boundary movement and
the resultant high vapor velocity sustains the liquid film flow after
the inlet flow rate reaches the steady-state burnout flow rate.

The ratioc of inlet burnocut mass velocities between flow reduction
transient and steady-state became smaller with increasing system pres-—
sure because of the lower vapor velocity due to the lower vapor specific
volume.

Flow reduction burnout occurred when the outlet quality agreed with
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the steady-state burnout quality within 10 %, suggesting that the local
condition burnout model can be used for flow reduction transients.

Based on this model, a method to predict the time to burnout under
a flow reduction condition in a uniformly heated tube was developed.
The calculated times to burnout agreed well with some experimental

results cbtained by the Author, Cumo et al., and Moxon et al.

Keywords: Burnout, Transient Two-phase Flow, Flow Boiling, Power-
cooling-mismatch, CHF Correlation, Annular Flow, Liquid Film

Dryout, Flow Reduction, Reactor Safety
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Table 1.1 Experimental conditions for previous and present flow reduction burnout experiments
Initial Heat Tran- -
Investigators Fluid Test Section Pressure Mass Flux Transient sient
(Ref.) Geometry (MPa) Velocity (kw/m3) Type Time
(kg/m?.s) (sec)
W. Kastner 2) water 4—rod 1.9m long 6.9 460-1600 800-1550 Flow decay -
et al. 9--rod 1.0m long " {estimated) (step)
B.S. Shiralkar®* water Anuiar 2.75m long 6.5 270—-1360 660-—1800 FHigh-low-high about 0.5
et al. 3) . Flow decay;
9—rod 1.83m long » 340-1360 85-1580 ON/OFF/ON
16 —rod 3.66m long » " 60—1000 "
R.A. Smith, and* ) Freon-113 tube 2.44m long 1.38 3400 i0-140 Flow reversal -
P. Griffith
M. Cumo (s) Freon-12 tube 7.8mm dia 1.1-1.8  760-900 29-75 Flow decay 0.7-3.2
et al. 2m long
T. Asada, and 6) water 28-rod 3.7m long 3.0 1460-1700 - Flow decay 03-20
T. Kobori (Ramp)
D. Moxon water tube 11 mm dia 6.9 2370-2710 845-1150 Flow decay <0.5
et al, (7} 3.66m long (Exponential)
37—rod 3.66m long
G.P. Gaspari (8) water 18+1 rod 4m long 5.9 1200-2300 Power Flow decay 0.1
et al. ' 2.0-33MW
Present work water tube 8 and 10mm dia 0.1-3.9 500-3050 760-3860 Flow decay 0.06-83
0.8m long - (linearly)

* summarized by J.C.M. Leung (9)
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previous and present flow reduction burnout experiments.
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Table 2.1 Range of parameters for flow reduction
transient burnout experiments under
atmospheric pressure (Tube test section)

System pressure (P) Atmospheric pressure
Heat flux (¢) 1.01~1.93X10°% W/m?
Intet temperature (7:n) 30, 50,80 °C

Initial velocity (V,) 0.5~1.1 m/s

Initial mass velocity (G, ) 500~1100 kg/s-m?
Flow reduction time (4¢) 0.07~70s

Flow reduction rate {f) 0.57~1100 %/s
Burnout mass velocity (Gs,) 0~556 kg/s-m?

Inlet pressure (P.n) 0.25~0.46 MPa

Outlet pressure (Poy) 0.14~0.24 MPa

Table 2.2 Range of parameters for flow reduction
transient burnout expe_riments under
atmospheric pressure (Annular test sec-

tion)
System pressure (#) Atmospheric pressure
Heat flux (¢) 0.76~1.58X 10 W/m?
Inlet temperature (Ti.) 30,76 °C
Initial velocity (V;) 0.66~1.66 m/s
Initial mass velocity (G.) 660~ 1660 kg/s-m*
Flow reduction time (4¢) 0.1~68s
Flow reduction rate (f) 0.44~770 %/s
Burnout mass velocity (Ga) 0~797 kg/s-m?
Inlet pressure (Pia) 0.14~0.38 MPa
Outlet pressure (Pour) 0.10~0.17 MPa
Annular gap 2.0, 1.4 mm
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Table 2.3 Flow channel dimensions in tube and annular test sections

Test section : outer diameter = 10mm, inner diameter = 8mm

Shroud Flow Flow Heated Hydraulic Relative
Geometry Run No. 1.D. channel  area  equivalent equivalent floxv
gap diameter diameter  velocity
(mm) (mm) (mm?) {mm) (mm)
530303
Annular ¢ 14.0 2.0 754 9.6 4 0.667
530528
530606
Annular ¢ 12.8 14 50.1 6.38 28 1.003
530607
520615
Tube t - - 503 8 8 1
520720
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Fig. 2.14 Ratio of transient to steady state burnout mass velocities at inlet vs. flow reduction rate
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Table 3.1 Characteristics of Transient Boiling Experiment Loop
Pressure 4.0 MPa (Max.)
Flow rate 50 ®/min (Max.)
Loop Pump head 100 m
Inlet temperature 250  °C {(Max.)
Flow transient time 0.5 sec (Min))
Steam separator 200 R
Pressurizer 300 2 (Ieater 22 kW)
Main Condenser 162 K (Condensing power 150 kW (Max.))
Component Cooler 100 2 (Cooling power 100 kW (Max.))
Pressure buffer tank 100 %
Deionized water tank 1200 &
Cooling water tank 280 ¢
Test Heating power 100 kW {Max.)
. Geometry Tube
Section .
Maximum length 2 m

Table 3.2 Measuring iterns

item

points

Flow rate

Test section heating voltage
Test section heating current

Inlet pressure
Outlet pressure

Test section differential pressure
Constant pressure tank pressure
Pressurizer pressure
Inlet water temperature
Outlet water temperature
Test section wall temperature
Burnout detector signal
Load cell
Flow control signal
Spare channels
Total

Ll e R L S e i e e s I S I Y

—a

11
32 points
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Table 3.3 Range of parameters for flow reduction
transient burnout experiments under
elevated pressure

Pressure (P ) 0.50~3.9 (MPa)
Burnout heat flux {g) 2.16~3.86 X 10% (W/m?)
Intet temperature (Tin) 66~201+"C)

Initial mass velocity (G.) 1240~3050 (kg/s-m?)
Initial outlet quality (X/*) —0.03~0.38

Flow transient time (4¢) 0.35~83 (s)

Flow reduction rate (/') 0.6~160 (%/s)

Oeionized
water 5 "1
lonk $ i“”"‘ ““““““““““““““““““““““““““““““““““ 1 I
rm — e [
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Cooling bQ_G‘—‘Z}"‘“J
water ~
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EERRS | (7 pume
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e h ‘ == Rolor meler
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Fig. 3.1 Schematic of transient boiling experiment loop.
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Flow rate
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Fig. 3.3 Control method of flow reduction pattern.
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— Calculated by Thompson — Macbeth correlation—

Comparison of measured burnout heat flux under elevated

pressure with Thompson-Macbeth correlation.

4.0

| - T /7
;‘—- P(MPU) Tln(.C) la] oﬂ ’// "
.g o 051 120 ve y
2 ® 057 66 S
Q D 1.06 140 o/
= = 095 9t B,/ w y
4
3 sol2 te7 16 /
S ‘ 4 n
gl v 3.01 18f / .
€ v 295 132 g .
_g © : Rl o ®
_ € © 387 201 &7 e
3= L4 s
(=] 4 ~
=z a 7 4
o ’ 4
= wl 4 e
L 4 7
I ’ 0‘ e
@ ' 20+ P L 4
=] 2y L e
@ i <" a0
4 // -

= s ’
- // e
g / //
w // /,

4 ’

”
1ol <l ! I
1.0 20 3.0 4.0

Burnout heot flux (x!0%w/m?)
— Calculated by Becker correlation —

Fig. 3.7 Comparison of measured burncut heat flux under elevated

pressure with Becker correlation.



JAERI —M 86— 135

e F=3 87T NPa
B - CIZ Tin)
N . R {w/m) (°C
-~ 1.0 f~ o D;g—o:%:acpgu G o o :dOJ
«féc)n | o~ 4a a] o 40 338 201
~ 08l L [ T ! Lo gl o 3.68 201
Ex
()
: 1-2 ITTTT 1 T T I]TT'I T T T |II|T P=3.01 MPG
3 L ] (w;1 alpnl
A s
O | M 10 371 181
é 0.8 gl ] [ T ) ey a0
.4,8_ 12 Tllll 11 T 13 ! IITIE kil T l—[ :lll] P:1_9?MPU
S — 1 w70
= e C ‘ W/ C
o 1.0 ~ O e thmig
@ L EERREL 6 o8 1o 348 61
=)
(7‘30_8 Ll I | ) S R 0 3.75 16!
-
chj, 1-2 ||TFI 1 T T I T IYTI T 1 Al I T IITI P=1IO6 M%
& B 7] q T@
=10 - O = O DO e — —m——— e ————— w/mZL[o )
% [ng) o Ooapﬂctaéag ; O | X10
— o]
= 08} 40 220 140
] L r[||1|| 1 | Ll D3?9 140
E‘ 1 L 1
=]
E 12 L T T T T T ” T
= ‘ BaaN Baan P=051NPo
2 ob2__o I 3 2 ?3)
o 10trogr -0 B F———————————— — — — w/m
= | V%ol Dm%‘é:w;% 1 w08
— Qb .
S cal o ot Ho 216 120
a | o 20 P v 1° 2.67 120
o Oa & 322 120
061 o 7v 3.81 {18
il L N N ETS i N e
0.5 1 5 10 50 i00 200

Flow Reduction Rote {%/sec)
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Table 4.1 Dimensionless parameters used in analysis

G* : Mass velocity = G/Gj
H : Enthalpy = (hy - hy )/(q{PL/Apvi)
u : Velocity = v/vyi

Final velocity = vg/vi
(stepwise flow reduction)

B1 : Final velocity = vg/vy
(exponential flow reduction)
1/8, : TFiow decay constant
T : Height £ Z/L
Y : Density ratio = pg/pl
T : Time = tvy/L
T : Time when a fluid particle enters into

test section

Tgat Time when a fluié particle reaches saturation
¢ : Heat flux = q/qy
Subscripts
f : Final
g : Vapor
i : Initial
in : Inlet
1 : Liquid
out : QOutlet
sat : DSaturation




JAERI —M 86—135

I°0-  §'0 ol 0 0°1T T SI~52°0 HEp/3N0n <3N0 - (p)g-y
1°0- 0 ot $'0 0°T T §1~52°0 ety (2)g-y s1nssa1d
1°0- §'0 01 $*0 9°0°%'0 T SI-5T°0 x0 (D8-%  waisds jyo s309333
1'0- ¢'0 01 $'Q T Z S1~52°0 N0y ANy (B)B~¥
50°0- . AdTeyjua
coro-[ O¢°0 01 $'0 1 z GZ'0 FBSU INOy €3Ny L~ IETATUT mwomwmm
S0°0- 6270 o
e . G0 . JBS|, sUL, sULq;3N0 _
170 S0 01 CEEET0°CZ 0 1 4 YARY u 0t/ o 49y £3700T8A MOT3
0 TeUT3 Jo SI033I34
. . fc . N0y ¢ e)o—
1°0 50 01 ‘cegrofczrp  1°E0 T §TTO X ‘40 (®)9-y
1°0- S0 01110 0 0°1 T SZ'0 ABSL cUEp (UIo/AN0S  (9)6-v
el . . ] . 188, « _ Juelsuod Awdep
1°0 S0 <0 7'0 z AN ! U :ww (A)e-% MOT3 JO $399334
1°0-  §°0 01°6°2°T "0 't T STU0 % I (B)g-y
1°0- $*0 01 ¢'0 0°1-€°0 ¢ <1 o ‘ln (Q)p-¢
e 29582 9S®E
I'0- 60 01 0 0'T~€°0 ¢ S1 FEEL fxy fn (e)w-y st/ d
1°0-  §'0 01 50 0°T~€'0 T  $T°0 o by (Qe-v
: ' ° 288D 98R
1°0- 60 0T $*0 0'1~€'0 T  §T'0 Iy cx . (g-y ST o/ ¢
UTy jusy g Ty u g (edK)
d soTqeTIEA ‘o *814 21190 q0
saajaueie

UoT3Ionpal moyj Teyjusuodxa JOo UOTIBINO[ED 103 siasjsueled Z°% 9[qEL



JAERI —M 86— 135

— Gin/Gj = Gou/Gi
r Run 541206 - 6 o Run 541206 - 12
© &
- s
S S | w \
& OO p-053MPg g & 05T p.052MPg \
S fe394%sec o = | % f = 167%/ sec ‘
w urnou et Burnout 1
OO H ! 1 1 OO I | 1 L
G 5 10 15 20 25 00 05 10 15 20 25
Time ({sec) , Time {sec)
10 Run 541210- 8 10 . Run 541210 -13
154 <) NS
< e S oLt
s OO P=107Mpo = 00T P 108MPON
& f=521%/sec > f =350%/sec
(4] O 1 | BUTPOUT w BUI’POUT
95 5 16 5 904
Time |(sec) Time (sec)
s 10 Run 541212 - 16 o . Runb54R212-2]
~ R
3 =
“ 0.5 {e] og
s’i ' P=1.94 MPg & 0.5 F=1.94MPg
%y f=451%/sec Buznout = f=334%/sec kBurnouT |
I ! 1 1 1 1
05— 5 320 % T 33 5 3
Time (sec) Time {sec} :
S 10 « Run 550122-9 10 \\Run 550122-6
< N 3
&S X B {
€ 05 % . 383WP0 g O3 <
& £=393%/sec o o = f=334 A/sec'rBumom
! [ 1 1 1 J 1
=05 20 %54

Time {sec) ‘ Time (sec)

Fig. 4.1 Transients of mass velocities at inlet and outlet of test
section in flow reduction burnout experiments with different

system pressures.
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Fig. 4.3 Calculated results under exponential flow reduction

condition (1) (Base case/0.25 MPa).
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Fig., 4.4 Calculated results under exponential flow reduction ceondition

{2) (Base case/l15 MPa).
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Fig. 4.6 Calculated results under exponential flow reduction

condition (4) (Effects of final flow veloecity/0.25 MPa).
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Exponential flow reduction
P=0.25MPa S=2

' Uin=05 (1+e"°7)

0 0.5 1.0

Dimensioeless time (1)

| Stepwise flow reduction

——Uin Hegr= 0.8
B =03

— — —— — — e <t ———

0 0.5 1.0

Dimensionless time (T)

Transient of boiling boundaries for exponential and stepwise

flow reduction cases.
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Pressure boundary condition

Q Break
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E 400

- —10 8
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z 128 L

: oY
Water

Flow rate and enthalpy
boundary conditions

Fig. 5.2 COBRA/TRAC noding model for transient two-phase flow under

flow reduction condition.
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0.4

P =3.85MPa 6
Ahsyb=0.215x10° J/kg
q =292x10°W/m2

o
w

Outlet mass flow rate

—— COBRA/TRAC
——~ Separate flow model

]Jllllll

©

Mass flow rate (kg/s)
o

IIIIIIIIII

0.0 RN R SN SN ST SN SR SR WA NN NS N SN
0 0.5 1.0 1.5
{.0
0.8
- B
= ~
S 0.6 —— COBRA/TRAC
= ~—— Separate flow model
S 0.4
-
@
‘OS 0.2
oob———v v Lo by
0 « 0.5 1.0 | 1.9
Time (s)

Fig. 5.5 Comparison of mass velocities and void fractions calculated

with COBRA/TRAC code and separate flow model.
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L I

I 1 I | I 1
P =385 MPa Gj = 2890 Kg/s-m
Bhsup= 215 KJ/Kg  Gpo= 458 Kg/sm |
q = 2.92x10° Wm? X§g=0.925

o
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O
.
oo 1.0 00— 2
2 < o O
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0.9 Lol NN EEEET| Lo Lol N R
4] 10 50 100 500 1000 5000 10000
Flow reduction rate (% /s)

" Fig. 5.6 Ratio of burnout qualities between flow reduction transient
and steady-state vs, flow reduction rate (cbtained from
COBRA/TRAC calculations).
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v O X
>< a o X a0 a X
1.0 ——@O—O—@—m—gb%—ﬁ-oLoTﬂA © A
~. . % x"‘
o o x x O
g>g: OA
0.9 i
0.8 ~
07 N | N B B A 1 L1
0.5 | 5 0 50
Flow reduction rate (% /s)
Fig. 5.7 Ratio of burncut qualities between flow reduction transient

and steady-state vs. flow reduction rate (obtained from

author's experiment using separate flow model).
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Stepwise flow reduction

Uin = | (7=0)
d { B (t>0)
Dhaseﬂlu Phase B | Phase C
I | ,\ a=a, (eq. (6-9))
— /’\ / / |
= 7 4 m /
— / \ e ‘\,// a=a
Hsat ¢ . /; (-}06 Bk -2

g e /&S
T o) "o /
e c‘s_l //;Cg\\? ///

/. K /
ﬁ ) ((@b \/ a=a (e_q. (6"8)_)
— /7
5 N\
@ ’ // Boiling boundary
EBHSGT y

/
= | brleq. (6-3)

0 /
O  TsatHsat Tao
(eq. (6-7))
~ Dimensionless time (T)
Fig. 6.1 Transients of boiling boundary and fluid particle trajectory

under stepwise flow reductiom.
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Al  Becker X CZ# (10))
1 B Vg
Gl/é dpo b -4
4y (1 =Xgo) + en(o.98+ﬂ)—g (1— « (Kuo++) B )
B Xpo i B+13 /7 "\ (1 —Xpo) Xpo B (B+1)
s Xpo+ v™
TR
Gpo — cA :Sib/+D:(BO Y (B35 v z2k)
e=¢(P), b=b(P)
B R ch D B pras E el
aqpo (k] sm) — B mEL
G (kg sm®) M
Vi (m’ kg ) D, =393-250mm
Ohgy . ACk] /kg) L = 400 — 3500 mm
L, D, (mm) L/D = 40—890
¢ = entrainment coef. p = 2.7—101 kg.~cn?
(dimensionless ) G = 120—5450kgsm’
b = droplet diffusion coef. X =0-10
(kgts. s %) ATy =30—-240 C
V= v, A Vig Qgo = 35—686 W em’

(29) . .
KOG EC Clerici etal. i K BROFEUREH GV, ¢, b, Ky, ao, a1%0 /571
Fig. A 1 ®&Rd,

I =

b =
K, =

dg —

a, —

¢ (P)=—0385X10 * P +2.1867 x 10 ™* P* —2.1182 X 107 P + 05913
b (P )= 1.0677./P—0.6688 x107° P3+0.199 1073 P? ~ 002184 P + 10876
09+ 020 BP0y g
1019 ~ 0048 D, D, =12
ag (P )= — 118505,/ P* +0.113281 X 10 "*P*— (.196885 X10 ~* P? + 1.13773
a; (P) = 0196257 <107 P* —0.124829 < 10~ P + 040475

Kq (D) = |

f2720, P (kg/em®), D, (cm), ¢ (WRFT), b (kg /s %)
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A2 Thompson - Macbeth O, (ZEE (16 )

A+ Ti D, (G.10°) Ahgy

980 _
10° C'"+ L
AN = yo DG /10°)™ [1+y3De + ya (G 10°) 4+ y5 D (G 10°) )

C" = ve DI(G/10%)™ (1+ye D, + yu (G109 +yuD, (G 10%) >

B ch D BT 3 FH
980 (Btu,/ hft?) —HRImE
D.. L (in) BN
G (b, / hit?) D, = 004—176in (10—447 mm)
Ahg, (Btu Ib,) L = 1-137in (25 —3480 mm)
3 = 15-2000 psia (0.103—13.8 MPa)
G,/ 10° = 00073137 Ib,,~ hft® (9.9—18600kg, sm’)
Xgo = 0-10
System
pressure 15 250 560 1000 1250 1550 1800 2000
( psia )
Yo 1120 106 237 114 93.3 580 194 655
v, 1.19 0847 1.20 0811 110 0834 209 1.19
Y, 1.37 0677 0.425 0221 0575 0.224 0593 0.376
Vs 0 0 —0.940 { — 0128 0 —0.0336 | —0597 | — 0577
v, 0 0 - 00324 00274 | O 00755 | —0.131 (.220
Ve 0 0 0111 | — 00667 | © — 0206 | —00482 | — 0373
Ve 1600 50.3 193 127 88.5 483 231 17.1
Vs 14 14 0.959 132 1.46 0.823 193 118
¥ 105 0.937 0831 0411 1.00 0.121 0612 | — 0456
Yo 0 0 261 - 0274 0 0 — 0575 153
V10 0 0 - 00578 | — 00397 | 0 0 —0.255 275
Vi 0 0 0124 | — 00221 ] © 0 0.110 2.24
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Fig. A.l Coefficients for Becker's CHF correlation.
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, P.q
t Z €
(dEngdEg)/(lp—A
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) = 0.065 ~0.12

P.q

ZPEA

(2) FRIET730MPa S (FigB.2)

(4B, + 4E3) / ( )30.025~0.061
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+ : ~ - ~
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K& ERd. BRLD, £4 FVRUAO CHEFEEOFTEERCHT 22 » FHOEEI+5
INENWT LR B, T, DEERETVICLLZERE N -7y F EBOETORICE, Bt
fbDtchA Y » FHE L Ui, SEATFicBFZ2 ) » 7HLOMEIE, Fig B 3R Thc%%)

LB o Z7HERENOBEZEL DR,

Table B.1 Effects of slip ratio on calculated results

Type of transient Slow Fast

Run No. 541206-16 541206-19

Flow reduction rate 3.94 %/s 14.5 %/s

Flow reduction time 16.8s 4255
Constant slip Mod. Mod.

Slip model
5=1 §=3 §=35 Bankoff 5=3 Bankoff

gy 0.995 098 0977 0.958 0.991 0.968
X 0489 0483 0485 0485 0.589  0.589
G’ (kg/sm?) 899 914 906 909 797 795
Gt/ Gas 1.067 1.085 1.076 1.080 1.172 1.170
G /G 0.914 0.930 0922 0.925 0.810  0.809

Experimental condition : P=0.51MPa,, Tia=120°C, ¢5=2.67X10% w/m?,
Gi=1740kg/s 'm’
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(o OOO I e NS ] L g fd L
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1.20 L { T T 1 1 i T i T T T T L 1 T L
N ' -[}"ﬂ—
§ =" _
3 060 ] V/ ] P =053MP0
= - /] 1 9 =2.71x10° wm®
S i - T :
g 030 ﬂ}( Tin = 120°C
L "+ = o
= N 1 f =14 %/sec
B 0.00 ] .
Y0 2 4 6 8 10

Time (SEC) Burnout

Fig. B.1 Example of experimental data and calculated results at

0.53 MPa.
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o P B 6 2
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g - _/O] +\+“_+.+ ] in =
O i LS W | 41 1 I B | [ N N l- f = 328 °/°/580
0 { 2 3 4 5

Time (sgc) Burnout

Fig. B.2Z Example of experimental data and calculated results at

3.0 MPa.
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