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ABS‘I‘RACT '

The effect of natural convection upon'the temperature trapSient
‘following a ioss-of-eoolant'eccident,Was ahaiized,fOr'a_simplified _
of power reector configuretioh;m The analysie was.baSed‘on thevope-dimen—
veional quasie-steady etate fOrm‘of the'flow conservation equations coupled
to-a lumped capacity»trensient energynfuei eqﬁation;‘ Tﬁe'natural con-
vection process was taken as the only mode of heat removal. A cooetant
. radial power dens1ty was assumed the tlme dependence of the decay heat
' was con51dered, and the heat transfer and frictional losses assumed to |
| be characteristic of turbulent plpe flow. The system of equations
developed was solved using the design: parameters for the Losg-of-Fluld
Test Reactor (LOFT) It wae’found that natural convectlon is an im-
'portant mechanism for heat'removal in loss-of-coolant analyses for reac-
tors of the LOFT type,"Clad”meltinngae prevented for operating power
levels less than about 70% o%'rated power (50 Mw for the LOFT).
: addition, if simultaneous rupture of the external piping to and from
the pressure;veeSel were.to §ccu£,’the anaiysis.predicte a marimumt

. temperature less than the meltingvtemperatﬁre‘of the cladding.:

e
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I. INTRODUCTION

Most calcplatioﬁs of the temperature'tran;ient foilowing a loss-
of ~coolant accidgﬁt in a nuclear péwér reagtor neglect ;he effect of .
natural convectién. A study of the hézards analyseé for several opérat- ‘
‘ing power reactofs indicated that while heat tranéfér by conduction and
thermal radiation were cdnsiaered, heat removal due to natural convection
was neglected in each casegl:é) In the éasévof thé Loss~of =Fluid Test
Reactorj(LOFT), Jensen, ét‘al. considered natural,cénveétibn; thever,
as the conduction and radiatioh mechanisms were emphasized, thevtreat_
ment of natural convection was Simplifiedgl) Ir conduction‘and thermal
vradiation are neglected and the natural convection proceés considered |
- to éét alone, a treatment considerably more detailed tﬁan that'qf ﬁef. 7
is-possible.,_For this ¢ése, Olander, et al. have shown that in a low
power reactor of the TRIGA type,»COoling by natufal convection prevents
core damage gftef én excursibngg)‘The analysis présenﬁed here is Similar
to. that of Ref. 8, but in addition consideravﬁenmeruture dependent
coolant-p;oberties and employs a simplified power reactor‘configuraﬁion.
As in Ref. 8 natural convection is considered to be the sole mode of heat
removal. The specificﬁassumptions are | |
ll, The power density is constant radially and varies as e full
cosine axially and the time‘depehdenée'of the heat'decay is
given by Ref. 9. The operating time prior to shutdown is
~assumed infihité; the'blowdoWn is assumed to occur:inétantly
and to completely empty thé core and exteinal piping of-liquid. 
2, The flow through the system can be desdribed by the quasi-
steady state form of the one~dimensional conservatioﬁ équa—

tions With frictional logses and heat transfer characteristic
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- of turbulent piée £low, o | _ .
3. - The flow equations are eoupled tovthe lumped eepacity'transient
| energy equation for small axial sections.of:fuel, whicn'neglecte
axisl conduction and asgumes rudially uniformvtempernture in the}
, lrod. | | | - B
eThe,reactor confignration empidyed is shownvin:Fig; 1;'.the reactor
core is located in the loner half of the:presanre veseelfund an equivala
ent length of pipevrepresentsithe éxtefnalfpipihg and fittings._ The
 break 1s assuned to take place at the upper junction of the piping with
the preeeure veesel Stee.m from.the con'tainment‘w'ressel then.enters' and
passes through the piping w:Lth no temperature increase untll reaching
}the core. After rlslng through the core, the coolant flows upward
through the region above the core (denoted as the stack) at constant
temperature with no wall friction.‘ The system was further idealized
by assuming thet all vaivee, including check valves, are completely
open and the system to eontein oni&'nater ?apor'efter blowdonn._ The
tenperat&re"of'tng:entening coolant is‘aseunedfconstant”dnring'the
transient. " t L . »I - |
11, CALCULATTON METHOD
The one-dimensional flow equations governing conservation‘of mass, ,7f

momentum, and energy in the coolant are.>
3,%», &(pg) =0 - (1)

2 .

R

-g—t- (pu) +-§§- (p?) == L.pg- & il (2)

e i hiam Ay o &1 tae aiam anamm v et
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s .
S5 v =g (3)
H

3 w2 3 ue‘ _
3 (o(E t T ).) + v-(p?(H t5) )=

' The energy equation in the fuel is, in accordance with assumption (3):

: oT, ‘ -
p)f = - Q(t) sin (me/L) - el (k)

(pe
Defining G = pu, neglecting potential and kinetic energy in Eq. (3),

3 and imposing the quasifstatié apﬁroximation,_the coolant equations

reduce to a coupled set of ordinary differential equations:‘

! %% (x,t) =0 ' o (5)
2 - 2 S
2w (—-) %oy ©)
g | B
= (GH) = ;;?' . ' . _ - (7
dff Q(8) sin(my/n) A e 6
dt ) '(pcp)f | (pcp)f YA qﬁ-‘ R (8)

The effect of these approXinations will be evaluaﬁed later. Using the
ideal gas law and neglecting fhe slight pressure drop throughvthe core,

the density is:
‘The viscosity variation with temperature is assumed as:

bow “l'(«r/ml)’ | o . (10)

Y
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and the friction fagton is assumed given by:
£ = K Re™ | : | (11)

“where for turbulent pipe flow K = 0.046 and n = 0.2, With the wall heat

flux taken as ‘- ST h(Tf- ™) and dH = ¢ aT, Eqs. (5) = (8)

become:
® 1p20 580w mioE) |1
*® UL TR g (x,1)

(@0, L M) g LMY p oy
® Y TR R OMY T T e (5o (BT OB
das

T+ N (8,7) 0,(5,7) = G(x) sin (n8) + N (éyé)’e(i,f) (15)

with the following dimensionless variables and parameters: -

Lt = x/L - : | '\*\\ -
C ) ky(ag/Ay) Lo
T = (4 r, T, (pc._) L
HH PP
& = T/7,
o g A - 16
| YS..f,;Leq/L | D ( ).;

R = /L

. 4 Ty rH‘ e

k) T) (Ap/Ag)
1_-’ = P/Pl g L~ .
c = 16 rH2 plg[../ple o
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* The, ‘boundary and\initial cohditio@s are ,

P(-8) = r(R)
- o (17)
' 9(0,1‘) =»:.l »
: 6f(§;6).L=i'c6nstant

Integrating Eqs. (12-15) directly gives:

Re (g,T) B,.LQLII__; o | (18)

xe (§,T)

' § f } 1 - 6(1,1)
; AT TT (R - 1) +
Re (o T) o 7 .

tm;ﬂ51]& ;%‘&J;TJ éf@l*“u )+mdg-o

-;{ (19)

B B Lk N ';‘ ‘ Nu (&f :

FOR I ST Y, o
T [.rH‘ { Ry @ } W e T

. [exp ( "5l Fr -(ReTgé;?T' dg)}‘. T (eo)

B .ef‘(g_'.;r) = {Bf (-'g’o) .11_-.{; @ ('r.') sin ('n‘ﬁ) e

8 (E,7*) M (&,1)] exp ( fg' Mu (&,r'j) d'r") ,d'r". (21).

[exp ( - [T (g,1t) d'rj]
. O - . ’



4 S |  © UCRL-17043

where the momentum equation has been integrated arcund the entire loop
and Egs. (18) and (20) integrated on O < € < 1. A relation between the
Nusselt Number and the Reynolds Number is now needed; the Dittus-

Boelter relation was chosen for this:

Moo= 0,025 ReO8 B0t o (22)

Forced convection relations for the friction factor and Nuseelt Nunmber - {.%
should adequately descrlbe the process 31nce most of the buoyant force ‘ B j
should be developed in the stack reglon above the core and hence the " | - B
core should sense largely a forced convection process. |
The set of Lgs (18-82) were solved numerically using an iterative:
technique described in Ref. 10. Briefly, this consists, of putting an
approximate solution into Egs. (18;21), thus generating an improved -  ‘ .
approximation. This waé continued until the mdwimum difference befween'

successive iterations became smaller than a prescribed convergence

‘criteria. The input parameters were based on those used in the design of

the LOFT ReaCtorgl) since this reactor is intended to be parametrically

'typical of contemporary power reactors. The values used are shown in

Table I.

III. RESULTS

The equations were solved for three mldplane operatlng power densi- "

vties. 61 98 and lh? cal/cm -sec. - A full cosine axial dlstribution was R
.assumed, and w1th the constant radial power density assumption, the

operating power can be obtained from the midplane density by the equation'

Power = (B/ﬂ) Q A L. The equivalent power levels are 31, 51, and 76 M,
 respectively. | ' v '

The results are shown in Figs. 2~7. The maximum axial fuel tem=

Ve
1

.«
o
!
L
!

I8
t
V'
!

"

perature as & function of time is shown in Fig. 2. This axial maximum
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TABLE I

‘ Pérametefs Used in the Solution

UCRL-17ou5’

- Core

Height, T (em)
Hydraulic radius, r-(cm)

" Heated hydraulic radius, ry (cm)

';_Equivalent length of exterhal'piping;b?
Fuel .

“Spec1fic heat,

Cross-sectional area for coolant Ap(cm )

Afv<cm )

Cross-sectional area of fuel,’

eq(c-m)

Height of core plus stack reglon, L? (cm)

Denslty, pf(gm/c
kf (cal/seb—cm- C)
Initial fuel temperature, Tf (1ndependent of §)( C)

Thermal conduct1v1ty,

: Steam Coolant (at 1nlet)

‘Pressure (psia)

- Temperature, T7 (°C)
.Density, Py (gm/cm;)

Viscosity, n (poise)

Thermal conductivity, ki (cal/sec-cm=’ C)
Specific heat, Cp, (Qal/gm-.C)

Prandtl Number, Pr- '

" Viscosity exponent, £

. e

91
0.48
0.L96
5130
2150
400

182

9.5
. 0.115

0.0242

260 N

35

127
0.00135
0.000138
6.8 « 107

0.52

0 98
3. 1u . 107

These values are based on a homogenized mixture of fuel and cladding.

The equivalent length was caleulated from the flow condltions at

(10)
steady-state operatlon. -

(3 10)



neither the cladding nor fuel will melt. At 98vbal/cm3;sec, the time to-”
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t

Vas-locatéd near the midplane position (& = 0,5) during the early part

"of‘the.transient and, as time progressed, moved downstream to & = 0.65,

The figure is a plot of this maximum température versus ?ime independent
of its positioh, It éan be seen that the temperature passes through a
temporai maximum and then decreases as a consequence of the‘decaying
heat generatidh rate; at the maximum, all heat generated is being
removed by natural convection. The radial temperature drop in a fuel
element. was calculated separately at the maximum temperature attained in

Fig. 2 and was less than 25°C und‘hence insignificant. A comparison of

,these curves with the adlabatlc case during the early pazt of the trans-

"ient is shown in F;g. 3. It can be seen that the transient behaves very

much like an adiabatic one for very short times while departing conside
erably from the_adiabatic-case for large times, If cladding end fuel

melting temperatures of 1400 and 2800°C are assumed, then,at! 61 cal/cmB-sec

e

reach the meltlng point of the cladding has been extended fram the adlabatic

value of 400 sec to 600 sec; the fuel melting point is not reached, At

lh? cal/cm ~sec, natural convection delays.the onset of clad melting by
.50 sec and fuel meltlng by 500 sec. In Fig. L the locus of the maxima

- from Flg. 2 are plotted giving the maximum fuel temperature (in time and

position) as & function of operating power denslty. The power dcn ity

© &t which the élgddinglmelts is 70 cal/cmi-SGc or 36 Mw. If one presumes

that the fuel maintains its integrity after the cladding has melted, the

melting point of the fuel is attained for power densities of 126'cél/cm5

‘=sec or 65 Mw. . A plot of the time to clad and fuel melting versus

operating power density is shown in Fig. 5,'with the adiabatic case shown

for comparison., This figure shows that the effect of natural convection
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l coolingfdecreases'with an increase in the poﬁervdensityvénd inéreéses
. with an incréaselin'the materiél melting poiﬂt.. There wWas sane uncer=
talnty in drawing the steam :cooling curves due to the 11m1bed number -of
pOlntS and the approach to a vert;cul asymptouc, uhub thL point at which
melting d4id not oécur is noted. Figure 6 shows the Beynolds Number as a
function of time at the core inlet and exit. The Reynolds Number is:
slightly below the critical value of 2000. for smootﬁ tubes at the inlet
and sign;ficéntly below'it at thevéxit.. This would at first seem to
indicate the existence 6f;1ahinar flow. Howevér; the LOFT Reactor core
deparfs éignificdnﬁly from a circuiar duct and has a flow distribution
_platé at the entrance which gives rise to an abrupt entrahce effect.
Investlgatlons of abrupt entrances with decidedly non-circular ducts,
~in particular the work of Eckert and Irvxnecgb}g;)have shown the dew-
parture from the“lamlnar reglme to occur at Reynolds Numbers as low as
A " 1'1000 with the turbulent regime fully establlshe& at 1800. Thus for a
'configuration'such ds a ZOFT Reacfor core, the flow is probably turbulent
ét the ehfrénce;‘ The core 1is appréximately L8 hydraulic:diamétérs loﬁg‘
and has several spaéei grids across the cére perpendicular-fo therfiow |
"directibn;' fhus'if'tﬁrbulent flow‘exists at the inlet “the Calmihg
length probably exceeds the core length and turbulent flow should per--:
sist throughout the core.
An estlmatlon of the magnltude of the change whlch would take place
"_if laminar flow were to exist in’ all or part ofvthe‘corevcan-be made byv
 Eéssuming‘avlamiharxcorfélation‘fdrvthévffiction factor and Nﬁssélﬁ Number;

- As an approximation, it Was. assumed the core could be represented by a

c1rcular pipe and the local Nusselt Number to be given by the asymptotlc’

value of the constant wall heat flux case, i.e., 4.364, The results for

[N
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power density of 147 cai/cma-sec, the maximum previously considered,
are shown in Fig. 7; wmere there 1is little differenpe in the fuel tem-
pératures and the laminar Reynolds Number at the entrance quickly rises
to a value higher than the corresponding turbulent case and above ﬁhe
critical value for smooth tubes. Thus after an initial acceleration

period, the flow should be turbulent and the fact that laminar flow

" . existed during this initial period should have little effuct on Lho

resultlng fuel temperature for the. cases considered. Also, thls cala-
~ culation 1nd1cates that 1f laminar flow were to exist near the core
exit, the ‘effect upon the resulting fuel temperatures should be negligible

in these éases. ‘ “ | |

A calculation was also‘made to evaluate the effect of the external |
 piping. If a double break is considered, the external piping w1ll not
enter 1nto “the c1rcu1t The results for this case are shown in Flg. 8
for a power density of lh7 cal/émB;sec. The ﬁeynolds Numbers are con-ljl
siderably higher and the fﬁe1 temperatures comsiderably lower; the fueél
| meached'2500°C versus §800°C;preViously.“ The fuel temperature fransient-
: 'w1th external p1p¢ng from Fig. 2 is shown for comparlson in Fig.v8

The terms dropped 1n assuming the quasm-statlc form of the conser-
.vatlon equations were evaluated and with one excepclon found to be lessv
'than ome_percént of the té:ms retained for timeslgreater than 25 seconds.

The exception was that the axial conduction heat flux amounted to 5% of

the wall heat flux.

- IV. CONCIUSIONS
The calculations presented here were not intended to apply quanti-
- tatively to a particular reactor, but to demohstrate that'natural cone

vection is an important mechanism of heat removal in loss-of -~coclant
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anaiyses for reactors:ef the LOFT type. Buayancy driven convective
coolihg breveﬂts meitiné of the cladding for operatiﬁg power levels
'_less than about 70% of rated power (50 My for the LOFT). The compu -
":<‘tation is'cosservatiVe iﬁ thaf heat‘removal‘by radiation and conduc-
tion have been neglecfed; it is optimistic in that the’steam;metel reae—
tion has been neglected the power density was assumed 1ndependent of
radlal pos1t10n, and the core and external plplng were considered liquid-
free at the beglnnlpg of‘the trans1ent.

The analysis Was based upon turbulent pipe flow formulas for‘fric-
tlonal losses and heat transfer."This assumptioh appears to be adequate,
since the computed Reynold's Numbers at the core inlet were between
1800 and 2000 for most of ‘the tran31ent and the complex geometry of thed
' core structure probablj inhibits the transition to laminar flow; In
addifion, a caieulatioﬂ based upon 1amiﬁar flod friction and heat
_transfer ﬁroduced little changevih the time—temperature.history of . the
fuel, | | | |

A'cdlculafion neglectihg the frictional resistance of the external
plpmng (whlch represents a simultaneous rupture of the plplng to and
, from the pressure vessel) 1nd1cated that the maximum fuel temperature
attalned in the transient is considerably reduced; at a pre-shutdown
power of 76 Mw the fuel reached 3800° c (hypothetlcally) with the ex-

* ternal piping in the circuit; and 2500°C without it. This suggests that
. it might be beneficial to’deVise.a method which would open both the inlet
“and outlet piping cpnhections to,thevpressure vessel in the event of a
o rdpture anywhere in the loop. Such a method would slmultdneousLy insure
~ complete removal of llquld frOm the core and max1mlze the effectlveness
of natural convection cooling of the core by steam from the containment

vessel.
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NOMENCIATURE
. . 2
Cross-sectional area of fuel and cladding (cm”)
. . 2 '
Cross-sectional area of coolant (cm™)

Specific heat (cal/gm~"C)

 Internal energy per unit mass (cal/gm)

Friction factor
. 2
Acceleration of gravity (cm/sec”)

Mass flow rate (gm/cme—sec)

‘Enthalpy per unitvmass (cal/gm)

Thermal conduct1v1ty (cal/sec-cm-"C)
Coefficient in the frlctlon factor relatlon
Exponent in the viscoslty~temperature relatloe
Core‘height (cm) E

Heighﬁ ef core plﬁs_stack region aboﬁe i£
Equivalent length of the external piﬁing

Exponent in the friction factor relation

Pressure (psia)
FSurface hea t flux (cal/cm -sec)
'Heat generation rate per unit volume at core midplane (cal/cm -sec)' -

‘Hydreulic radius AF/PW where P is the wetted perimeter (cm)

i s the heated perimeter (cm)

Ratio of Lt to L

~ Time (sec)

Temperature, absolute unless stated otherwmse ( K)

" Veloeity of coolant (cm/sec)

Distance from core inlet (cm)
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Dimensionless Numbers

Ma  Nusselt Number, 4 Xy h/k
P Dimensionless Pressure, p/pigL 4

Pr  Prandtl number, ke /k |

1 1
Tty

Q. Dlmensionless midplane heat generatlon ratc, ( Q '
iy Ty (Ap/Rg 7) _ o
Re Reynolds number, 4 ry G/u . o o Ly

c Dlmen31onless constant, 16 rH pl2 g L/ul _ - o ?ﬁ,.f

'Greek Letters . R . - - S o ;3 

o

Ratio of L Lto L
4 Dlmensionless length measured from core entrance, x/L - - ' P
6 Dimen31nnless temperature, T/T : A o R - . | P
m | Viscosity (poise) K |

o Density (gm/cm:) i

ky (Ap/Ag)
- Tyrh (pcp)f

| T Dimensionless time, (h ) t._

. Subscripts

1  Inlet to core }
e %
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Pressure vessel |
Cold gas in

r = SR

B . External piping -
I ) ' : : "eq |

Core

MU-36724

"Fig. 1 Nuclear reactbr configuration to which the conservation

_equations were applied.
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Fig; 2 Spatial maximum fuel  temperature during the natural

convection steam cooling temperature transient.



L5

temperature {°C)

Fuel

-18-

. UCRL-17043

T T T T T T T
3000
2000}
1000
~—— Steam cooling
=« Adiabatic
.o ! ! ] ] | !
O 400 800 1200 1600 2000
Co Time  (sec)

MU.36728

Fig. 3 Comparison of natural convection steam cooling and adiabatic

temperature transients; the fuel temperature is the‘spatial.

- maximum.
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Fig; 4  Maximum fuel temperature (spatial and temporal maximum)

during the transient vs power density.
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Fig. 5 Time to fuel and clad meltlng vs operating power den51ty.
Curve & melting polnt not attalned at 61 cal/cm -sec.

' Curve b melting point not attained at 938 cal/cm -sec.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed cr
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



