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Abstract - In this paper, a theoretical model is used to analyse the natural circulation phenomena relevant to small breaks for PWRs.
The model utilizes the one-dimensional approach and the quasi-steady hypothesis and solves analytically the loop momentum balance
together with the conservation of mass and energy, and develops expressions for the core flow rate, core inlet and outlet temperature, and
core temperature difference as a function of primary pressure. The model should be capable of analysing the combined single and two-
phase mode of natural circulation during a small break LOCA without High Pressure Emergency Core Cooling (ECC) Injection. Also,
the model is used to investigate the effect of core power on the analytical solution. The results of this paper are compared with a previous
experimental result and show a reasonable agreement.
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1. Introduction

In PWRs, natural circulation is considered as an essential mechanism to reject the decay heat of the reactor core during
a loss of coolant accident. Accidents can occur in a number of ways, i.e., pump seal failure, steam generator tube failure, or
safety valves sticking open, and instrument-tube failure, in addition to simple pipe breaks or leaks. It is noted that any new
nuclear power plant must run a natural circulation test as one of the requirements for an operating license. In the natural
circulation in PWRs, the primary coolant flows by a gravitational driving force in a closed primary loop. The gravitational
driving force is resulted from the coolant density differences in the primary loop, where the density is low in the reactor core
(heating source) and high in the steam generators (heat sink). To create the gravitational driving force, the heat source must
be below the heat sink. There are four modes of NC in PWRs, which are; single-phase, combined single and two-phase, two-
phase, and reflux condensation. In this paper, combined single and two-phase flow of NC is investigated.

Natural circulation has been studied by many researches. Zvirin presented a survey on the theoretical and experimental
work on single-phase natural circulation loops (thermosyphon). It included modelling methods to describe steady-state flows,
transients and stability characteristics of the various loops [1]. Ward and Shimeck and Johnsen showed that the physics of
natural circulation process is a manometric momentum balance between the hydrostatic head in the down-comer driving the
core inlet flow, and the pressure losses incurred in venting the resulting two-phase flow from the core outlet to the heat
exchanger [2, 3]. Fernandez has studied some natural circulation loops that involve two-phase flows (e. g., thermosyphon
reboilers and natural circulation reflux boiling in LWR loops) [4]. Abdulrahman has modelled analytically the steady-state
heat transfer behaviour of a fluid flowing through a packed bed and determined the temperature distributions and heat transfer
rates [5, 6].

In this paper, a theoretical analysis is developed to investigate the NC for combined single and two-phase flow in a PWR
during a small break LOCA. Starting from a single-phase natural circulation condition at blow-down initiation, the down-
comer flow remains at about the initial value. As more coolant leaving the system via the break, combined single and two-
phase natural circulation is induced. During this mode of NC, saturated conditions and bubble formation throughout the core
and hot leg are produced, while sub-cooled water is produced throughout the down-comer and the entrance of the core.
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2. Steady State One-Dimensional Natural Circulation Flow
For a flow in a one-dimensional positive s-direction, the steady state equations of continuity, momentum, and energy
are respectively [7];

du udp
—=——— ®

ds p ds

du dP

—_ _F — 2
pu— dfih F, dpg cos(6) (2)

q
Au— = —— 3
p uds ds )

where u is the flow velocity, p is the fluid density, P is the primary pressure, g is the gravitational acceleration, A is the
cross sectional area of the flow channel, h is the specific enthalpy, and q is the heat added to (or rejected from) the coolant.

In terms of the mass flow rate W, the flow velocity u can be expressed as; u = pmA, where p is the fluid density and A is the

flow cross sectional area. For turbulent flow in a circular tube of diameter D, the viscous force per unit volume is; F; =

1 2
M, where the friction factor f is given by [8]; f = 9% gy bstitute Eq. (1) into Eq. (2) with using the definitions of

(Re)°-2'
u and F; and integrate around the loop, the momentum equation will be;

1
A?%(s) ds 5= s pA?(s)D(s) s P cos s
where v is the fluid specific volume and P is the primary pressure. The pressure term of Eq. (4) will vanish. For strongly
turbulent flow, it can be assumed that the friction coefficient is constant and equal to f for a given primary pressure. Noting

that A and D are given by their average values over the loop and that dz = ds cos(0), Eq. (4) becomes;
2@HW? [ as
g 36 pdz=222"_ (5)
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Fig. 1: One-dimensional loop.
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From Fig. 1;
Ly 0 —Lg 0 Ly Ly
3€pdz=f pldz+fp1dz+f Pzdz+f pzdz=f ,01dz_f p2dz = (p1 — p2)L, (6)
0 Ly 0 —Lgq 0 0

Also, from Fig. 1;

yg%=ygvds=ﬁLt (7

where p; and p, are the fluid densities of the system up-flow and down-flow sides respectively, p; and p, are the average
values of the fluid densities p; and p, respectively, ¥ is the average value of the fluid specific volume, L,, and L, are the
heights of the PWR and downcomer systems respectively, and L, is the total circulation length. Substitute Egs. (6) and (7)
into Eq. (5) and rearranging, to get;

S(4af)w? ®)

(9)

2 gL, D p3A?
4 foly
friction coefficient and the density corresponding to the conditions at the beginning of NC. The value of p, is obtained

from volume averaging of densities over the up-flow side of the PWR system elements. The energy Eqg. (3) can be written
separately for each component of the loop. The term (— %) in Eq. (3) is equal to (—UnDsn(T — T, )) for the heat sink and

zero for the (insulated) pipes. For the heated section, it depends upon the input power distribution. It is well known that the
power distribution in a typical PWR core is far from being uniform. In this paper, to simplify derivations, uniform input

power distribution is taken into consideration. For a uniformly distributed input power, the term (— %) is equal to % for the
c

where; W2 = which has the dimensions of flow rate and £, and p, are respectively the overall system average

heated section, where @, is the heat input power, and L. is the length of flow channel in the core.

2.1. Combined Single and Two-Phase Loop Flow

Consider the loop to contain both single and two-phase flow, with unequal densities p; and p,, on the hot and cold sides,
respectively (Fig. 2). For the combined single and two-phase loop flow, the energy equation for single-phase regions can be
written as;

(10a)
(10b)
(10c)
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dT Q,/L. (Non Boiling height of heat source)

cw e —U, t Dyn(T, — Ts,.) (Non Boiling length of steam generator)
0 (Cold leg pipe)
and for two-phase regions can be written as;
dh B Qo/L. (Boiling height of heat source) (11a)
W% =4{— U, 1 D;n(Tgqr — Tsee) (Boiling length of steam generator ) (11b)
0 (hot leg pipe) (11c)

by _hTi , h is the specific enthalpy, U; and U, are the
sat—1i

overall heat transfer coefficient for single and two-phase respectively, D, is the tube diameter of the steam generator, n is
the number of tubes in the steam generator, T is the temperature of the steam generator, T,; is the saturated temperature,

and Ty, is the temperature of the secondary side of the steam generator.

7
%
.

where; C is the specific heat capacity that can be found from; € =

Single-phase
liquid N
Tow-phase

/ coolant

w

Fig. 2: Combined single and two-phase loop.

The solution of Eq. (10c) yields uniform temperature in the cold leg pipe, which implies that the steam generator outlet
and core inlet temperatures are at cold leg temperature T;. The solution of Eq. (11c) yields uniform enthalpy and hence
quality in the hot leg pipe, which implies, that the outlet core and inlet steam generator qualities are at x,. The exact solution
of Eq. (10a) for a uniformly distributed input power is a linear temperature profile in the non-boiling height of the core T,;

Qo

T, = Ti+mL—c 0<z<L, (12)

The solution of Eq. (10b) is a temperature distribution of the non-boiling length of the primary side of the steam generator
Ts;

UthDsn

Ts = Tsec + (Tsat - Tsec) e W (z-LstLs) (Ls - L{s) <z< Ls (13)
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where U, is the average overall heat transfer coefficient of the up-flow side, and z, is measured from the bottom of the
primary side of the hot leg of the steam generator. The solution of Eq. (11a) yields the quality distribution of the boiling

height of the core. Utilizing the definition of the specific enthalpy, h = hf + xhs, in Eq. (11a) and integrating, yields;

_ Qo Z_LIC
Whey L

X¢ (L, <z<L.) (14)

where h¢ is the saturated liquid specific enthalpy and hy, is the latent heat of vaporization. Setting z = L in the above
equation, yields the quality at the upper plenum, x,;

— Qo Lc - Llc — Qo
W hsg L W hsg
The solution of Eq. (11b) yields the quality distribution along the boiling length of the steam generator;

Xo (1-1Lp) (15)

X, = x, — UzﬂDslT/lV(’I;lsfa;_Tsec)Z (0 <z< Ls _ L;) (16)

The temperature and quality profiles described by Egs. (12) through (16) are used to obtain the density distribution for
each elemnet of a PWR loop. For incompressible single-phase flow, it will be assumed that the Boussinesq approximations
for density are valid. Thus; p = p;[1 — B(T — T;)]. This equation might be regarded as a Taylor-mode equation of state and
can be written as; p = a + bT. The constants a and b can be calculated from; a = p;(1 + BT;) and b = —p; 8, where p; and

- L . d
B are evaluated at some reference temperature T;, and 3, the coefficient of volume expansion, is defined by; f = %(a—;’) .
P

The average density for each element can be derived as follows:
For the core: Pec = Pcig T Pc2g 17)

where; p.14 and p.,q are the average core densities for single-phase and two-phase respectively.

Le dz
Perp = f"pL;i@ =L [a + BT, + ZbCQI(/)V L*;] (18)
LC
Bro = fyc Pc2p dz _ W hg, In [Uf + vgg xol (19)
L, vfngo vf
For the hot leg and upper plenum: Py = W (20)
For the steam generator: Ps = Ps2¢p + Ps1¢ (21)

where; vr is the saturated liquid specific volume, pg,4 and ps, 4 are the average steam generator densities for two-phase and
single-phase respectively.
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Ls—Lg [ ]
Berg = f() Ps2¢ dz — _ 2w hfg lni i)f + Urg %o | (22)
s2¢ & Urg UZT[Dsn(Tsat - Tsec)Ls Ve + Vro X — Urg UZT[Dsn(Tsat — Tsec)(Ls — Lls)
2 [’ ¥ Urg %o W hsg
[ psag dz b(Tsqr — Toee)C W | ( _Tumden L
Ll Fs - mOsN .y Lg
Prag = = = (L5 = D a4 b Ty - oW D 1)
3 Uy mDsn(Ly — =)
_ _ﬁlnDsn(L, _ﬁ)
p2=a+ b [Tsec + (Tsat - Tsec)e cw * 2 ] (24)

where p, is the average density of the down-flow side. The term 7, in Eqg. (9), can be obtained from volume averaging over
the PWR system elements.

fL'C dz L dz

_ _ _ 0 Pc1g Le Pc2¢ N 1 N (25)
U = Ugyp + Uz = I =1-1L}) [vf + Evfgxo] + Lo,
c
Uy = Vr + Vrg X, (26)
L—L: dz Lg/2 dz
——+ [
_ _ _ fo Ps2¢ fLS_LSﬂsld)
Us = USZ¢ + Usld) - LS/Z
. Vrg UpytDn(Tsqr — T. ) .
=2(1-Ly) Vr + UrgXo — Lo Z;Vhfsga = (Ls — Ls)] + Lsvy (27)
ﬁz = Vq. (28)

where, U., U, U,, and u; are the specific volumes of the core, steam generator, down-flow, and up-flow side respectively.
The relations (25) through (28) can now be used to calculate © and also the mass flow rate (Eq. (9)) after evaluating p; and
p- The inlet temperature of the core, T;, is obtained from Eq. (13) by setting z = Lg/2, thus;

UynDgn Lg

T; = Tsec + (Tsat - Tsec)e_ cw (L,S_z (29)

The outlet temperature of the core (T,) is equal to the saturation temperature at the primary loop pressure (T, ). Hence
the temperature difference of the core will be;

U;nDsns,, L
ATeore =T, —T; = (Tsat - Tsec)(l —e 1CWS (LS 25)) (30)

In order to evaluate correctly the driving head in a natural circulation reactor, it is necessary to calculate the non-boiling
heights in the channels of the core and steam generator and the average overall heat transfer coefficient of single and two-
phase flow in the channels of steam generator. The non-boiling height of the core L, is defined as the height where the
coolant becomes saturated. The remainder of the channel is that in which boiling takes place and is called the boiling height,
L. — L. Some sub-cooled boiling occur in L;. but will have a little effect on density. The ratio, L|. /L., can be evaluated from

the ratio of sensible heat (q,) added to total heat (Q,) added in the channel [9].
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W (hs — h; L,
4 _Wly —h) _Le_ . (31)
@ Q@ L

Similarly, for the primary side of the steam generator, the non-boiling length is L§, and the boiling length is Lg — L. LY,
can be evaluated by setting x; = 0 at z = Ly — Ly, thus;

Xo w hfg

L'.=L,—=
* ° Uansn(Tsat - Tsec)

(32)

2.2. Overall Heat Transfer Coefficient
The overall heat transfer coefficient for the radial flow of heat across a circular tube based on the internal tube surface
is [9];

L At A (33)
Hi AmwKw AoHo

SIS

l

where, H; and H, are the heat transfer coefficient inside and outside the tube respectively , A; and A, are the internal and
external tube surface areas respectively, 4,,,, is the mean wall area for heat transfer, t,, is the wall thickness, and K,,, is the
thermal conductivity of the tube wall. The heat transfer resistance by conduction can be neglected because of small thickness
of steam generator tubes. For single- and two-phase flow in the steam generator, convective heat transfer on the inside of the
tubes and nucleate boiling on the secondary side of the tubes will occur [10]. The heat transfer coefficients in the primary
side of steam generator H;, have been taken, from forced flow correlations. From the above considerations, the average
overall heat transfer coefficient for single-phase flow, U1¢, and two-phase flow, l_]2¢, can be written as;

by = —— + 0 (34)
Y 7 Hig  AcHorg
Oy = —— 4 — (35)
2® " Hipy  AoHozg

where; H;, 4 is the forced convection heat transfere coefficient, for single-phase, on the primary side of steam generator,
which can be evaluated from the following correlation [8]:

k
Hi1p = 0.023 Re®8pr03 - (36)

e

and; H;,4 is the heat transfer coefficient for two-phase in the primary side of steam generator for bubble flow, which can be
taken from the following correlation [11]:

k
Hil(l) = 0.023 ReO'BPr°'3 d—, (37)

e
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where Re is the Reynolds number, Pr is the Prandtle number, k is the fluid thermal conductivity, and d,, is the equivalent
diameter of flow channel. H,; 4 and H,, are the heat transfer coefficients for nucleate boiling of the secondary side of steam
generator, which can be taken from the following correlations [11]:

Hp1p = 2.5551 x 107306446133 Psec(T 1y — T ), (38)

Hypg = 2.5551 X 107306446133 sec (T, — T, )3 (39)

where P, is the pressure in the secondary side of steam generator in MPa, T is the temperature in °C and Ho is the heat

transfer coefficient in mi—“f)c To evaluate the two phase Reynolds number, two phase dynamic viscosity, p,g, must be

determined from the following equation:
1 E N 1—x

Hap Ky My

(40)

where; X, is the average quality of stream generator which is equal to xz—" (for the combined single and two phase flow) and
% (for the two phase flow), and 11, and pf are the dynamic viscosities of saturated vapor and saturated liquid respectively.

3. Results

In this paper, in order to obtain the results of the NC parameters, iterations are used. The values of p, and f, for every
reactor power Qo, can be determined when the primary pressure is at its initial value (P,=11.2 MPa) (see Table 1). The results
of this paper are compared with the experimental data from the Semiscale Mod-2A system for three different powers (30, 60
and 100 KW) [10]. The date required for the calculations in this paper that concern the Semiscale Mod-2A system are shown
in Table 2 [10, 12, 13]. Figures 3 to 6 show the calculated parameters of the natural circulation as a function of the primary
pressure as well as the comparisons of these data with the experimental results of Semiscale Mod-2A system.

Table 1: Values of p, and £, as a function of core power.

Qo (KW) 30 60 100
Po 743.2258 734.6119 730.6987

f, 4847 x107° | 4614 x107° | 4462 x107°

Table 2: Summary of the design and operating data for the Semiscale model.

Parameter Data Parameter Data |Parameter] Data
Ai 3.05x 10 "*m? Ls 20 m Psec 6 MPa
Ao 3.87x10 "*m? Ve 0.06 Tsec 275.64 °C
Ds 0.0222 m Vy 0.18 T Thulk
tw 0.00124 m Vs 0.22 p1 Pbulk
n 6 Vel 0.29 w 1.35 Kg/sec|
Lc 3.66 m full core power (scaled)2 MW,|
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A Qo=30 kW Experimental
O Qo=60 kW Experimental
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Fig. 3: Comparison of theory with Semiscale PWR data of Mass flow rate versus Primary pressure for different core powers.
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O Qo=60 kW Experimental
O Qo=100 kW Experimental
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Fig. 4: Comparison of theory with Semiscale PWR data of Core inlet temperature versus Primary pressure for different core powers.
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——Q0=100 kW Theoretical
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Fig. 5: Comparison of theory with Semiscale PWR data of Core outlet temperature versus Primary pressure for different core powers.
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Fig. 6: Comparison of theory with Semiscale PWR data of Core temperature difference versus Primary pressure for different core
powers.

Natural circulation starts at an initial primary pressure of 11.2 MPa where only single-phase flow exists. As the draining
is progressed in the primary loop of the PWR, the fluid level in the upper plenum will continue to fall down until it reaches

the hot leg whereby, combined single and two-phase flow in the natural circulation will commence, and 0.5 < L: <1.From

Figs. 3 to 6, it can be noted that the occurrence of combined single and two-phase natural circulation, takes place over a
broad band of system pressures. In Fig. 3, the mass flow rate is observed to increase gradually as the primary pressure
continue to fall until the maximum value is eventually reached. This increase in the mass flow rate is attributed to the sharp
decrease of the two-phase fluid density in the core, hot leg, and up-flow side of the steam generator with no corresponding
decrease in the single-phase density of the down-flow side of the steam generator and exit piping. Figure 4 shows the core
inlet temperature as a function of primary pressure. In this figure, initially the cold leg temperature is seen to be insensitive
to reduction in primary pressure, but finally it increases until it reaches the saturation temperature at the maximum mass flow
rate. This is due to the fact that the overall heat transfer coefficient is sufficient to condense all of the voids entering the
steam generator within its up-flow side. Therefore, the fluid temperature and density in the down-flow side of the tubes
remain nearly constant, while the average density of the up-flow side of the steam generator decreases, as the pressure is
decreased. Hence the overall driving head will increase with decreasing pressure causing an increase in the mass flow rate.

Figure 5 shows the core outlet temperature (hot leg temperature) as a function of a primary pressure. It can be seen that
the hot leg temperature is maintained at saturation, so that it decreases as the primary pressure is decreased. In Fig. 6, the
core differential temperature is seen to decrease gradually with decreasing primary pressure and this is due to a combination
of decreasing hot leg temperature and increasing mass flow rate. Figures 3 to 7 also show the effect of the reactor power on
the NC parameters. In general, it can be seen that the overall trends for the three power levels are similar. The primary
pressure, at the starting of the combined single and two-phase NC, is greater the higher the core power, while at the ending
point is approximately the same. In Fig.3, the loop mass flow rate is observed to increase with increasing core power. This
behaviour can be explained as due to the increase in the overall density gradient between the hot and cold sides of the systems,
resulting in higher loop mass flow rates. Figures 4 to 6 reveal that the cold and hot leg temperatures as well as the core
temperature difference are practically independent of core power.

It is noted that the present theory is capable in predicting the correct trend over the whole range of primary pressure for
combined single and two-phase flow NC and show reasonable agreement with the experimental results. Table 3 shows the
maximum error between the experimental and theoretical results of NC parameters. The discrepancies in the results can be
attributed to different reasons. The first one is the uncertainties in experimental data, which were estimated [12] as +0.033
Kg/s for mass flow rate, £5°C for core temperature difference, and = 0.4 MPa for secondary pressure. The second reason
is the model approximations. The one-dimensional model used is inadequate, under certain operating conditions and in
regions where abrupt changes in flow area occurs, to describe the three-dimensional nature of the flow. Another reason is
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the usage of forced flow correlations for heat transfer coefficient and friction factor in NC flow and neglecting the effect of
form losses in the various components in the loop.

Table 3: Maximum absolute errors between experimental and theoretical results for the NC parameters versus the primary pressure for
different power values.

Max. error (%)

Power (KW) | W Ti | To | ATcore
30 11.31]0.75]8.15 7
60 26.17 | 0.73 | 2.72 | 20.25
100 495 1 043]2.62| 253

4. Conclusion

In this paper, one dimensional continuity, momentum and energy equations are solved to find the parameters of the NC
flow versus the primary pressure in a PWR plant. It is found that the NC in a PWR can play an important role in rejecting
the core decay heat to the secondary side of the steam generator over a wide range of a primary coolant pressure, and a core
decay power range of 1.5 to 5% of full power. Also, it is found that as the primary pressure decreases, the core differential
temperature decreases while the loop mass flow rate increases. This paper demonstrated that the combined single and two-
phase NC flow rate in PWRs are strongly dependent on primary loop pressure, and weakly dependent on power level.
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