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LECTURE OBJECTIVES

The objective of this lecture is to impart to the participants an adequate knowledge of various
phenomena encountered in the natural circulation systems of a nuclear reactor. All the components of
the primary system of a nuclear reactor are described and phenomena occurring in each of them are
explained. A comprehensive coverage of related thermohydraulic relationships is provided which will
enable the participants to carryout the process design of a natural circulation system.

1. INTRODUCTION

In nuclear reactors, natural circulation is increasingly being used for passive heat removal from core
under both accidental and normal operating conditions. Natural circulation in a closed loop is
established by locating the heat sink at an elevation higher than the heat source. The circulating fluid
removes heat from source and transports it to the sink. The flow can be single phase or two phase
wherein vapor flows alongside the liquid. These loops are widely used in energy conversion systems.
A rectangular closed loop is shown in Figurel. Important phenomena and parameters relevant to the
natural circulation loop are discussed below.
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FIG. 1. A rectangular closed natural circulation loop.

1.1. Natural circulation flow rate

Natural circulation flow rate in the loop, under steady state condition is determined from the balance
between the driving and the resisting forces. Driving force results from density difference between hot
leg and cold leg of the loop. The resisting force is due to pressure losses in the system. The balance of
forces can be expressed as:



AP, = AP, + AP, + AP, (1)
where AP4 = gq pdz ()

The above expression indicates that the parameters of interest to determine flow rate are:

a) Single phase and two phase density
b) Single and two phase pressure loss components

It may be noted that since the driving force in a natural circulation loop is small, it is
necessary to minimize and determine very accurately the pressure loss components.

1.2. Heat transfer in source

Figure 2 shows a simple configuration of a cylindrical fuel rod concentrically located inside a circular
channel, heat being removed from the rod by coolant flowing through the annulus. Resistance to heat
transfer from rod to coolant is mainly restricted to a thin layer of fluid adjacent to rod surface
commonly called as film.
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FIG. 2. Radial temperature distribution in fuel and coolant.

Heat transfer from rod to coolant is governed by the Newton’s Law:
q=h(Ty- Ty (3)

This expression underscores the importance of the film heat transfer coefficient, h, in determining
the fuel surface temperature and in turn the fuel center temperature.

The maximum heat flux achievable in fuel is mainly limited by Critical Heat Flux (CHF). It is
characterized by sudden rise in surface temperature at this flux level. At CHF, one of the following
two phenomena is encountered:

a) Departure from Nucleate Boiling (DNB)
b)  Dryout



1.3. Heat transfer in sink

In Pressurized Water Reactor (PWR) and Pressurized Heavy Water Reactor (PHWR), primary coolant
that removes heat from fuel, transports it to steam generator. In steam generator, primary coolant
transfers heat to secondary fluid, which starts boiling. Thus in the primary side of steam generator
coolant temperature reduces without phase change whereas in the secondary side phase change takes
place. Steam produced in the secondary side is ultimately condensed in the condenser. Fig. 3 depicts a
simplified sketch of a steam generator.

In Boiling Water Reactor (BWR), primary coolant itself boils in the core and the steam, after passing
through turbine, is led to condenser where condensation of steam takes place. A simplified sketch of a
condenser is shown in Fig. 4.In new generation of reactors, a large water pool is being used as heat
sink for core decay heat as well as heat released into containment (Fig. 5). Thermal stratification in
the pool is an important phenomenon which influences heat transfer to the pool to a great extent.
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Figure 6 depicts a block diagram of all the important phenomena / parameters related to natural
circulation discussed so far. These parameters are further discussed in more details in the following
sections. A number of correlations given in the following sections are derived based on experimental
data generated with forced circulation. Though in most of the cases these correlations can be used for
natural circulation, applicability of these correlations for natural circulation should be judiciously
checked when secondary flows are present like natural circulation through large diameter pipe at low
Reynolds number.
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FIG. 6. Important phenomena/ parameters relevant to natural circulation in closed loop.

2. NATURAL CIRCULATION FLOW RATE
2.1. Density

For single phase flow, the density of fluid can be predicted reasonably well with established
relationships for thermophysical properties of fluid [1]. For two phase flow the density of two phase
mixture at any cross section in the flow path is given by the following equation:

p=ap;+1-a)p, “4)

The above expression indicates that for two phase flow, it is necessary to predict void fraction
accurately to determine density.

2.1.1. Void fraction

Figure 7a depicts upward two phase flow through a vertical channel. Figure 7b shows the flow pattern
based on the assumption that the two phases are artificially segregated. Quality (x) at any cross section
can be defined as

Mass flow rate of vapor

~ Mass flow rate of vapor + Mass flow rate of liquid

Void fraction at any cross section is defined as



Cross section area occupied by vapor

Total channel cross section area
In general, the void fraction correlations can be classified into following categories:
(a)  slip ratio models,

(b) KB models and
(c) correlations based on the drift flux model.
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FIG. 7. Two phase flow in a vertical heated channel.

In addition, there are some empirical correlations, which do not fall in any of the three categories.
Some of the commonly used correlations in all the above categories are described below.

a) Slip ratio models

These models essentially specify an empirical equation for the slip ratio, S (=ug/u.). The void fraction
can, then be calculated by the following equation:

o=t (5)

1-
1+ (Xj sPa
X P,
For homogeneous flow, ug=u; and S = 1. At high pressure and high mass flow rates the void fraction
approaches that of homogeneous flow, and can be calculated by setting S = 1 in the above equation.

But usually, the slip ratio is more than unity for both horizontal and vertical flows. A commonly used
slip ratio model is given below as an example.

Modified Smith [2]

0.5
'0L+K(1—1)
S=K+(1-K) ”G—IX (6)
1+K(—lj

X

where K = 0.95 tanh(5.0x)+0.05



b) KB models
These models calculate o by multiplying the homogeneous void fraction, B, by a constant K.
Armand’s model is given below as an example.
Armand [3]

K=0.833+0.167x @)
c¢) Correlations based on the drift flux model

By far the largest number of correlations for void fraction reported in the literature are based on the
drift flux model. The general drift flux formula for void fraction can be expressed as

o ®)
CO [JG + JL] + VGj

where,

Vg; is the drift velocity ( = ug - j, where j is the mixture velocity) and for homogeneous flow Cy = 1
and Vg; = 0. The various models (IAEA, 2001) [4] in this category differ only in the expressions used
for Cy and Vg; which are empirical in nature.

The Chexal and Lellouche [5] correlation is applicable over a wide range of parameters and can tackle
both co-current and counter-current steam-water, air-water and refrigerant two-phase flows. Details of
this and some other commonly used correlations can be obtained from IAEA-TECDOC-1203 [4].

2.2. Components of pressure drop

As mentioned earlier in section 1.1, the total pressure loss, Ap comprises of three components, viz.
APy, APjand AP, which are components of pressure drop due to skin friction, form friction (also known
as local friction) and acceleration respectively. The skin friction pressure drop is also known simply as
friction pressure drop.

For the purpose of design of advanced reactors, the required correlations mainly cover the following
configurations. For friction pressure loss, circular pipe, annulus and rod cluster and for local pressure
loss, spacer, bottom and top tie plates, flow area changes like contraction, expansion, bends, tees,
valves etc., are most common. In addition, in-core effects like radiation induced creep, blister
formation, swelling, corrosion, etc. are also important factors affecting the pressure drop which are not
dealt with here. A few pressure drop correlations for different components are given as examples in the
following sections. These are described configuration-wise.

2.2.1. Friction pressure drop

This is the irreversible component of pressure drop caused by shear stress at the wall and can be
expressed as:

W ®)
Dn 20 A°

Ap;

where Dy, is equal to 4 times flow area / wetted perimeter.



The pressure drop occurs all along the length and hence referred to as distributed pressure drop
sometimes. This equation is applicable for single-phase and homogeneous two-phase flows, although,
the method of calculation of the friction factor, f and density, p differ in the two cases. Pressure drop
across tubes, rectangular channels, annuli, bare rod bundle (i.e. without spacers), etc., are examples of
this component. Correlations commonly used to determine friction factor f is discussed below. The
following pressure drop correlations are applicable to steady state fully developed flow.

Circular pipe
a) Adiabatic single-phase flow
For fully developed laminar flow, the friction factor is given by:

f=64/Re (10)
which is valid for Reynolds number less than 2000. For turbulent flow in smooth pipes several friction
factor correlations are proposed and in use. A few commonly used correlations for smooth pipe are

given below.

Blasius [6] proposed the following equation:
f=0316Re*” (11)

valid in the range 3000 < Re < 10°. The following equation valid in the range of 3000 < Re < 10° is
also often used for design.

f=0.184 Re™? (12)

Colebrook [7] proposed the following equation:

13
]=o.861n(e/D+ 251) (42

\/? 3.7 Re\/?

valid for smooth and rough pipes for the whole range of Reynolds number above 3000. The following
explicit equation proposed by Filonenko [8] is a good approximation of Colebrook equation for
smooth tube in the range 4 x10° <Re< 10"

f=1[1.82 log(Re) - 1.64] 2 (14)

It may be noted from the above that well established correlations for friction factor do not exist in the
transition region between 2000 < Re < 3000. A simple way to overcome this problem is to use the
following criterion for switch over from laminar to turbulent flow equation.

If f;>f) then f=1 (15)
where f, and f; are friction factors calculated by turbulent and laminar flow equations respectively.
b)  Diabatic single-phase flow

Generally isothermal friction factor correlations are used with properties evaluated at the film
temperature Ty = 0.4 (Tw - Ty) + Ty, where Ty, and T, are the wall and bulk fluid temperatures [9].
Sometimes the friction factor for non-isothermal flow is obtained by multiplying the isothermal
friction factor with a correction coefficient, F. The following empirical equation proposed by Leung
and Groeneveld [10] is given as an example



F = (/) (16)
Where the subscripts b and w refer to the bulk fluid and wall respectively.
c) Adiabatic two-phase flow

A large number of two-phase flow pressure drop correlations can be found in literature. These
correlations can be classified into the following four general categories.

(1)  Empirical correlations based on the homogeneous model,

(2)  Empirical correlations based on the two-phase friction multiplier concept,
(3) Direct empirical models,

(4)  Flow pattern specific models.

Correlations in the first two categories are given below.

Homogeneous flow model

In the homogeneous flow model, the two-phase frictional pressure gradient is calculated in terms of a
friction factor, as in single-phase flow. The friction factor is calculated using one of the equations
given for single phase flow in Section 2.2.1(a), with the use of the two-phase viscosity in calculating

the Reynolds number. A typical model for two-phase viscosity is given below.

Cicchitti [11]
U=x s+ 1-x)u, (17)

Correlations based on the multiplier concept

In this case, the two-phase pressure drop is calculated from the single-phase pressure drop by
multiplying with a two-phase friction factor multiplier. The following definitions of two-phase friction
multipliers are often used.

= (dp/dz )y 2 = (dp/dz ) .
LO — ’ GO — ’
(dp/dz), (dp/dz),
¢2 _ (dp/dz )TPFan J ¢2 _ (dp/dz) pp (18)
" (dp/dz), ¢ (dpldz),

Where the denominators refer to the single-phase pressure gradient for flow in the same duct with
mass flow rates corresponding to the mixture flow rate in case of ¢o> and 0o’ and individual phases
in case of ¢ and ¢g°. Among these, O’ is the most popular friction multiplier. An illustrative
multiplier based correlation is given below.

Lottes-Flinn [12]

Correlation for annular upward flow through heated channels is

e[ 2] 1
LO —

-

Martinelli — Nelson [13] is a commonly used correlation in this category.



d)  Diabatic two-phase flow

The correlations discussed so far are applicable to adiabatic two-phase flow. The effect of heat flux on
two phase pressure drop has been studied by Leung and Groeneveld [14], Tarasova [15] and Koehler
and Kastner [16]. Tarasova observed that two phase friction pressure drop is higher in a heated channel
compared to that in an unheated channel for same flow condition. However, Koehler and Kastner
concluded that two phase pressure drops are same for heated and unheated channels. Studies
conducted by Leung and Groeneveld indicate that the surface condition is significantly influenced by
heat flux. Effective surface roughness increases due to the formation of bubbles at heated surface
leading to larger pressure drop. They concluded that for the same flow conditions, the two phase
multiplier is larger for low heat flux than high heat flux. The discussions indicate that there is not yet
any well-established procedure to take the affect of heat flux into account. However some alternate
approaches are suggested in IAEA-TECDOC-1203 [4].

Annulus

Correlations for circular pipe are normally used for the calculation of single phase pressure drop in
annulus using the hydraulic diameter concept. For two-phase pressure drop, the same concept is
expected to be applicable.

ROD BUNDLE

The rod bundle geometries used in advanced designs differ in several ways. In PWRs and BWRs, the
fuel bundles are long (1.8 to 4.5 m approx.) whereas in PHWRs short fuel bundles of about 0.5 m are
used. Generally grid spacers are used in PWRs and BWRs while split-wart spacers are used in
PHWRs. In certain fast breeder reactors wire-wrapped bundles are still used. In PWRs and BWRs, the
total pressure drop is obtained by summing up the pressure drop in bare rod bundle and the spacers.
For wire-wrapped bundles empirical correlations for the pressure drop in the bundle considering the
geometric details of the wire wraps are available. For PHWR type bundles, the total pressure drop is
sometimes expressed in terms of an overall loss coefficient due to the closeness of the spacers and the
complex geometry of the end plates [17] and alignment problem at the junction between two bundles
[18].

Wire wrapped rod bundles

In the case of wire wrapped rod bundles, the geometry and shape of the system is quite rigid and the
development of a general correlation for predicting the pressure drop is a reasonable task. Such a
correlation proposed by Rehme [19], [20] is given below:

AP=f, L Pui Us 20
D 2 Us
where
Ug=Ug+ Up is the bundle perimeter
Ug=Us + Up + Uk is the total perimeter

Uk, Us and Up, are the shroud perimeter, pins perimeter and wire perimeter respectively. The reference
velocity, ug, is defined as:

uR:u\/F

where u is the average velocity in the rod bundle.



The geometrical factor F depends on the pitch to diameter ratio and on the ratio between the mean
diameter and the wire pitch (H).

0.5 2.16 21)
P d, P (
(D) [ H (D ']

where d,, is the mean diameter of wire wraps. The reference friction factor fy is calculated by means of
the following correlation based on Rehme's experimental data.

_ 64 0.0816 for 2 x 10°< Reg <5 x10° (22)
¥ Re, ReX™®
where
Reg = Re VF and Re = (ug Dy)/v (23)

These are valid in the range 1.12 < p/D < 1.42 and 6 < H/dm < 45.
Bare rod bundles

Single-phase

Correlations for circular pipes are commonly used to calculate pressure drop using hydraulic diameter
of the rod bundle in the absence of experimental data. One of the commonly used correlation is:

Kays [21]
f=f.K, (24)
where

K, - is provided as a function of p/D (pitch to diameter ratio) based on the work by Diessler and
Taylor [22].

f.; - can be calculated using correlations given for circular pipe.

Two-phase

CESNEEF-2 [23] correlation is applicable for rod bundles. In addition, there are some empirical
equations proposed for rod bundles one of which is given below.

CNEN [24] correlation

Aprer = 1.7205x10° (L M*%2) / D, 2% s
M is given by:
Mmoo (26)

where M is in [N/m’], L & D, are in metres.
Aprpr is obtained in metres of water at 25°C. This equation is applicable for square array fuel bundles

with pitch to diameter ratio = 1.28, Dy, = 1.31 cm, peripheral rod-channel gap = 0.55 x pitch, 8 <P <70
kg/cm?® and 680 < G < 2700 kg/m’s.

10



2.2.2. Local pressure drop

This is the localized irreversible pressure drop component caused by change in flow geometry and
flow direction. Pressure drop across valves, elbows, tee, spacer, etc. are examples. The local pressure
drop is given by

NG 27N

Ap =K
b 2pA°

1

where K is the local loss coefficient, the correlations for which differ for different geometries and for
single-phase and two-phase flows.

GRID SPACERS

Because of variation and complexity of geometry, it is extremely difficult to establish a pressure loss
coefficient correlation of general validity for grid spacers. But methods of calculation reasonably
accurate for design purpose can be achieved. Some correlations used to determine pressure drop across
grid spacers are discussed below.

Single-phase flow

Single-phase pressure drop is calculated using a spacer loss coefficient, K, as:

Ap=Kp V72 (28)
In some cases, it may be possible to obtain a reasonable value of the spacer loss coefficient if its
geometry can be approximated to one of those considered in [25]. For other cases, the different
empirical models for K, one of which is described below may be used.
Rehme [26]

K=C,¢ (29)
where € = A,/Ag.
For Reg > 5x104, C,=6to 7 and for Rep < 5x10* C, values are given in graphical form as a function of
Reg. Subsequently Rehme [27] studied the effect of roughness of rod surface on the pressure drop
across spacers. Cevolani [28] proposed C, = 5+6133Re™"™ for square bundles and In(C,)=7.690-

0.9421 In(Re)+0.0379 In*(Re) for triangular bundles with an upper limit of K=2 if the calculated value
is greater than 2.

Two-phase flow

In general, the homogeneous model or the slip model is used for the estimation of the two-phase
pressure drop across grid spacers.

a) Homogeneous model

Ap = K(Rey) v G*/2 (30)

where K(Re,,) is the form loss coefficient for single phase flow estimated at the Reynolds number
corresponding to the total flow in the form of saturated liquid and v is the specific volume given by

v=xvg+ (1-x) v, (3D

11



This model may be used when experimental data are not available.
b) Slip model

According to this model, the form loss coefficient for two phase flow can be obtained from

Ksor G p. G G’ (32)

Apppp=

L L

where p is given by
=ap.+(1-a)p, ; a¥=—F1r———
P pst-a)p, 1+(1_X)SPG

It may be noted that this equation reduces to the homogeneous model if S = 1. Grillo and Marinelli
[29] recommend a value of S = 2 for grid spacers.

Tie plate

Generally, tie plates are used at the ends of rod cluster fuel elements which structurally joins all the
fuel pins. Unlike spacers, the flow areas at the downstream and upstream sides of the tie plates are
different. Also, these are generally located in the unheated portion of the bundle. Reported studies on
pressure drop for the tie plates are few in number. An approximate calculation for design purposes can
be made using the contraction and expansion model for local pressure losses. In addition the friction
losses in the thickness of the tie plates can be calculated using the hydraulic diameter concept. For
two-phase pressure losses, the homogeneous or the slip model described above can be employed in the
absence of experimental data.

AREA CHANGES

The single phase pressure losses due to area changes can be calculated by Eqn.(27) with loss
coefficients calculated for the relevant geometry from Idelchik [25].

In general, for two phase flow the irreversible pressure drop due to area changes is estimated from the
knowledge of single-phase loss coefficient using the homogeneous model. When details of the slip
ratio are available, then the slip model given above can be used. Romey (see Ref. [30]) expresses the
two-phase pressure drop across sudden expansion by the following equation:

_ (33)
ap=gaziA) Ar){l+x(&—lJ}
L Pg

Bends and fittings

The single-phase pressure drop due to bends and fittings can be calculated using the appropriate loss
coefficients from Idelchik [25].

Chisholm and Sutherland [31] provide the following general equation for the calculation of two-phase
pressure drop in bends and fittings.

12
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APTP=1+(APGJ+C(APGJ (34)
APL APL APL

v 0.5 v 0.5 v 0.5 (35)
e=prenfie) G ()
Vo Vi Vo

where v, = vg - v, and C, is a constant.
a) Bends

For bends G, is a function of R/D, where R is the radius of curvature of the bend and D is the pipe
diameter.

R/D 1 3 5 7
C, for normal bend 4.35 3.40 2.20 1.00
C, for bend with upstream 3.10 2.50 1.75 1.00

disturbance within 50 L/D
Chisholm provided the above values of C, by fitting Fitzsimmons [32] data.
Chisholm & Sutherland [31]
For90°bends: C, =1 + 35 N (36)
For 180° bends: C, =1 + 20N (37)
N is the number of equivalent lengths used for calculating single-phase pressure drop.
b)  Tees
C, =175
c) Valves

G = 1.5 for gate valves

= 2.3 for globe valves
Alternatively the homogeneous model may be used.
2.2.3. Acceleration pressure drop
This reversible component of pressure drop is caused by a change in flow area or density. Expansion,

contraction and fluid flowing through a heated section are the examples. The acceleration pressure
drop due to area change for single-phase and two-phase flow can be expressed as

_(1-ADW’¢ (38)

Ap
2A0P,

a

where A, = smaller flow area. ¢ = 1 for single-phase flow and for two-phase flow ¢ is given by:

13
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The acceleration pressure drop due to density change for single-phase and two-phase flows can be
expressed as:

R 1 ( 1 J (40)
=G -
b ((pm)J (P,

For single-phase flows, this component is negligible, but can be significant in two-phase flows. For
two-phase flow, the above equation can be used with p,, given by:

1 ~ X2 . (1—X)2 41

P Po p-@)

To evaluate the acceleration pressure drop due to density change, accurate prediction of the density of
fluid is necessary.

Natural circulation is characterised by low mass flux since the driving head is less. To reduce pressure
drop normally large diameter pipes are used. It is necessary to examine the validity of existing
correlations at low mass flux and for flow through large diameter pipes.

3. HEAT TRANSFER IN SOURCE

3.1. Film heat transfer coefficient

Heat transfer coefficient, h, is normally expressed in terms of Nusselt Number (Nu), a dimensionless
heat transfer parameter where Nu = hd / k. Relationships to determine h for flow through a pipe are
discussed below.

3.1.1. Single phase laminar Flow

For constant wall temperature, the local Nusselt Number reaches a value of 3.65 asymptotically and
for constant heat flux boundary condition, the local Nusselt number reaches a value of 4.36
asymptotically [33]. Hence, for developed flow through pipe, Nu of 3.65 for constant wall temperature
and Nu of 4.36 for constant heat flux are recommended.

3.1.2. Single phase turbulent flow

The Dittus Boelter equation [34] given below is probably the most widely used correlation.

Nu = 0.023 Re™ pPr™ (42)

Here the physical properties in the dimensionless numbers are evaluated at the bulk temperature of the
fluid. For large temperature drop across the film the physical property most affected is the viscosity.
The Sieder Tate equation [35] is frequently used in such cases.

Nu = 0.023 Re®*Pr®*.( py/ py )™ (43)

Here the physical properties are evaluated at fluid bulk temperature except for [iy,Which is evaluated
at wall temperature.

14



3.1.3. Two phase flow

In two phase flow the vapor formed due to boiling and the liquid move together in a channel. It can be
classified into subcooled flow and saturated flow. This classification refers to the temperature of the
bulk of the liquid. In saturated two phase flow, the bulk of the liquid is at saturation temperature
whereas in subcooled two phase flow, the bulk of the liquid is at lower temperature. However, in either
case, to generate bubble the heated surface and adjacent layer of fluid are always at higher temperature
than the saturation temperature. Heat transfer regions and flow regimes in a vertical diabatic channel
are shown in Fig. 8 [36]. Correlations used to determine heat transfer coefficients in two phase flow
are described below.

FIG.8. Regions of heat transfer in convective boiling.

Saturated Two Phase Flow Inside Horizontal and Vertical Tubes

Research in the flow boiling area has been directed towards gaining a fundamental understanding of
the flow boiling phenomenon as well as towards obtaining experimental results that may be employed
in equipment design, The fundamental studies clearly brought out the complexities of the flow boiling
mechanisms (see Collier [36] for a comprehensive survey). Some of the major complexities involved
are: bubble growth and departure behaviour in the flow field of a two-phase mixture, distribution of
the two phases relative to each other and relative to the tube wall (flow pattern and entrainment
effects), departure from thermodynamic equilibrium at local conditions, characteristics of the heat
transfer surface, and the effect of fluid properties. There are a large number of saturated flow boiling
correlations (well over 30) available in the literature. Two of them are described below.

a) Kandlikar’s Correlation [37]

h
P C,Co® (25Fr,,)™ +C,Bo“F, (44)

1
1 0.8 0.5
c, =( - xj Po (45)
X Pr
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The values of constants C; to Cs are given in Table 1. Co is the convection number, Bo the boiling
number and h; = single phase heat transfer coefficient with only the liquid fraction flowing in the tube.
In the present work, the Dittus —Boelter equation is used to calculate h; Table-2 gives the values of the
fluid-dependent parameters Fy.

Table 1. Constants in the proposed correlation equation (44)

Constant Convective Nucleate boiling region
region

C 1.1360 0.6683

) -0.9 -0.2

G, 667.2 1058.0

C, 0.7 0.7

Cs* 0.3 0.3

*Cs=0 for vertical tubes, and for horizontal tubes with Fr; o > 0.04

Table 2. Fluid dependent parameter F g in the proposed correlation, equation (44)

Fluid Fa

Water 1.00
R-11 1.30
R-12 1.50
R-1381 1.31
R-22 2.20
R-113 1.30
R-114 1.24
R-152a 1.10
Nitrogen 4.70
Neon 3.50

The two sets of values given in Table 1 correspond to the convective boiling and nucleate boiling
regions, respectively. The heat transfer coefficient at any given condition is evaluated using the two
sets of constants for the two regions, and since the transition from one region to another occurs at the
intersection of the respective correlations, the higher of the two heat transfer coefficient values
represents the predicted value from the proposed correlation.

b) Chen’s Correlation [38]

This correlation includes both the heat transfer coefficients due to nucleate boiling as well as forced
convective mechanisms.

hrp = hmic + 0 mac (46)

where hy, is the nucleate boiling part and h,,,. is the convective part
h mic = DBrposter-zuber -S (47
 mac = hpitws - Boetter - F (48)

where S & F are functions of Re; and y respectively
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S, suppression factor is the ratio of the effective superheat to wall superheat. It accounts for decreased
boiling heat transfer because the effective superheat across the boundary layer is less than the super
heat based on wall temperature.

1

S= 49)
(1+2.53x10° Re!"" )
F, the enhancement factor is a function of the Martinelli Parameter
1
F=1 for—<0.1 (50)
Xu
] 0.736 !
F= 2.35(—+0.213J for— >0.1 D
X t X tt
Forster — Zuber Correlation [39]
07 ~0.045 p0.49 go.zs (52)
h=0.0012 L0.5 829 0]724 0.24 AT\%%APMS
6 My DigPg
where AT =T, - T,
Ap = Pwall temperature P
Subcooled flow
Chen’s correlation [40] may be used for subcooled boiling.
hsub=hmac+hmic (53)
Where, hmac=hdittus—boelter (54)
hmic=hf0rster-zuber-s (55)

hp.c 1 calculated using equation 43.

S can be calculated by using single phase Reynolds number with x=0 (using eqn. 49). For calculating
Niorster-zuber €QUation 52 is used.

Another correlation by Jens and Lottes [41] is also used widely.

1 P
h = [2—5 exp 42} (AT, )

3.2. Critical heat flux (CHF)
Boiling crisis occurs when the heat flux is raised to such a high level that the heated surface can no

longer support continuous liquid contact. This heat flux is usually referred to as the critical heat flux
(CHF). It is characterized either by a sudden rise in surface temperature caused by blanketing of the
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heated surface by a stable vapour layer, or by small surface temperature spikes corresponding to the
appearance and disappearance of dry patches. Failure of the heated surface may occur once the CHF
is exceeded.

In flow boiling the CHF mechanisms depend on the flow regimes and phase distributions, which in
turn are controlled by pressure, mass flux and quality. For reactor conditions of interest, the flow
quality generally has the strongest effect on CHF: the CHF decreases rapidly with an increase in
quality. The following sections describe some important CHF mechanisms encountered at different
qualities and flow conditions [4].

3.2.1. DNB (departure from nucleate boiling)

In subcooled and saturated nucleate boiling (approximate quality range: from —5% to +5%) the number
of bubbles generated depends on the heat flux and bulk temperature. The bubble population density
near the heated surface increases with increasing heat flux and a so-called bubble boundary layer
often forms. If this layer is sufficiently thick it can impede the flow of coolant to the heated surface.
This in turn leads to a further increase in bubble population until the wall becomes so hot that a vapour
patch forms over the heated surface. This type of boiling crisis is also characterized by a fast rise of
the heated surface temperature.

3.2.2. Dryout

In the annular dispersed flow regime (high void fraction) the liquid will be in the form of a liquid film
covering the walls and entrained droplets moving at a higher velocity in the core. Continuous thinning
of the liquid film will take place due to the combined effect of entrainment and evaporation. Near the
dryout location the liquid film becomes very thin and due to the lack of roll waves (which normally
occur at higher liquid film flow rates) entrainment is suppressed. If the net droplet deposition rate
does not balance the evaporation rate the liquid film must break down. The temperature rise
accompanying this film breakdown is usually moderate.

3.2.3. CHF Prediction Methodology

The complexity of predicting the CHF in a nuclear fuel bundle may be best understood by first
considering the prediction of CHF of a simplest experimental setup; a uniformly heated tube cooled
internally by a fluid flowing at a steady rate vertically upwards. Here the CHF is a function of the
following independent variables:

CHF = f(De ,G, AH,,; P,E) (57)

where E takes into account the effect of the heated surface, i.e. surface roughness, thermal conductivity
and wall thickness.

Despite the simplicity of the experimental setup, over 400 correlations for CHF in tubes are currently
in existence. The present proliferation of correlations illustrates the complex state-of-the-art in
predicting the CHF phenomenon even for simple geometry at steady-state flow conditions.

Analytical models

Analytical CHF models are based on physical mechanisms. The most common models that have met
with some success are

a) Annular film dryout model [42]

b)  Bubbly layer model [43]
c) Helmbholtz instability model [44]
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However, because of our limited understanding of the mechanisms involved, the models are still less
accurate than empirical correlations.

Empirical methods

INLET-CONDITIONS-TYPE PREDICTION METHODS

For a given geometry and inlet conditions, the critical power N pg i.e. power corresponding to the
first occurrence of CHF for that geometry is expressed as

Npo =f(Pin, Gin, Tin, /s, L) (58)

This method cannot be used for predicting the location and magnitude of CHF

LOCAL-CONDITIONS -TYPE PREDICTION METHODS

This type of prediction methods follow the local-conditions hypothesis which states that the local CHF
is dependent only on the local conditions and not on upstream history.

CHF = f(P,G,X po, ¢/s ) (59)

The local conditions approach, is probably the most common method for predicting CHF. This form
is more convenient since it depends on fewer parameters and permits the prediction of the location of
CHF.

The large majority of the CHF prediction methods proposed are of this type. It is conservatively
estimated that there are over 400 empirical correlations of this type proposed in the literature for
directly heated tubes. Their main disadvantage is their limited range of application.

CHF LOOK-UP TABLE METHOD

The CHF look up table is basically a normalized data bank. The recently completed International
CHF look up table [45] provides CHF values for water cooled tubes, at discrete values of pressure (P),
mass flux (G), and quality (X), covering the ranges of 0.1 — 21 Mpa pressure, 0-8000 kg.m s (zero
flow refers to pool-boiling conditions) mass flux and —-50% to 100% vapour quality (negative qualities
refer to subcooled conditions). Linear interpolation between table values is used for determining CHF.
Extrapolation is usually not needed as the table covers a range of conditions much wider than any
other prediction method. Groeneveld et al. [45] have presented a complete description of the Look up
table for tubes. As an example, the 2005 CHF look up table for critical heat flux in 8mm tubes for 7.0
MPa is reproduced in Table 3.

The look up table needs to be converted into a prediction method for bundle geometries for nuclear
reactor application. The CHF needs to be modified to account for bundle specific effects. The
following correction factor methodology is adopted to evaluate the bundle CHF:

CHFbundle = CHFtable X Kl X K2 X K3 XK4 X K5 X K6 X K7 X Kg (60)

where CHF 4 1S cross section average value of the heat flux at which the CHF first occurs at the
cross-section, CHF . is the CHF value for a tube as found in the look up table for the same cross-
sectional average values of P and G, and K, to Kg are correction factors to account for specific bundle
effects. A summary of correction factors is given in Table 4,
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Table 4. Summary of correction factors applicable to the CHF look-up table [4]

FACTOR

FORM

COMMENTS

K; Sub channel or Tube
Diameter

Cross- Section Geometry
Factor

For2 <Dy, <25mm:

K, =(0.008/D,, )"
For Dy, >25mm
K, =0.57

Includes the observed
diameter effect on CHF. This
effect is slightly quality
dependent.

K,, Bundle-Geometry |k, =min[1,(0.5+26 /d)exp(—0.5x1/3 )J This is a tentative expression,

Factor an empirically derived factor
is preferred. K, is also a weak
function of P, G and X.

K;, Mid-Plane  Spacer |K; :1+Aexp(—BLSp /D hy) This factor has been validated

Factor for a 37- element
Bundle

A =1.5K?° (G/1000)**
B=0.1

over a limited range of spacer
geometries.

K4, Heated - Length Factor

For L/Dy, 25:
K, =exp[Dy /L)exp(2a, )
ay =Xpy [Xpp +(1-X)pg]

Inclusion of ¢, correctly
predicts  the  diminishing
length effect at subcooled
conditions.

Ks, Axial Flux Distribution
Factor

For X<0:K5=1.0
For X>0:K5 =q0./dpa

Tong’s F-factor method [46]
May also be used within
narrow ranges of conditions.

Ks, Radial
Circumferential
Distribution Factor

or
Flux

max

For X>0:K¢ =q(2),,, /q(z)
For X<0:K, =1.0

Tentative recommendation
only and to be used with well-
balanced bundle. May be used
for estimating the effect of
flux tilts across elements.
Otherwise method of Yin
(1991) [47] is recommended.

K7’
Factor

Flow-  Orientation

K, = 1—exp(— (T, /3)0‘5)
where
2 2
le(l_xj .G
1-a gDhpr(pL_pG)a

fi is the friction factor of the
channel.

0.5

This equation was developed
by Wong and Groeneveld [48]
based on the balance of
turbulent and gravitational
forces. The void fraction is
evaluated with the correlation
of Premoli et al. [49].

Ks, Vertical Low- Flow

Factor

G<-400kgm?s™ or X <<0:
Kg=1

—400<G<0kgm? s~ :Use linear
interpolation between table value
for upward flow and value predicted
form

CHF = CHF_ y_o (1= 0y, )C,

For a, <0.8:
C1=1.0
For o, =0.8:

0.8+0.2p/

_ Pc
Ohom +(1_ah0m) p%G

Minus  sign  refers to
downward flow. G=0, X=0
refers to pool boiling.

Cy
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4. HEAT TRANSFER IN SINK
4.1. Boiling

As stated earlier, boiling takes place on the secondary side of steam generators. To determine heat
transfer coefficients on the secondary side of steam generators , the correlations given in section 3 can
be used.

4.2. Condensation

Condensation occurs when the temperature of vapor is reduced below its saturation temperature Tg,.
Vapor starts condensing on the surface when the surface is cooled below the saturation temperature of
vapor. Two distinct forms of condensation on the surface are observed; Film condensation and
Dropwise condensation as shown in Fig 9.

/ ,7,
///’ - VAPOR

COOLED WALL /4~

VAPOR

77777 =\ CONDENSATE DROPS
T CONDENSATE L

(o) FILM WISE (b) DROP WISE
CONDENSATION CONDENSATION

FIG. 9. Filmwise and dropwise condensation.

In film condensation the condensate wets the surface and forms a liquid film on the surface while in
dropwise condensation the condensed vapor forms droplets on the surface instead of a continuous film
and the surface is covered by countless droplets of varying diameters.

In film condensation the surface is blanketed by a liquid film of increasing thickness and this “liquid
wall” between solid surface and the vapor serves as a resistance to heat transfer. The heat of
vaporization hy, released, as the vapor condenses, must pass through this resistance before it can reach
the solid surface and be transferred to the medium on the other side. In dropwise condensation part of
the surface is in contact with vapor leading to higher heat transfer rates.

Flow regimes in condensation heat transfer

4m
The Reynolds number (Re =—— ) for condensation on the outer surfaces of vertical tubes or plates

PH,
increases in the flow direction due to the increase of the liquid film thickness 3. The flow of liquid film
exhibits different regimes depending on the value of the Reynolds number. It is observed that outer
surface of the liquid film remains smooth and wave-free for about Re<30 and thus the flow is clearly
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laminar. Ripples or waves appear on the free surface of the condensate flow as the Reynolds number
increases, and the condensate flow becomes fully turbulent at about Re~1800.The condensate flow is
called wavy-laminar in the range 30<Re<1800 and turbulent for Re>1800. However, some
disagreement exists about the value of Re at which the flow becomes wavy-laminar or turbulent.

4.2.1. Vertical plates

Laminar Flow on a smooth vertical plate

The analytical relation for the heat transfer coefficient in the laminar film condensate on vertical plate
was first developed by Nusselt [50]. The average heat transfer coefficient over the entire vertical plate
is determined as follows

b - 0.943{
3

=
I
=
I
|
—
=
o
]
I

1
2o, (P —po K} T 1)

HL (Tsat - Tw )L
Where, x= distance from leading edge and L=length of the plate

This equation under predicts heat transfer because it does not take into account the effects of the
nonlinear temperature profile in the liquid film and cooling of the liquid below the saturation

temperature. Both of these effects can be accounted for by replacing hfg with h;g given by equation
(62).
hy, =h,, +0.68C , (T

sat

-T,) (62)

The modified latent heat of vaporization h;g is used to consider the extra heat that is released when

the condensate in the actual condensation process is cooled further to some average temperature
between Ty, and T,,. In equation (61) hfg is substituted by h;g .

Wavy Laminar Flow on Vertical Plates

At Reynolds numbers greater than about 30, it is observed that waves form at the liquid-vapor
interface although the flow in liquid remains laminar. The flow in this case is said to be wavy laminar.
The waves at the liquid-vapor interface tend to increase heat transfer. But the waves also complicate
the analysis and make it very difficult to obtain analytical solutions. Therefore, we have to rely on the
experimental studies. The increase in heat transfer due to wave effect is on the average about 20
percent but it can exceed 50 percent.

Kutateladze [51] recommended the following relation, based on his experimental studies, for the
average heat transfer coefficient in wavy laminar condensate flow for p, ({0, and 30<Re<1800,

173

Rek g

By = T | Ty (63)
Y 1.08Re! —5.2[Vij

A simpler alternative to the relation above proposed by Kutateladze [51] is

h =0.8Re”'"'h

vert,wavy vert(smooth)

(64)
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Turbulent Flow on Vertical Plates

At a Reynolds number of about 1800, the condensate flow becomes turbulent. Several empirical
relations of varying degrees of complexity are proposed for the heat transfer coefficient for turbulent
flow. The Re relation in this case is given by

— 4Qconden — 4Ah(Tsal _Tw) (65)

Re P *
le’thg le’thg

Labuntsov [52] proposed the following relation for the turbulent flow of the condensate on vertical
plates:

h vert, turbulent = RekL i ; ’ Re>1 800’ pG<<PL (66)
’ 8750 +58Pr °* (Re"” —253)( v2

The physical properties of the condensate are to be evaluated at the film temperature T¢ = (T, +Ty,)/2.

For vertical tubes, the above equations for vertical plate can be used with height of tube as
characteristic length.

4.2.2. Horizontal tubes and spheres
Nusselt’s analysis of film condensation on the vertical plates can also be extended to horizontal tubes

and spheres .The average heat transfer coefficient for film condensation on the outer surfaces of a
horizontal tube is determined to be

. 1/4
h gpL(pL e fgki:|

(67)

horiz

=0.729
1239 (Tsat - TW )D

This relation can be modified for the sphere by replacing the constant 0.729 by 0.815.

A comparison of the heat transfer coefficient relations for a vertical tube of height L. and a horizontal
tube of diameter D yields

1/4
hv_m = 1,29(2) (68)
L

horiz

Setting hye = hyoy, gives L = 1.29*D = 2.77D, which implies that for a tube whose length is 2.77 times
its diameter, the average heat transfer coefficient for laminar film condensation will be the same
whether the tube is positioned horizontally or vertically. For L>2.77D, the heat transfer coefficient will
be higher in a horizontal position. Considering that the length of a tube in any practical application is
several times its diameter, it is common practice to place the tubes in a condenser horizontally to
maximize the condensation heat transfer coefficient on the outer surfaces of the tubes.

4.2.3. Horizontal tube banks
Horizontal tubes stacked on top of each other are commonly used in condenser design. The average
thickness of the liquid film at the lower tubes is much larger as a result of condensate falling on top of

them from the tubes directly above. Hence the average heat transfer coefficient at the lower tubes in
such arrangements is smaller. Assuming the condensate from the tubes drain smoothly to the tubes
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below it, the average film condensation heat transfer coefficient for all the tubes in a vertical tier can
be expressed as [53]

1/4

0720 gp. (P —po )k 1

h. . = h .
horiz, Ntubes 1/4 horiz, I tube
“’L (Tsat - Tw )ND N

(69)

where, N = No. of tubes

This relation doesn’t take into account the increase in heat transfer due to the ripple formation and
turbulence caused during drainage and thus generally yields conservative results.

4.2.4. Condensation inside horizontal tubes

So far we have discussed film condensation on the outer surfaces of tubes and other geometries which
is characterized by negligible vapor velocity and unrestricted flow of the condensate. Heat transfer
analysis of condensation inside tubes is complicated by the fact that it is strongly influenced by vapor
velocity and the rate of liquid accumulation on the walls of the tubes.

For low vapor velocities Chato [54] recommends the following expression for condensation

1/4

— K>
himemal = 0555 gpL(pL pG) - (hfg +ECPL (Tsat _Tw )j (70)
“’L(Tsat _Tw) 8 ‘
for
V.,D
Re,, = ["G—Gj <35,000 (71)
IJ'G inlet

where, Reynolds number for vapor is to be evaluated at the tube inlet conditions using the internal tube
diameter as the characteristic length. Ty is the liquid temperature and is average of the wall and
saturated steam temperatures.

4.2.5. Effect of the presence of noncondensable gases

In nuclear reactors, the condensation of steam in presence of noncondensable gas becomes an
important phenomenon when steam released from the core mixes with the containment air following a
Loss of Coolant Accident. Steam condenses in presence of noncondensable gas when flowing inside
the vertical tubes of passive containment coolers. The drastic reduction in the condensation heat
transfer coefficient in the presence of noncondensable gas can be explained as follows: When the
vapor mixed with a noncondensable gas condenses, the noncondensable gas remains in the vicinity of
the condensate layer. This gas acts as a barrier between the vapor and the condensate layer as shown in
Fig. 10 and makes it difficult for the vapor to reach the surface. The vapor now must diffuse through
the noncondensable gas first before reaching the surface and this reduces the effectiveness of the
condensation process. Most condensers used in power plants operate at pressure below the
atmospheric pressure and operation at such a low pressure raises the possibility of air leaking into the
condensers. Variation of heat transfer coefficient with non-condensable mass fraction is shown in Fig.
11 [55].
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FIG.10. Condensation in presence of FIG.11. Heat transfer coefficient vs.
non-condensables mass fraction

Condensation when steam/noncondensable mixture is non-flowing:

There are number of correlations available in the literature. Some of the correlations developed are
given below.

The correlation developed by Uchida [56]

~07
Wl'lC
N yeniga = 380(—WJ (72)

nc

where, W,,. is the noncondensable mass fraction in the steam/noncondensable mixture. Experiments
performed by Uchida were in fixed volumes with constant inventories of non-condensable gas (at
atmospheric pressure). Wall temperature was held constant.

The Dehbi correlation [57]

_ L"”[(3.7+28.7P,, )— (2438 + 458.3P,  JlogW,_]
Dehbi

h
(1, -1,

(73)

This correlation is applicable for the following conditions

03m<L<35m
1.5 atm. < Py, < 4.5 atm.
10 °C < (T,-T) < 50 °C

Condensation when steam / noncondensable gas flowing inside vertical tube:

For the calculation of condensation heat transfer coefficient, h., the correlation developed by Siddique
[58] is given as

Nu(x) = 1.137Re% W 1103 074 (74)

which applies in the following range of experiments 0.1 < W, <095
445 < Reg <22700
0.004 < < Ja  <0.07
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W, is the air mass fraction in the steam/air mixture. The Jakob number, Ja, C,g (Ty-T\wi)/hy, is defined
as the ratio of the sensible energy transfer in the vapor to phase change energy.

5. OTHER RELEVANT PHENOMENA

Aksan et. al. [61] have provided an extensive list of important thermal hydraulic phenomena for
advanced reactor designs. Out of these, phenomena relevant for natural circulation are included in this
section.

5.1. Thermal Stratification

Thermal stratification as the name suggests, denotes formation of horizontal layers of fluid of varying
temperature with the warmer layers of fluid placed above the cooler ones. Thermal stratification is
encountered in large pool of water increasingly being used as heat sink in new generation of advanced
reactors. These large pools (capacity up to several thousand cubic meters) at near atmospheric pressure
provide a heat sink for hest removal from the reactor or the containment by natural circulation as well
as a source of water for core cooling. Examples include the pressure suppression pool of the ESBWR,
the in-containment refueling water storage tank of the AP-1000, the gravity driven water pool of
AHWR. Stratification influences heat transfer to pool to a great extent and heat storage capacity of the
pool in the form of sensible heat is significantly reduced.

When a heat source is placed vertically in a pool of water, the fluid adjacent to the source gets heated
up. In the process, its density reduces and by virtue of the buoyancy force, the fluid in this region
moves up. After reaching the top free surface, the heated water takes a turn, moves towards the wall
of the pool along the surface. Since, density of this heated water is low, it does not flow downward. If
a vertical sink is provided, downward flow takes place in a narrow region adjacent to the sink. Over a
period of time, depending on the size and geometry of the pool and the source, the greater part of the
pool gets thermally stratified except the regions close to the heat source and the heat sink. In the
region of the thermal stratification fluid is almost static.

The forces involved in the flow field described above are buoyancy force, viscous force and inertia
force. In many cases, one has to consider turbulence. In case of free surface, mass transfer and heat
transfer are to be considered at the free surface.

Towards the understanding of the complex flow pattern in a pool, one of the commonly followed
approaches is the study of natural convection in heated enclosures. The enclosures are either
differentially heated (with one wall heated and the other wall cooled) or symmetrically heated (both
the walls equally heated while heat dissipation to atmosphere is allowed at the top). The bottom and
top walls are kept adiabatic in the former case while only the bottom wall is maintained adiabatic in
the latter case. The studies have indicated the importance of few parameters governing the flow
phenomenon like Rayleigh number, Prandtl number and the aspect ratio of the enclosure (the ratio of
height to the width of the enclosure). Depending on the magnitude of the Rayleigh number, the flow
can be laminar or turbulent. Using finite volume techniques, transient CFD models are being
developed for several of these cases for the prediction of flow patterns and temperature profiles. In
particular, the stress is on developing better turbulence models, which require optimum computational
effort and are satisfactorily accurate. For validation of theoretical results, experimental data are being
generated. A typical velocity profile in a side heated enclosure is shown in Fig. 12. From this figure, it
may be noted that close to the top surface a narrow horizontal loop is formed [59,60]. Fig. 13 depicts
temperature distribution in a pool following heat transfer from an immersed isolation condenser
obtained using a CFD code. Nucleate boiling at the outer surface of IC tubes is often encountered. The
heat sources in the pool need not be of equal strength and are not homogeneously distributed. Suitable
analytical models are being developed to address these issues.
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5.2. Carryover

Water in the form of droplets may get carried over with steam to the turbine, which can be detrimental
to turbine because of erosion of turbine blades. Two-phase mixture leaving the core of the reactor
enters the steam drum through risers (Fig. 14). Normally steam—water separation is effected in steam
drum or stream generator using suitably designed mechanical separators. Since, pressure drop across
mechanical separators is quite large, in natural circulation systems steam — water separation is
normally effected by gravity without using mechanical separators. This may result in liquid carryover
with the steam to the turbine. Carryover to the turbine is to be restricted to a permissible maximum
value of about 0.2%, by incorporating appropriate measures at the design stage, and hence, should be
predicted accurately under different operating conditions.

Droplet carryover is a phenomenon associated with droplet entrainment, which is an outcome of
dynamic interaction of two phases in relative motion. Various researchers have studied entrainment
and two categories of entrainment are identified as film entrainment and pool entrainment. Film
entrainment is entrainment of droplets from the liquid film by various mechanisms like roll wave
shear-off and is typified by presence of a wavy interface of liquid film and vapor, broadly along the
direction of flow. Dispersed annular flow is the typical flow regime exemplifying the film
entrainment. On the other hand, pool entrainment is entrainment of droplets from the surface of pool
due to bursting of bubbles and break-up of liquid jet. Pool entrainment is typified by the presence of
liquid pool and turbulent liquid vapor flow. Modeling the entrainment requires the appropriate droplet
formation mechanism, and prediction of average or maximum droplet size distribution function.

Film entrainment models and pool entrainment models are used to determine carryover. Zuber [62]
studied entrainment associated with droplet formation due to bursting of bubbles on the surface of
liquid pool and break-up of liquid jets. Ishii and Kataoka [63] have proposed the entrainment at the
surface of pool as a function of physical properties. Entrainment is found to be a function of steam
velocity and height from the free surface.

5.3. Carryunder
Carryunder is the entrainment of gas bubbles with the recirculating liquid (Fig. 14). Carryunder is

particularly undesirable in a natural circulation system due to impaired thermal-margin, since the
driving potential for the flow is density difference between hot and cold legs.

steam to turbine

stoam with
» llquid droplets,

baffle plates

two-phase flow from

two-phase flow from
core to steam drum

core to steam drum

recirculation flow to core
FIG. 14. Schematic of steam drum depicting carryover & carryunder.

Carryunder depends on bubble dynamics as well as the geometrical configuration of flow path. Bubble
dynamics is governed by various forces acting on the moving bubbles, of which the drag force is most
significant and most uncertain to predict because of uncertainties in drag coefficient. Various
researchers have empirically obtained the drag coefficient for various flow regimes. Geometrical
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parameters affecting the entrainment are the baffle spacing and liquid level with respect to baffle tip.
Increasing the baffle spacing first increase the Carryunder due to large inter-baffle space available for
entrainment and then decrease due to very low liquid velocity in the inter-baffle space. Thus with
regard to baffle space, Carryunder may be attributed to area dominated regime and velocity dominated
regime.

5.4. Parallel channel effect

In respect of natural circulation, interaction between multiple parallel flow paths may become a critical
phenomenon mainly in respect of instability. Presence of multiple parallel channels connected to two
plenums and having different heat fluxes offer the possibility of number of flow configurations in
which some channels may have flow direction opposite to others and some may even stagnate.
Another important phenomenon related to parallel channel instability is the oscillation in one group of
channels 180° out of phase with oscillation in another group. This phenomenon is of special concern
since this instability may not be detectable by monitoring total flow in the loop.

5.5. Effect of non-condensable gases
Containment:

Containment is the final physical barrier to prevent release of radioactivity to environment. To
maintain structural integrity of the containment it is necessary to remove energy released into the
containment under accidental condition. Passive containment cooling is provided to condense steam
released into the containment by following means: a) incorporation of Building Condensers as in
SWR-1000 and AHWR (fig.15a), b) Isolation Condensers immersed in large water pools as in
ESBWR (fig.5), c) external cooling of containment surface as in AP-1000 by natural convection of air
and water spray (fig.15b). In this case condensation of steam takes place at the inner surface. The
performance of these condensers are highly impaired by the presence of non-condensable gases.

Besides air present in the containment, depending on the severity of accident, hydrogen and fission
gases may also get released into the containment. It is necessary to predict distribution of hydrogen,
steam and air in the containment to assess the performance of the condensers. Potential stratification
and separation of steam and non-condensable gases constitute an important factor for containment
cooling. Many experiments have been conducted and various computer codes developed to predict the
distribution of steam and non-condensable gases and the performance of condensers [64].

| =

WATER POOL

STEAM-NONCONDENSABLE GAS

CONDENSATE

FIG. 15a Passive Containment Cooling System
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FIG.15b Passive cooling of containment surface

Primary Loop:

Non-condensable gases, if released into a loop may get accumulated at specific locations depending on
the configuration and can inhibit natural circulation. For instance, in a PHWR non-condensable gases
may accumulate at the U-bend at the top of the inverted U tubes of steam generators since the driving
head is low under accidental conditions. This may reduce or completely stop flow through the tube.

5.6. Vortex formation in pool

As stated earlier, in many advanced reactor designs a large pool of water is provided which acts as a
heat sink for many passive heat removal systems and/or source for low pressure injection of coolant
into the core under accidental condition. Flow of water by gravity through small outlet pipes of these
pools may lead to vortex formation [61]. Depending on the orientation of the outlet port and the depth
of water above the port air or gas from top of pool may get entrained into the water. Presence of these
non- condensable gases in cooling water will have adverse effect on core cooling.

5.7. Fluid mixing

Boric acid is introduced into the reactor coolant to control long term reactivity. Forced coolant
circulation during normal operation ensures that the boric acid is homogeneously distributed in the
reactor coolant system so that the boron concentration is practically uniform. Decrease of boron
concentration in core results in an increase of reactivity. During a small break LOCA in a PWR the
energy transport from core to the steam generators which depends on the primary coolant inventory is
ensured by either single/two phase natural circulation or by reflux condenser mode of operation. The
steam which is generated in core is largely devoid of boron so that the condensate formed in the SGs
during reflux condenser mode is also largely un-borated. If reflux condensation is maintained for
prolonged period, boron diluted condensate may accumulate in the loop seals (fig. 16). The restart of
natural circulation after refilling of primary or restart of pumps can then lead to displacement of low
boron concentration water from loop seal into the reactor vessel and possibly into the core which can
result in re-criticality and power excursion. The effect of boron diluted water entering vessel on core
behavior strongly depends on mixing of water with different boron concentrations in the cold legs,
downcomer and the lower plenum region. In recent years, renewed focus has been placed on the study
of these accident scenarios. More emphasis is placed on fluid mixing phenomena taking place during
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boron dilution. Extensive experimental and theoretical studies have been conducted in this area
[65,66,67]. Experiments have been conducted in the integral test facility, PKL and the Upper Plenum
Test Facility (UPTF) in Germany in this area [68].

PRESSURISER

/%\ STEAM GENERATOR

REACTOR VESSEL

[ BORATED WATER
[ ] STEAM
[ ] LOW BORATED WATER

FIG. 16. Low Borated Water in Loop Seal

Under accidental condition coolant injected into the cold leg is normally much cooler than the water in
the vessel. In absence of proper mixing, difference in fluid temperature may lead to unacceptable
thermal gradient affecting structural integrity. CFD plays a very important role in the study of fluid
mixing.

5.8. Counter-current flow limitation (CCFL)

The onset of flooding or countercurrent flow limitation (CCFL) determines the maximum rate at
which one phase can flow counter currently to another phase. The thermal-hydraulic analysis of
countercurrent two-phase flow has been of great importance in connection with the safety analysis of
nuclear reactor systems. In the event of a loss of coolant accident (LOCA), steam is produced in the
core of a pressurized water reactor (PWR). This steam flows upward through the hot leg, moving
counter currently to the flow of injected emergency core cooling water (Fig. 17). Steam condensed in
the steam generator also flows back to the core. The cooling water should be able to flow, past the
upcoming steam, into the core. However, this emergency core cooling (ECC) is limited by the flooding
phenomenon that partly or totally inhibits the water flow into the core. To evaluate the effectiveness of
ECC it is necessary to study countercurrent flow of the phases. Somchai Wangwises [69] has carried
out extensive work on two-phase countercurrent flow in a model of PWR hot leg. The CCFL has been
studied by a large number of researchers, both experimentally and analytically, mostly in vertical
pipes. The CCFL in horizontal or nearly horizontal geometries has received comparatively little
attention in the literature. H.T. Kim [70] has studied CCFL in horizontal-to-inclined pipes simulating
a PWR hot leg. The study revealed the effect of L/D of pipes on CCFL phenomena.
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FIG. 17. Counter current flow of steam and water in hot leg of PWR

6. CONCLUSIONS

An account of various phenomena encountered in the natural circulation systems of a nuclear reactor is
provided. Thermohydraulic relationships related to these phenomena are given as examples.
References are given that contain more relationships covering wider range of parameters to choose
from. Some of the phenomena are briefly described. For these phenomena, references are given which
will provide deeper insight into these phenomena.

33



NOMENCLATURE

A - flow area, heat transfer area
A,  -flow area ratio (<1)

A, - projected grid cross section
Bo - boiling number (q/G hfg )

c/s - cross section

Co - convection number

Ct - friction coefficient

Cs - drag coefficient

C,  -specific heat

C, - modified loss coefficient

Co - distribution coefficient

D,d - diameter

D. - equivalent diameter

e - absolute roughness

F - correction coefficient, geometrical factor, enhancement factor
Fr - Froude Number

f - friction factor

f, - laminar friction factor

f, - turbulent friction factor

fr - reference friction factor

G - mass flux

Gs. - superficial liquid mass flux (pr ji)
g - gravitational acceleration

H - wire pitch

AH - subcooling

h - heat transfer coefficient, enthalpy
hg, hig - latent heat

I - specific enthalpy

] - volumetric flux

Ja - Jakob number

K - loss coefficient

k - thermal conductivity

L - length

m - condensate mass flow rate
N - power

Nu - Nusselt Number

Pr - Prandtl Number

P - rod pitch

P,p - pressure, perimeter

- wetted perimeter

- heat flux

- heat flow rate

e - Reynolds Number

- slip ratio, suppression factor
- temperature

- thickness

- velocity

- reference velocity

- perimeter

- velocity

- specific volume

- mass flow rate, mass fraction
- mass quality, distance

EC oL

“g<<Cg



Z - length, elevation

Greek Symbols

o - void fraction

0 - angle of direction of flow with vertical
B - homogeneous void fraction
A - difference

) - thickness of film

o> - two phase friction multiplier
0 - dynamic viscosity

p - density

c - surface tension

X - Martinelli parameter

v - kinematic viscosity
Subscripts

a - acceleration, air

av, ave - average

B - bundle

b - bulk

cir - circular

crit - critical
conden- condensation

d - driving

DO -dryout

e - elevation

f - film, frictional
G - vapour

g - gas

GO -gasonly

h - hydraulic

H - heated

horiz - horizontal

i - inlet, interface
L - liquid

LO -liquid only

1 - local

m - mean

o - outlet

nc - noncondensable
R - relative

S - spacer

sat - saturated

SPF - single-phase flow
TP, TPF- two-phase flow

tot - total
vert - vertical
w - wall
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