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Abslraet--A model of annular two-phase flow is used to calculate dryout on the assumption that dryout 
occurs when the liquid flowrate in the film on the solid surfaces becomes equal to zero. To enable the 
calculation to be performed, the processes of entrainment and deposition of liquid droplets must be 
adequately described. The rod bundle is divided, for calculational purposes, into rod centred subchannels, 
and the liquid flows in the liquid films and as droplets in each subchannel are calculated. The agreement 
between experiment and calculation for dryout power is encouraging. 

1. INTRODUCTION 

If water is boiled in the core of a nuclear reactor, the power which can be generated in each rod 
containing the nuclear fuel is often limited by the power at which the surface of the rod will not 
be wetted by water. If the above limit is reached the coefficient for heat transfer from the rod 
drops very dramatically, and the rod temperature may be unacceptably high. This phenomenon 
of dryout, or burnout, has been studied for many years in round tubes as well as in geometries 
more appropriate to a nuclear reactor. It has been found that when dryout occurs, it is often 
associated with a particular type of gas-liquid two phase flow, namely annular flow (see figure 
1). The flow regimes which are commonly reached before annular flow are shown in figure 1 for 
flow in a tube. Flow regimes in rod bundles have received comparatively little attention, but 
Bergles et al. (1968) and Williams & Peterson (1975) have found that, for the flow of 
steam-water mixtures in rod bundles at a pressure of approximately 70 bars, the same flow 
regimes occur. 

The essential features of annular flow are that the gas travels in the centre of the channel, a 
liquid film travels on the channel walls and liquid drops are carried along with the gas flow. 
These droplets are continually torn off the liquid film, most probably from large disturbance 
waves on the liquid film, and are subsequently redeposited onto the film again. Further details 
of annular flow are given by Hewitt & Hall Taylor (1970). When dryout is associated with 
annular flow it has been found by Hewitt et al. (1965) that the film flow rate approaches zero 
smoothly, and that the point where it becomes equal to zero is the point where dryout occurs. 
This smooth decay of the film flowrate to zero suggests that with an annnular flow model 
containing some description of the entrainment and deposition processes, it ought to be possible 
to calculate the position of dryout for a given heat flux, or the lowest heat flux that will give 
dryout at any point. Such a model was found to give reasonable results for calculations of this 
type for flow in a round tube (Whalley et al. 1974) and for flow in an annulus (Whalley et al. 

1975). The present work extends the analysis to an array of vertical rods. 
Computer programs such as HAMBO (Bowring 1967, 1968) and COBRA (Rowe 1967, 1970, 

1972, 1973) divide the array of rods into subchannels, see figure 2, and then apply the 
assumptions of homogeneous or separated flow to the two phase flows in these subchannels. As 
has been noted by Weisman & Bowring (1975) such subchannels are not suitable for use with an 
annular flow model, the rod-centred subchannels first used by Gaspari et al. (1970, 1974), see 
figure 3, are more suitable. This is because such subchannels do not contain solid surfaces from 
more than one rod, possibly having different heat fluxes. Butterworth (1968) has shown that the 
film flowrate, though not the film thickness, around a rod is reasonably uniform even when the 
rod is placed eccentrically inside a tube. To a first approximation the liquid film flow rate can 
therefore be assumed to be constant around a rod in a rod bundle. 
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Figure 1. Two-phase flow regimes during vertical flow in a heated 
tube. 
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Figure 3. Rod centred subcbannels. 
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Figure 4. Mass balance of entrained liquid flow and film flow in a 
single round tube. 

The application of an annular flow model to the calculation of critical heat flux is first 
presented for a round tube, and then extended to the rod bundle geometry. 

2. DRYOUT IN A SINGLE R O U N D  TUBE 

2.1 Basic equations 
In figure 4, the mass flowrates between the liquid film, the entrained liquid drops, and the gas 

(or vapour) are shown for an elemental length az. By performing mass balances on the liquid 
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film and on the entrained liquid flow, it can easily be shown that 

d WLE = "It do(E - D), 
dz 

[1] 

dWL'~F=¢rdz do(D-E-~) [2] 

where 
WLE is the 
WLF is the 
z is the 
do is the 
D is the 
E is the 
4, is the 

and 
,~ is the 

mass flowrate of entrained liquid droplets; 
mass fiowrate in the liquid film; 
axial co-ordinate in the direction of flow; 
diameter of the tube; 
deposition rate of droplets onto the liquid film; 
entrainment rate of droplets from the liquid film; 
heat flux through the walls of the tube; 

latent heat of vaporisation of the liquid. 

Although two equations are given here, [1] and [2], together they simply express an overall 
mass balance on the fiquid phase, for adding the equations 

dWL_ ~rdo~ [3] 
dz A 

where WL is the total mass flowrate of liquid at any axial point z. 
Before [1] and [2] can be integrated, methods must be available for calculating the 

deposition and entrainment rates, D and E. 

2.2 Deposition rate 
It has been found by Cousins et al. (1965) and Cousins & Hewitt (1968) that the deposition 

can be characterised by a mass-transfer coefficient k such that 

D = kC [4] 

where C is the concentration of entrained droplets. This concentration is calculated from the 
assumption that there is no relative velocity between the liquid drops and the gas, so that 

C =  WLE 
WLE W~' [5] 
PL PG 

where Wo 

po 

PL 

is the mass flowrate of gas; 
is the gas density, and 
is the liquid density. 

The deposition coefficient, k, has been measured for the case of steam-water flow at a 
pressure of 69 bars by Bennett et al. (1967) who found an average value of 0.01 m/sec. Values 
of the deposition coefficient for other systems have been estimated by fitting dryout data to 
results for dryout calculated using the method presented here, and by Whalley et aL (1974). The 
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Figure 5. Variation of deposition coefficient with surface tension. 

experimental and calculated results for the deposition coefficient are plotted against surface 
tension in figure 5. From figure 5 it can be seen that 

(i) A relationship of the type 
k = f ( o ' )  [6] 

where ~ is the surface tension, can be formulated. 
(ii) The value for k of 0.15 m/see for a low pressure steam-water system shown in figure 5 is 

the same as that obtained by Cousins & Hewitt (1968) for a low pressure air-water 
system. 

The factors governing the variation of k are complex and [6] can only be regarded as tentative. 

2.3 Entrainment rate 

Hutchinson & Whalley (1973) suggested that the equilibrium concentration droplets in an 
annular flow, CE is given by 

where • is the interfacial shear stress and m is the average liquid film thickness. Here, by the 
term 'equilibrium' is meant the state, which can almost be reached in an adiabatic flow in a long 
tube, when the entrainment and deposition rates are equal 

The relationship corresponding to [7] which was used here is illustrated in figure 6, together 
with the data points. The data used are drawn from the following sources 

(i) the air-water experiments of Gill et al. (1964), Truong Quang Minh & Huyghe (1965), 
Cousins et al. (1965), Cousins & Hewitt (1968a, 1968b), and Gill et al. (1969). 
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Figure 6. Variation of equilibrium concentration of entrained droplets with ~'ml~. (Some data points have 
been omitted for  c l a r i t y ) .  
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(ii) the air-alcohol experiments of Truong Quang Minh and Huyghe (1965) 
(iii) the steam-water experiments of Singh et al. (1969) and Keeys et al. (1970) at a pressure 

of 69 bars. 
In many cases the data did not include experimentally measured film thicknesses: in these cases 
the film thickness was calculated using the 'triangular relationship' (see below). In the case of 
the experiments of Singh et al. (1969) no measurements were made of pressure gradient, and so 
the pressure gradients were estimated by interpolating between the results given by Berkowitz 
et al. (1960) and Janssen & Kervinen (1964). 

The rate of entrainment is then obtained by the simple relationship 

E = kCE. [8] 

This is certainly true at equilibrium (when E = D, D = kC and C = CE), and away from 
equilibrium it is assumed to be true. 

To calculate the entrainment rate it is necessary to know the interfacial shear stress and the 
film thickness. These two quantities can be calculated because if the film flowrate is known 
there are two relations between them. 

(i) A 'triangular relationship'. This is based on the assumption of some known velocity 
profile in the liquid film, from which it follows that the interfacial shear stress and the 
film thickness are related. The particular form of triangular relationship used here was 
one due to Turner & Wallis (1965) and Armand (1946) 

4m . / { ( .dP/dz)~ 
-~o = ¥ \ dPIdz ] [9] 

(ii) 

where (dP/dz)LF is the pressure gradient which would occur in a single phase liquid flow 
where the mass flow was identical with that in the film, and dPldz is the pressure 
gradient in the two phase flow. (dP/dZ)LF was calculated from the liquid film friction 
factor which is plotted against Reynolds number of Hewitt & Hall Taylor (1970) from 
numerical data of Hewitt (1961). 
An interracial roughness correlation. This is based on the assumption that the roughness 
presented by the liquid film is a function only of the film thickness. The particular form 
of interracial roughness correlation used here was due to Wallis (1970), in which the 
interfacial friction factor (defined in terms of a homogeneous gas core) can be expressed 
as (1 + 360m/do) times the friction factor for the gas core flowing in the absence of the 
liquid film. 

2.4 Boundary conditions 
The calculation was started at the point in the tube where the quality was equal to I%, and it 

was generally found that the best results were produced if it was assumed that 99% of the liquid 
phase was entrained when the calculation was started. It should be noted that Bennett et al. 
(1965) found that typically annular flow was reached at a quality of 10% in steam-water flow at 
a pressure of 69 bars. However the calculation is started at a quality of 1%, because the 
equations used would be expected to have some calculational validity, even though hydrody- 
namically another flow regime, such as slug flow, may be more stable. It is also found that the 
results of the calculation are not very sensitive to the boundary conditions as long as the length 
of the tube over which boiling takes place is not very small. Typically for boiling water flow at a 
pressure of 69 bars in a tube of diameter 12.6 mm, the effect of the boundary conditions becomes 
undetectable for boiling lengths greater than about Im. 

2.5 Integration method 

It was found that a simple explicit integration scheme required unacceptably short steps in 
the z direction to give results of reasonable accuracy. An implicit technique was thus found to 
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be necessary. The integration was continued until the liquid film flowrate became zero when it 
was assumed that dryout occurred, or until the end of the tube was reached. The critical heat 
flux is then the lowest value of the heat flux which will cause dryout to occur in the tube. The 
general scheme of the calculation is explained in more detail for the rod bundle case in section 
3.6. 

3. D R Y O U T  IN A R O D  B U N D L E  

3.1 Basic equations 
The differential equations for the liquid film flow rate and for the entrained liquid film 

flowrate are similar to those for the round tube, except that for the entrained liquid flowrate 
there are some extra terms to the equation: 

(i) 

(ii) 

There is a term to account for turbulent gas phase mixing between adjacent sub- 
channels. This is accounted for by a term which has the form of a concentration 
difference between the subchannels multiplied by a mass-transfer coefficient and the 
area available for transfer. This representation was used as it is similar to the equation 
used for deposition. 
There are two terms to account for the flow of entrained liquid carried around the 
bundle by cross flow of gas. Two terms are necessary because if a particular gas cross 
flow is reversed, then the subchannel from which the flow originates (the donor 
subchannel) has a different concentration of entrained liquid drops in the gas phase. It is 

assumed here that the cross flow of gas carries liquid droplets with it, and that the 
droplets adopt the same cross flow velocities as the gas. It is certain that the droplets do 
not behave in this way, but the effect of their actual behaviour is not known. 

The equations then are 

d WL~i 
dz = S s i ( E i  - Di) 

N 

i=l  

WLEi 
+ air ---=7=-- JGiinji 

j=~ WGi 

+ ~ .  WL~j 

turbulent mixing 
between subchannels [10] 

Transfer of entrained liquid 
between subchannels due to 
gas crossflow 

where the 
WL~ 
Ssi 
E, 
D, 
N 
kc~j 

S~ 

Ci 

symbols have the following meaning 
entrained liquid flow rate in each subchannel of type i; 
solid surface per unit length in each subchannel of type i; 
entrainment rate from solid surface in a subchannel of type i; 
deposition rate from gas core on to solid surface in a subchannel of type i; 
number of subchannel types; 
mass-transfer coefficient for turbulent interchange of entrained drops between 

subchannels of type i and ]; 
area of boundary in the fluid per unit length between each subchannel of type i and 

each subchannel of type j; 
concentration of entrained droplets in the gas core of a subchannel of type i; 
number of subchannels of type i bordering on each subchannel of type i, n~j is thus 
zero if subchannel types i and j are not adjacent. Note that n~j is not necessarily 

equal to -nji; 
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WGi 

a/~, 

b~ 

and 

gas flowrate in each subchannel of type i; 

the crossflow of gas from each subchannel of type i to each subchannel of type j per 
unit length of the bundle, Jcij is zero if subchannei types i and j are not adjacent. 
Note that Joij. = -Jo~ 
constants taking the value of zero or unity; 
when J ~  > 0 then a~ i = 1, b~ i = 0; 
when JGi~ < 0 then a~ = 0, b~i = 1; 

when Jo~i = 0 then a~j = 0, b 0 = 0. 

dz  = Ss, D, - E,  - [11] 

where ~b~ is the heat flux on the solid surface of a subchannel of type i. There is one equation 
like [10], and another like [11] for each type of subchannel. 

3.2 E n t r a i n m e n t  and  deposi t ion 

To integrate[10] and [11] it is again necessary to be able to calculate the deposition and 
entrainment rates. 

The deposition rate d~, by analogy with [4], can be written as 

D, = k, Ci, [12] 

where k~ is the mass-transfer coefficient for deposition for subchannels of type i. 
Similarly the entrainment rate E, by analogy with [8], can be written as 

E~ = kiCE~, [13] 

where Co is the equilibrium concentration of droplets in subchannels of type i. CEi is again a 
function of ~'im-Jo,, where ~-~ and mi are the interfacial shear stress and the mean liquid film 
thickness in subchannels of type i. r~ and m~ are evaluated in the same way as for a round tube, 
see section 2.3. In order to use the same equations as before the hydraulic mean diameter d0~ 
(4x cross sectional area/wetted perimeter) for a subchannei is evaluated and used in place of do. 

3.3 Pressure  gradients  

If it is assumed that the crossflow pressure drops are small compared to the axial pressure 
drops, then it can be said that the total axial pressure gradient in all subchannel types must be 
equal at any axial position. This condition can be satisfied by continually redistributing some of 
the gas phase with its associated entrained liquid drops. This redistribution causes the cross 
flow gas flows J~ij. 

The total axial pressure gradient in each subchannel can be evaluated, it is the sum of the 
frictional, gravitational and accelerational pressure gradients 

(i) The frictional pressure gradient can be calculated from the hydraulic mean diameter 
and the interracial shear stress if it is assumed that the interfacial shear stress is almost 
equal to the wall shear stress. This is quite a good assumption as the liquid films are 
very thin. 

(ii) The gravitational pressure drop can be calculated if the void fraction ai in a subchannel 
of type i is known. This can be calculated because 

ai = fraction of cross section occupied by gas 

= (1 -fract ion occupied by liquid film) (volume fraction of the core flow which is gas) 
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~- (1 4m,~ r Wrdp~ ] 
--~Oi ] [iWG'JpG)~LE'JOL)J" 

[14] 

The term within the square brackets has been derived using an assumption of 

homogeneous flow in the core. 
(iii) The accelerational pressure gradient can be found from the changes in the momentum 

flux in a subchannel. In order to calculate the momentum flux it is necessary to know 
the actual velocities of each component (gas, liquid film or entrained liquid) of the flow. 
The mean velocity of the liquid in the film in each subchannel UL~; can be calculated as 
the film flowrate WLm and the mean film thickness m; are known 

WLF/ 
U c ~  = - -  [15] 

¢osimip L" 

The mean velocity of the entrained liquid UL~i and the gas UGI in each subchannel is 
again calculated on the basis of homogeneous flow in the core, and if m~ ,~ do~. 

ULE; = Uc;i - ( WLEiIPL) + ( WaiIpa) 
Ai ' [16] 

where A~ is the cross sectional area of each subchannel of type i. 

In the calculation of the redistributed flows, it was assumed, for iterative purposes only, that 

the total axial pressure gradient in each subchannel is linearly dependent upon the mass 
flowrate of gas in that channel. If the redistribution is repeated the procedure converges quite 

rapidly, and after three or four iterations the total axial pressure gradients only differ by about 
0.1%. 

3.4 Calculation of the gas cross flow rates 

By a mass balance on the gas phase in each subchannel of type i, it can be shown that 

d Wai Ssi4~, 
- + ~_~ J~iinii. [17] dz A j=~ 

Only N - 1 of these N equations are independent, the N th equation is merely an expression of 

the overall heat balance, thus the N - 1 equations are only soluble if there are N -  1 non-zero 
values Jaij. This will be true in some rod bundles, but not in others. Bowring (1%8) has stated 

that the number, Ns of non-zero values of Ja0 is given by 

Nj = N -  I + NL [18] 

where NL is the number of independent loops in the subchannel network. The concept of loops 
is illustrated by a 37 rod bundle in figures 7 and 8. This has been divided into subchannels of 7 
types, see figure 7. Figure 8 shows how these subchannels are connected. Subchannel type 1 is 
connected only to type 2, type 2 is connected to type 1 and type 3 (connection to other 
subchannels of type 2 are not shown because Jm2 must be zero) and so on. The loops can be 
seen in figure 8; there are three loops but only two of them are independent. 

(i) subchannel types 3, 4 and 5; 
(ii) subchannel types 4, 5, 7 and 6; 

(iii) subchannel types 3, 4, 6, 7 and 5. 
It should be noted that with N~ = 8, N = 7, and NL = 2, [18] is satisfied. 
A physically reasonable assumption about the flow around these loops is that there is no net 
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Figure 7. Thirty-seven-rod bundle. 
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Figure 8. Subchannel connections for 37-rod bundle shown in figure 7. 

circulation around a loop, hence for each independent loop there is an equation 

2 JGjininji = 0 
loop 

where n~ is the number of subchannels of type i. 
There are now sufficient equations for all the non-zero values of Ja~j to be obtained. 

[191 

3.5 Boundary conditions 
As for the round tube case the integration was started at the axial position where the quality 

was equal to 1% and there the fraction of liquid entrained was assumed to be 99%. 
There must also be assumed some initial distribution of gas, liquid film and entrained liquid 

between the subchannel types. This initial distribution was calculated from the following 

assumptions 
(i) For every subchannel type WLF~ Ss~ has the same value; 

(ii) The concentration of droplets, C~ is the same in every subchannel type; 
(iii) The total axial pressure drop is the same in every subchannel. The friction and 

gravitational components are calculated as before from ¢~ and m~ (see Section 3.3). The 
accelerational component is approximated by the average accelerational pressure 
gradient between a quality of zero and a quality of 1% where the calculation is started. 
This average is calculated on the basis of a homogeneous flow assumption. 

3.6 Integration method and calculation scheme 
It is again necessary to use an implicit method to integrate the 2N equations similar to [10] 

and [111. An implicit method due to Gear (1968) was found to give accurate results, an overall 
mass balance providing a check on the solution. Again the integration was continued until one 
of the film flowrates was equal to zero indicating that dryout had occurred or until the end of 
the channel was reached. The dryout power is then the lowest value of the total channel power 
which will cause dryout to occur in the channel. 

Figure 9 shows a schematic diagram of the general scheme of the calculation; this diagram is 
drawn for simplicity for a simple explicit integration scheme. 

4. RESULTS 

The procedure outlined above was used to calculate the dryout power in a number of types 
of channel. Three examples are given here. 
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Figure 9. General scheme of calculation of dryout heat fluxes in a rod bundle. 

It should be noted that in these examples the correlations for entrainment, deposition, and 
the liquid film characteristics (z and m) are entirely unchanged from those previously employed 
by Whalley et al. (1974) for round tubes, and described earlier. For any particular calculation all 
the values of kco and ki were equal and were given by the deposition coefficient-surface tension 
relation [6] illustrated in figure 5. Although the calculations described here will also yield values 
of pressure drop and void fraction, only comparisons of dryout power or dryout quality are 
described here. 

4.1 Thirty-seven-rod bundle in a circular pressure tube 
A bundle similar to that shown in cross section in figure 7 is used in the prototype Steam 

Generating Heavy Water Reactor at Winfrith. The central 'rod' is unheated, and is actually a 
tube which forms part of the emergency core cooling system. Results of some in-reactor dryout 
tests have been reported by Redpath (1974). The flowrate in an instrumented channel was 
reduced until dryout occurred. In the experiments simulated the coolant was light water at 62 
bars and the heated length of channel was 3.66 m. The fuel rods all had the same enrichment so 
that the heat flux was greatest on the outer ring of rods. The effect of the axial heat flux profile 
and the circumferential heat flux variation around a rod (pin tilt) were neglected as these are not 
thought to affect the dryout power greatly. 
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Figure 10 shows the calculated results together with a curve which was fired by Redpath 

through the experimental data. Dryout was predicted to occur on the outer ring of rods, and this 

was where it was found to occur in the experimental study. It should be noted that there was 
some doubt as to whether the bundle was mounted concentrically in the pressure tube. 

A comparison has also been made between unpublished data for the dryout power in an 
electrically heated bundle of this geometry with the calculated power. The root mean square 
error in the calculated power was approximately 7.5% for a series of experiments where the 
pressure varied from 15 to 68 bars, and the mass flux from 680 to 2380 kg/m 2 sec. 

4.2 Variable geometry seven-rod bundles cooled by Freon 12" 

Kinneir et al. (1969) have reported measurements of dryout power in a seven rod bundle, 
where all seven rods are heated, cooled by Freon 12 at a pressure of 10.7 bars. The geometry of 

the bundle was varied so that the gap between the rods was varied, the outer six rods were 
always at the vertices of a regular hexagon, with the seventh rod at the centre of the hexagon (see 
figure 11). In one set of tests the outer rods were touching the centre rods, in another they were 

touching the pressure tube--positions intermediate between these extremes were also studied. The 
heated length of the channel was 3.66 m. 

Experimental and calculated dryout powers as a function of the gap between the outer and 

the centre rod are shown in figure 12. The agreement between experimental and calculated 
values is quite reasonable until the gap between the rods becomes very small. Figure 13 shows 

the seven rod bundle when the gap is equal to zero. It can be seen that for this situation the 
subchannels shown are quite inappropriate for the situation, as subchannel type 2 has been 
divided into distinct and separate parts. 

It was found experimentally that when the gap was small dryout occurred on the centre rod, 

and when the gap was large it occurred on an outer rod. A similar trend was found in the 
calculated results except that the change from dryout on the centre rod to dryout on an outer 
rod occurred at slightly too large a gap. 

4.3 Sixteen-rod bundles in a square channel 

Janssen et aL (1969) have studied a 16-rod bundle in a square channel, shown in cross- 
section in figure 14. It can be seen from this figure that the corner subchannels are of a peculiar 
shape. It is probable that liquid will collect in the corners, and so make the film flowrate larger 

than would be otherwise expected. These effects were not taken into consideration here. The 
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rods, in the experiments simulated, were heated uniformly so that the heat flux on every rod 

was equal. The heated length of the channel was 1.83 m and it was cooled by water at a 

pressure of 69 bars. The maximum subcooling of the water at the start of the heated length was 

large---over 400 kJ/kg in some cases. This has the result that the length of channel where the 

quality is greater than zero is sometimes less than 1 m. It was found by Whalley et  al. (1974) 
that the calculated dryout power for short boiling lengths was not very accurate for a straight 

tube. 
Janssen et  al. plotted their results in the form of critical heat flux vs dryout quality. They 

found that their experimental results fell approximately on a single curve even for quite wide 
ranges of inlet subcooling, Figure 15 shows the experimental and calculated results. For each of 

the four mass velocities used in the calculation, the inlet subcooling was varied over the range 0 

to 400 kJ/kg. 
Both theoretically and experimentally it was found that dryout always occurred on a corner 

rod. 
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5. CONCLUSIONS 

A method for calculating the dryout power in a rod bundle has been described, and a 
number of results presented. From these results it can be seen that the method gives a 
reasonable estimate of the dryout power except when, either the boiling length is very short, or 
the use of rod centred subchannels is inappropriate. It should be noted again that the 
correlations used in the calculation method, and the constants necessary as input data, are all 
exactly the same as are used for calculating the dryout behaviour of a single round tube. No 
optimisation of the constants of the model for the rod bundle has been necessary. 

The present calculation method is subject to a number of restrictions, and it is worth noting 
which of these restrictions are simple to remove. There is first a group of restrictions, the 
removal of which would present no great difficulty. 

(i) The fluid physical properties are assumed constant along the channel. The physical 
properties could be allowed to vary by performing an overall enthalpy balance on the 
elemental length 8z in figure 4. In this way the vaporisation rate due to both the 
imposed heat flux and the flashing of the liquid could be calculated. 

(ii) There is no variation of the heat flux along the channel. This restriction can be removed 
by putting ~i in Ill] to be a function of the axial position z. 

(iii) The cross flow pressure drops are neglected; these could be taken into account and 
would mean that the pressure would no longer be the same in each subchannel at a 
given axial position z. 

(iv) No sparge flows in the bundle must be present. In the Steam Generating Heavy Water 
Reactor water is continuously sprayed into the bundle at a low flowrate by the 
emergency core cooling system. The effect of such a sparge flow would be to increase 
WLEi and WL~ at the axial spray positions. 

There is a second group of restrictions, the removal of which would be more difficult. 
(i) The flow is assumed to be steady. Transient flow in a tube has been studied by Whalley 

et al. (1975), but the extension of this work to the rod bundle geometry presents a 
considerable computational problem. 

(ii) Pin tilt (the variation of heat flux circumferentially round a rod) cannot be simulated. 
This would lead to variations in liquid film characteristics around the rod circum- 
ference. 

(iii) There is no representation of any effects caused by grids and spacers in the bundle. 
Obviously support grids will affect the liquid film in some way, but it is not clear in detail 
what will happen to the film as it passes over or through a grid. 

Finally, it must be remembered that this calculation method is based on a model of annular 
flow, and so no representation of any phenomenon such as subcooled dryout is possible. 
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