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Abstract
The paper deals with the description of a

Personal Computer oriented subchannel code,
devoted to the steady state thermal hydraulic
analysis of nuclear reactor fuel bundles. The
development of such a code was made possible by
two facts: firstly, the increase in the computing
power of the desk machines; secondly, the fact that
several years of experience into operate
subchannels codes have shown how to simplify
many of the physical models without a sensible loss
of accuracy. For sake of validation, the developed
code was compared with a traditional subchannel
code, the COBRA one. The results of the
comparison show a very good agreement between
the two codes.

/. Introduction
The steady-state thermohydraulic analysis

of a nuclear reactor core is usually performed by
means of computer codes based on the subchannel
model /1,2,3/. Such codes were typically developed
on the big computers in the 60's and 70's and are
characterised by two main guidelines: the
generality and the completeness. With generality
it's intended the capability of the code to analyse
reactors of any geometry and coolant; completeness
is the attempt to introduce into the code a model as
good as possible for each physical phenomenon of
interest. Such guidelines, supported by the
availability of big machines, has lead to codes
characterised by middle-big dimensions and by a
fair complexity. As a consequence, they are quite
difficult for the designer's use. Until a few years
ago, such a situation was accepted as inevitable.
Meanwhile some new facts happened. From one
side, the enormous development of the desk
computers (PC) led such machines to performances
near to the ones concerned with the old big
computers. At the same time, the systematic use of
the subchannel codes and the comparison of their
results with data coming from measurements and
from other codes, allowed the quantitative
evaluation of the different phenomena. This has
shown, in several cases, the possibility to perform
models simplifications, having a strong effect on
the computational load together with a negligible
effect on the accuracy of the results. These facts
have made possible the development of a PC
devoted subchannel code. An activity in this
direction was started in ENEA in 1992, within the
frame of the preliminary design of the MARS
reactor, an Advanced Light Water Reactor 161. The

main result of this activity is the code ANTEO
(from the Italian words: ANalisi TErmoidraulica
Ottimizzata), a steady-state subchannel code for
the thermal hydraulic analysis of reactor rod
bundles cooled by a single phase coolant. ANTEO
is written for a standard IBM-PC, has a fair simple
input specification and runs on such a machine in a
very reasonable time.

2. Model description
The thermohydraulic analysis of a rod

bundle most be extend to two different regions: the
first one is the coolant region, where the pressure,
velocity and temperature distributions are to be
determined; the second one is the region inside the
rods, where only the thermal analysis has to be
performed. In steady state, the analyses of the two
regions can be completely separated each other As
a consequence, in the following the two will be
discussed separately.

2.1 Coolant region
The determination of the pressure,

velocity and temperature distributions in the
coolant is based on the solution of the balance
equations for mass, momentum and energy. Such
equations are of elliptical nature, i.e. they should
be solved in 3D basing on boundary conditions, a
very hard job. Fortunately, at the reactor nominal
operating conditions, the reference ones for the
steady-state design, the velocity has a prevalent
velocity component in the axial direction; once
more, the energy exchange in axial direction is
negligible. As a consequence, the system can be
described as a 2D one, on a plane perpendicular to
the flow direction, and by repeating the analysis for
subsequent axial levels, each one depending on the
previous one but not on the following one, the 3D
analysis is performed. This approach is usually
adopted in the subchannel codes, see for instance
/2,3/. A further approximation is proposed, and
adopted, in 111: it is assumed that the pressure is
uniform over the bundle transversal cross section,
i.e. over the plane where the 2D analysis is
performed. This assumption allows for a strong
simplification, due to the fact that the transversal
momentum equation is taken off from the system.
This way the dimension of the equations system is
reduced; once more, the solution is simplified, due
to the fact that from the coupling of the two
balances (the axial and the transverse ones) often
convergence problems are arising. With respect to
the loss of accuracy concerned with such
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simplification, the situation is not too bad: firstly,
the transversal pressure gradient are effectively
very small; furthermore, the evaluation of such
gradients needs the knowledge of the pressure loss
law for flow transversal to cylinders. In the
literature there is a poor dealing with this problem,
and what available is often out of the P/D range of
interest /9,10/. As a consequence, such an analysis
is affected by a not negligible uncertainty. In
ANTEO all the mentioned hypotheses are adopted;
once more, the flow rate along a subchannel is
assumed to be uniform. This simplification, already
tested in 151, allows for the calculation of the flow
distribution "a priori", by means of a flow split
model, by separating completely the thermal
problem from the hydraulic one. The advantages of
such an approach are evident; the less of accuracy
is evaluated in the section 2.1.1. After the
determination of the velocity distribution by means
of the flow split model, the axial pressure
distribution along the bundle (as an average over
the transversal cross section) is determined basing
on the models discussed in the section 2.1.2. Going
into the thermal problem, basing on the previously
discussed assumption, it will be concerned only
with the transversal balance. In the subchannel
models /1,3/, such a balance is based on the
description of three phenomena: molecular
conduction, cross flow and turbulent mixing. The
first one, in turbulent flow, is usually negligible;
once more, it is often taken into account by the
turbulent flow coefficient. As a consequence, it will
not explicitly taken into account. With respect to
the cross flow, it cannot be taken into account in
the actual model, where the mass transport among
adjacent subchannels is not evaluated.
Consequently it will be neglected; the effect of such
an assumption will be discussed in the chapter 3,

2.1.1 Proposed flow split model
The analytical flow split models /5,11/ are

based on two fundamental hypotheses: the first one
is concerned with the assumption of uniform
pressure distribution at the bundle outlet
(hypothesis performed even in the standard
subchannel codes); the second assumption is that
the subchannels independent each other, i.e. no
mass and momentum exchange among them.
Basing on such hypotheses, the model is developed
like follows:

1. a pressure loss equation for each one of
the m subchannels is written

2. the condition of uniform pressure at the
outlet is imposed

3. the mass balance equation is written

this way, a system of m+1 equation for m+1
unknowns (m velocities and the pressure loss) is
obtained. Both in 151 and /11/, due to further
simplifications, an analytical solution is reached.
In the first attempt to develop a code similar to

ANTEO, called PRIVAL 111, the model suggested
in 151 was adopted. The application of this model to
a typical LWR bundle and the comparison between
the obtained results and those predicted by the
COBRA code III showed sensible differences
between the two models /121. An example of such a
comparison is shown in the fig. 1, where the flow
rate for two different subchannels is plotted.
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The difference cannot depend on the fact that
COBRA computes an axially variable flow rate: in
this case the axial average COBRA flow rate
should be equal to the constant PRIVAL value. The
effect is due to the fact that, as mentioned before,
for the analytical solution of the flow split further
simplifications are needed: the pressure loss must
be only due to friction and in all subchannels must
hold the same pressure loss law (not the same
friction factor, but the same law for friction factor).
The application of the model /5/ to bundles
equipped with spacer grids, like the LWR bundles
are, leads to the observed discrepancy.This fact was
confirmed by applying COBRA to the same
bundle without considering the grids: the
agreement between the models becomes then
satisfactory. It becomes then necessary to develope
a flow split model taking into account the spacer
grids. The system of equation obtained in this case
will be difficult to be managed in analytical terms,
but being the model to be inserted in a computer
code, a nu.r.cwcal procedure can be employed. By
assuming that the pressure loss in the subchannels
is due only to two contributes (the extension to an
higher number of contributes is obvious), i.e. the
friction:
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A 2
and the spacers pressure loss:

.2

(1)

(2)

the pressure loss law in the i-th subchannel
becomes:

AD yAP = A,
1 ' A + (3)

where n is the number of spacers grids. For the
moment, let us suppose that both X and !; are
independent of the velocity; by remembering that
the pressure loss is the same in all subchannels and
by considering that the velocities are surely of
positive sign, equation (3) can be written:

(4)

being aj a coefficient grouping all constants. By
introducing the mass balance:

= ml (5)
i=l,m

and substituting the equations (4) into (5) we get:

\ 2

m,.

\
f=l.m

(6)

where the only unknown is the pressure loss; from
it and by using the equations (4) the velocities and,
consequently, the flow rates are determined. At this
point, it is necessary to remove the assumption of
pressure loss coefficients X and \ independent from
the velocities. This is quite easy by inserting the
proposed scheme into an iterative procedure: at the
beginning, the pressure loss coefficients are
determined basing on the bundle average velocity;
in the following steps, they will be correct basing
on the computed velocities. The performed analysis
has shown that such procedure converges surely
and rapidly: the difference, in terms of velocity, is
less than 1% in three iterations.
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With respect to the pressure loss laws, they can be
of any kind; the correlation set introduced in
ANTEO is described in 2.1.2. The developed
model was inserted in the ANTEO code and the
obtained results were compared with those of the
COBRA code. As it appears in the figure 3, the
agreement between ANTEO and the average
COBRA value is very good.

2.1.2 Pressure loss model
The total pressure loss across the bundle

resulting from the flow split calculations is not
sufficient for the accurate description of the bundle
behaviour. Therefore, the computation of the
pressure loss is repeated for a number of axial
levels with reference to the whole bundle,
according to the assumption of uniform pressure
over the transversal cross section. The friction
pressure drop is taken into account by using the
already mentioned equation (1). Due to the fact
that, for the system of interest, the Reynolds
number is not very high, the friction factor was
computed by means of the Blasius correlation (see
for instance/13/):

X = 0.316 Re0 2 5
(7)

The spacer pressure drop is taken into account by
using the model proposed in /14/: the pressure drop
is computed by means of the equation (2) and the
coefficient 2; is computed by means of the
correlation:

(8)
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In this correlation, s. represents the blocking ratio
of the grids, i.e. the ratio between the flow area
corresponding to the grid and the flow area of the
undisturbed bundle. The dependence on the
Reynolds number is computed by means of the
correlation:

C v = 5.0 +6133 Re"0-789 (9)

Such correlation was proposed in /6/ and was
obtained basing on the data presented in /14/, A
further pressure loss is due to the acceleration: as a
consequence of the heating, the coolant will in fact
expand. Such an effect can be computed
analytically; the final equation is:

(10)

where the index are respectively referred to the end
(index 2) and to the beginning (index 1) of the
considered length. The pressure variation due to
(he fact that the flow is directed vertically is
expressed by means of:

AP = p g Az (U)

where g is the gravity acceleration and Az the level
variation. It should be emphasised (hat this term,
in a closed loop, modifies the pressure but does not
contribute to the pressure loss. With respect to the
inlet/outlet pressure loss, they are computed as a
function of the dynamic pressure, by using the
coefficients 0.5 and 1.0 respectively.

2.1.3. Energy balance
The coolant flowing in each subchannel

receives energy (in form of heat) from the adjacent
pins; energy is then exchanged with the adjacent
subchannels. By referring to the subchannel i, the
balance is given by:

(12)
j=\,n

where Az is the length of the axial section; qj is the
heal transmitted to the subchannel i by the adjacent
pins;./ is the generic subchannel of the «'s adjacent
to /; w is the transmission coefficient, discussed in
2.1.4; hj2 and hjj are the coolant enthalpies
respectively at the inlet and at the outlet of the
axial section; hj is the average of the previous
ones; h; is the analogous to hj, but referred to the
subchannel j . For each axial section, the h] are
know, because referred to the outlet of previous
section or, for the first axial section, equal to the
inlet enthalpy. By writing an equation of type (12)
for each subchannel, a system of m equations for
the m unknowns (the hi enthalpies) is obtained.

The solutii ..us system represents the core of
the code ~ principal matrix, of n?- terms, is
large bui aot excessively; as a consequence, it
becomes not necessary to use specialised solutions
methods for big systems: the system is solved by
means of a normal Gauss method with pivotal
condensation /15,3/. As a conclusion of this
section, it is worthwhile to mention that the code
was equipped with a model for the calculation of
the coolant quality. After the determination of the
enthalpies at each axial level, if some of them is
greater than the saturation enthalpy corresponding
to the local pressure, the quality in the of the whole
subchannel is computed as:

x = (13)

being C L the latent heat corresponding to the
actual pressure. It must be emphasised that the
code is devoted to single phase flow: the presence
of steam puts the calculation outside the validity
range of the code. As a consequence, the quality
calculation represents only a flag, in order to
inform the user of the reached limits of the code.
As said, this is concerned with the presence of
steam in the whole subchannel. But steam at local
level (subcooled boiling) does not invalidate the
model, as later explained in 2.2. In case of local
boiling, the quality in the whole subchannel is
assumed equal to zero.

2.1.4 Mixing model
The energy transmission between adjacent

subchannels is due, as mentioned before, to three
phenomena: molecular conduction, cross-flow and
turbulent mixing. Basing on the performed
assumptions, the only mechanism considered in
ANTEO is the turbulent one; the coefficient w in
equation (12) will be then defined only basing on
the turbulent mixing. One of the first model
proposed for this phenomenon is the model used in
III and described in /16/. Following this model,
known as Rowe's model and deriving from an
experimental analysis, the w coefficient is equal to:

• = 0.0062 — Re-0.1 (14)

where the index ij means that the quantity is
referred to both the exchanging subchannels. Later,
particularly in Europe, a different model was used,
the Ingesson's one /17/: for instance, this model
was used both in 111 and 131. The Ingesson's model
differs from the previous one for the theoretical
part of the analysis; once more, it is more
complicated and tends to overestimate the mixing.
For this last reason, the Ingesson's model was often
used with the correction proposed in /8/, see for

493 Nuclear Energy in Central Europe, Portoroz, Slovenia, 11.-14. September 1995



example /3 / . Recently a new model was proposed
by Rehme /19/. This model, based on an advanced
theoretical approach and referring to a large
experimental data base, constitutes a synthesis of
the previous proposals. In ANTEO, the calculation
of the mixing coefficient w is entrusted to a
subroutine, and therefore any model can be used.
For the moment, the Rowe's model was inserted,
mainly for sake of comparison with the COBRA
code. It must be emphasised that, for the operating
conditions of water cooled reactors, the adopted
model is in good agreement with the Rehme's one.

2.2 Coolant-clad heat transmission
The film heat transfer constitutes the

interface between the coolant and the pin systems.
From one side, it belongs to the coolant system,
because it happens in the coolant. At the same
time, in steady-state flow, the coolant analysis does
not depend on the film heat transfer coefficient.
For such reasons it will be considered
independently from the coolant analysis. The film
heat transfer is computed in two different ways,
depending on the presence of subcooled boiling.
For purely single phase flow, the Dittus-Boelter
/13,20/ correlation is employed:

Nu = 0.023 Re 0 8 Pr° 4 (15)

In presence of subcooled boiling, the temperature
of the clad outer surface will be computed by
means of the Thorn's correlation /21/. This
correlation was preferred to the Jens-Lottes's one
/22/ as more conservative. The Thorn's correlation
is:
T W = T sa t ' 22.65 (16)

where lyj and T s a t are the clad outer surface and
the saturation temperatures respectively; <P is the
thermal flux in (MW/m^) and P is the pressure in
Bar. In this equation, all the quantities are referred
to the actual axial level. The code performs
automatically the choice between the (15) and (16),
by using the criterion used in /23/: by calling t w o

the clad temperature computed by means of
correlation (15), subcooled boiling is assumed
when:

wo (17)

In this case, it will assumed that the presence of
steam, being at local level, does not invalidate the
calculation.

2.3 Rod region
The analysis in the rod region is

performed by assuming, similarly to /1,2/, a power
distribution variable axially but not
circumpherentially. For each pin, at each axial
level, a reference coolant temperature is assumed;
such temperature is chosen as the hottest among

those of the subchannels adjacent to the pin. All
the following analyses will be performed basing
only on such temperature; this way only one
temperature will be obtained for each "shell" of the
rod. It must be mentioned that such an approach,
by neglecting the lowering introduced by the
circumpherential heat conduction, leads to
conservative results. The effect of the
circumpherential heat transfer inside reactor pins
have been analysed in /3/ , by obtaining that they
are sensible only by particular systems, gas cooled
fast reactors, where the high film temperature drop
will influence the flow rate distribution. Otherwise,
they are usually negligible. Starting from the
reference coolant temperature, the clad outer
temperature is computed as specified in the
previous section. The temperatures inside the clad
are then determined by means of the Fourier
equation, solved analytically for a cylinder of
infinite length. This solution is instead within an
iterative procedure, in order to take into account
the temperature effect on the thermal conductivity.
The heat transfer in the gap between clad and
pellet is complex and difficult to model. It is
substantially due to molecular conduction and
thermal radiation; the fact that the system is
varying during the reactor life (geometry, nature of
the filling gas etc.) produces an higher complexity.
As a consequence, this phenomenon is usually
taken into account by means of an equivalent
convective heat transfer coefficient determined
experimentally. In ANTEO two models are
available: an equivalent convective model and a
model considering the gap as filled by static
helium. The thermal profile inside the fuel pellet is
computed by means of a numerical model, based
on the control volume scheme 1291. All the
mentioned models are discussed in detail in the
references /4,6,7/.

2.4 DNBR
The arising of the thermal crisis is

analysed by referring to the DNBR (Departure
from Nucleate Boiling heat flux Ratio), defined as
the ratio of the heat flux determining the thermal
crisis and the actual heat flux:

= <i>
D N B c o m p u t e d

O
actual

(18)

The DNB flux, i. e. the critical heat flux, is
evaluated by using the W-3 correlation /24,25/.
This correlation is based on the use of a basic
relationship referred to uniform heat flux in axial
direction, all walls heated, bare rods /26/.
Corrections are then introduced in order to take
into account the axial shape of the power profile
1211, the effect of unheated surfaces /28/ and the
grid spacers effect /25/. In ANTEO all these effect
are considered basing on the prescriptions of/25/.

For the application, the W-3 correlation is
usually associated with a safety criterion; basing on
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Quantity

Pressure loss
Average Coolant Outlet Temperature
Corresponding Temperature Rise
Hottest Subchannel Index
Subchannel Flow Rate
Power Generated in the pin n. 17
Outlet temperature in the hottest Subchannel
Corresponding Temperature Rise
Pin Showing the Maximum Clad Temperature
Maximum Clad Temperature
DNBR min

unit

Bar
°C
°C
-

g/sec
W
°C
°c
-
°c
-

ANTEO

0,374
264,9
50,9
17

66,92
37938
273,6
59,6
16

298,3
4,44

COBRA

0,358
264,0
50,0
17

67,04
37952
272,2
58,2
16

296,9
5,77

A

4,6%
0,9

1,8%
-

0,2%
s0
1,4

2,4%
- •

1,4
30%

Tab. 1 Comparison between COBRA and ANTEO results

the uncertainty analysis performed with respect to
the development of the correlation, in /24,25/ it
was proposed to impose that thermal crisis does not
arise for:

DNBR> 1.30 (19)

which will be assumed as safety criterion for the
design.

2.5 Code Details
ANTEO was written in FORTRAN and

was developed and tested on a IBM-PC equipped
with a processor INTEL-486-DX, having a clock of
66 MHz and a RAM of 8 MB. However the code
can run on each machine of the same family. The
running time depends obviously on the used
machine and on the analysed geometry. On the
mentioned machine, the analysis of a standard
PWR bundle (289 pins) requires a total time of
about 25 seconds for each axial section. By
assuming an axial subdivision of 10 sections, the
total time will then be of about 4 minutes. With
respect to the occupied memory, the source of the
program needs 180 Kbytes; the dimension of the
executable module depends on the operating
system used by the machine and again on the
examined geometry. The code is namely written in
semi-automatic dimension mode, i.e. the storage
request is modelled on the dimensions of the
analysed bundle. By utilising the DOS operative
system, the executable module for a 289 pins
bundle subdivided in 50 axial sections, requires
about 800 Kbyte.

3. Comparison with the COBRA code
For sake of validation, the results of the

developed model were compared with two different
codes. The first one, the PRIVAL code /7/, was
used only for check trivial errors in the model for
the rod region: in fact, the two codes use the same
model. The result was favourable and no discussion

will be presented here. COBRA was then used for
the validation of the remaining sections of the
code. A first test case was based on a integral test,
i.e. a test concerned with an actual reactor, the
MARS one /6/. The comparison between the more
important results is shown in the table 1. The
difference in the total pressure drop, 4.6%, is quite
big, by considering that the two codes use the same
pressure loss laws. A first possible explanation lies
in the fact that whereas ANTEO takes into account
the inlet and outlet pressure drop, it is not
completely clear if such effects are considered by
COBRA. If not, by correcting the ANTEO result,
the differences reduces to 1.2%, a more acceptable
value. In time, such difference could be due to the
fact that, whereas ANTEO works on a single duct
with physical properties corresponding to average
bundle values, COBRA builds up a parallel
between the subchannels. The verification of the
flow split model was already discussed in detail in
the section 2.1.1. The comparison for this integral
case, a difference of 0.2%, confirms the results
obtained there and the validity of the proposed
model. Difficult to explain in terms of models is
the difference of about 1 °C, 1.8% of the
temperature span, on the bundle average outlet
temperature: this value derives namely directly by
the thermal balance, a simple operation. The
explanation of the discrepancy was found by
analysing the COBRA results: the code shows a
difference of 2.4% between the heat generated
within the pins and the heat adsorbed by the
adjacent subchannel. The parametric calculations
performed in order to study this effect /12/ showed
that it changes in quantity but is always present.
Anyway, no explanation was found, the effect is
probably due to some particularity of the used
COBRA version. This discrepancy has a direct
influence on the subchannel (maximum)
temperature, the more important quantity for the
comparison. As shown in table 2, the difference on
the corresponding temperature span is 2.4%, about
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the same difference resulting from the heat
balance. It means that, if the COBRA incertitude
on balance is taken into account, the agreement
between the two models is very good. This
agreement is very important, because it
demonstrates that the influence of the cross-flow,
for the assumed operating conditions, is negligible.
The comparison on the clad temperature shows
again a very small difference, if the balance
incertitude of COBRA is considered: the integral
agreement between the two codes is excellent.
Finally, a significant difference, about 30%,
between the codes is found for the DNBR
evaluation. This difference was already detected in
14/ and is probably due to the fact that the W-3
correlation, largely developed on empirical base, is
strongly sensible also at small variations of the
parameters assumed as input. Anyway, this
difference leads to small effect on the results
validity: firstly, ANTEO is always conservative
with respect to COBRA; secondly, for the new
generation reactors, the safety margins are quite
wide, see for instance the DNBR values in the table
2, and consequently this parameter is not the
limiting one.

10 <•*•*»••(

/If. 4 COIM-AMTIO timtBrlm. * • • • » « « !
»•!(«! ttmptrmturt.

The analysis performed up to now, concerned with
an actual case, the one referred to the reactor
MARS, does not fill completely the validation
purpose, mainly due to the fact that the power
distribution is quite flat. Namely, in presence of a
strong transversal power gradient the mixing
effects play a more important role from a
quantitative point of view. In such cases, the
agreement between the two codes could be worse.
In order to overcome this problem, further cases

were examined, where the operating condition are
not referred to an actual reactor but are chosen in
order to stress the mixing effect. This way, even
small discrepancies between the mixing models
should be detected. As an example of this type of
test, a case was prepared where the power
distribution is the same in all pins, with the
exception of one corner pin, having a power
increased by 50% with respect to the others. Once
more, the power generated in the tubes containing
the control rods is assumed to be zero. The severity
of such test is plain: the power tilt is surely bigger
than any actual one: the assumption of the
increased power in a corner pin raises the
difficulties from the fluiddynamic point of view.
Finally, the systematic error concerned with the
heat balance in COBRA was eliminated like
follows: the COBRA run was performed as first;
the following ANTEO run was performed by
normalising the power generation to the value
resulting a posteriori from COBRA. The assumed
geometry was again the MARS one.

The main results of this calculation are shown in
the pictures 4, where the subchannels outlet
temperature along the subassembly diagonal is
plotted. From the profile it is easy to identify the
pin with increased power and the ones with zero
power. The agreement between the COBRA results
(curve) and the ANTEO ones (points) is of the
order of the tenth of degree. The general
conclusion is therefore that the two codes show a
very good agreement.

4. Conclusion
In the paper was presented a PC

subchannel code suitable for the steady-state, single
phase thermohydraulic analysis of nuclear reactor
fuel bundles.

The performed test calculations have
shown the capability of the model to solve the
problem with a low requirement of computer
storage and time. This was made possible by means
of an optimisation concerning both the code
structure and the adopted models for the different
physical phenomena. In this frame, a new flow
split model was developed.

The quality of the results was verified by
means of the comparison with a classic subchannel
code, the COBRA code. The comparison showed a
very good agreement between the codes.
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