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Abstract

The paper presents the results of a numerical simulation for sodium fluid dynamics and mixing in the tubing system of
an air-cooled heat exchanger (AHX), which is a part of the emergency cooldown system (ECS) of sodium fast reactors
(SFRs). Non-uniform sodium flows in the AHX tubing system may lead to the mixing of different-temperature sodium
flows, temperature fluctuations and tube breaks. It was found in the course of investigating accidents involving breaks
in the PFR and Phénix reactor AHX tubing systems that the failure was caused by the metal temperature fluctuations
(Cruickshank and Judd 2005).

The numerical simulation used three- and one-dimensional computer codes. It has been found that the calculations
of the AHX sodium flow rate distribution with a practically acceptable accuracy can be performed using a one-di-
mensional code. The factors that influence the non-uniform distribution of sodium flows in the AHX tubing system
have been analyzed. Calculations have been performed for the AHX sodium flow distributions and for the mixing of
different-temperature sodium flows in the AHX outlet header. The results are presented from calculating the amplitude
of sodium fluctuations near the AHX header walls. The effect from shutting down several modules on the non-uniform
flow distribution and temperature fluctuations in the AHX has been investigated. Approximations of numerical solu-
tions have been obtained for the sodium flow distribution as a function of the number of the modules shut down.
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ion
Intl'OdllCtIO Non-uniform sodium flow rates in the AHX tubing sys-

tem may cause mixing of different-temperature sodium

One of the safety systems in BN reactors is the emergen-
cy cooldown system (ECS) designed to dissipate into the
environment the residual reactor heat in the event of the
system power loss, loss of feedwater supply and a seismic
impact. The ECS includes an air-cooled heat exchanger
(AHX) in which heat is transferred from sodium inside
the tubes to the atmospheric air in the shell side.

flows and temperature fluctuations. High heat conductiv-
ity of sodium leads to high coefficients of heat transfer,
as compared with water or gas, and minor temperature
differences between the coolant and the wall, this causing
temperature fluctuations penetrating deep into the wall.
Thermocyclic fatigue of the wall material may lead to tube
breaks and sodium leakage (Kolesnichenko et al. 2023).
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For instance, there were breaks recorded in 1984 in
the PFR reactor’s tubing system (Cruickshank and Judd
2005). It was found in the course of the investigation that
the failure was the result of the temperature fluctuations
caused by the heat-exchange tubes having been ‘clogged’
with undissolved gas. Similar effects were observed in the
process of testing the AHX of the Phénix experimental re-
actor. Therefore, analyzing the fluid dynamics and mixing
of different-temperature flows in the AHX is critical for
developers of Russian BN reactors.

AHX description

Fig. 1 shows a scheme of the AHX tubing system. The
sodium circulation path in the AHX comprises a tube
bundle, a horizontal inlet header and a horizontal outlet
header (Kolomiyets et al. 2014). The tube bundle consists
of heat-exchange modules connected in parallel. Each
module consists of parallel U-shaped heat-exchange tubes
with an internal diameter of 18 mm integrated through the
module’s inlet and outlet headers. A two-pass crossflow
principle is used for the AHX heat exchange. The heat-ex-
change tubes have welded single-pass spiral finning for
intensifying heat transfer to air. The coolant circulation
pattern is the same as in the PFR, PFBR and Monju reac-
tor AHXs (Mochizuki and Takano 2009).

Figure 1. AHX tubing system: 1 — inlet header; 2 — heat-ex-
change tubes; 3 — outlet header; 4 — module headers.

The heat-exchange tubes in the module have different
length and, therefore, different hydraulic resistance. This
may lead to a difference in the flow rates in tubes, which
may cause undesired temperature fluctuations. In addition,
this may also lead to non-uniform distribution of sodium
flows by the AHX modules. No effect of undissolved gas on
the AHX header fluid dynamics was considered in this study.

The rated AHX parameters in the reactor cooldown
mode are presented in Table 1.

Investigation procedure
The AHX was calculated using the CFD Flow Vision code

and the Piping Systems FluidFlow one-dimensional code
(FluidFlow hereinafter) (FluidFlow. User Guide).

Table 1. Rated AHX parameters

Parameter Value

Thermal power, MW 13
Sodium flow rate, kg/s 52
Sodium temperature, °C:

— inlet; 505
— outlet 309
Air temperature, °C:

—inlet; 39
—outlet 307

To simulate the turbulent coolant flow in the AHX flow
area, the FlowVision code uses a standard &-¢ turbulence
model complemented with a module of turbulent heat
transfer in liquid metal coolant (Liquid Metal Sodium, or
LMS) (Aksenov et al. 2014). The FlowVision code was
verified with respect to the mixing of different-tempera-
ture sodium flows based on experimental data (Knebel et
al. 1998; Kimura et al. 2007).

The FluidFlow code allows solving one-dimensional
hydraulics equations using reference data on resistances
of the hydraulic network’s standard components (tube,
bend, T-joints) (Idelchik 1992).

The studies were conducted in the following sequence:

* calculation of the sodium flow rate distribution by
tubes within one module and in the AHX as the whole;

* estimation of the sodium temperature at the outlet of
the module headers;

+ analysis of the tube plugging on the mixing in the
AHX outlet header.

The geometrical model for calculating the distribution
of sodium flow rates by the tubes in the module is present-
ed in Fig. 2a, the model for calculating the distribution of
sodium flow rates by the modules in the AHX is presented
in Fig. 2b, and the model for estimating the sodium tem-
perature in the outlet header is presented in Fig. 2c.

All heat-exchange tubes in the module header model
(see Fig. 2a) are straight and of the same length, and the
headers are opposite to each other. There is a lumped hy-
draulic resistance set on each tube in the model (modifier)
that takes into account the local resistance in bends and
the friction loss in the tube straight runs. The modifier re-
sistance was calculated based on reference data (Idelchik
1992). Parallelepipeds were used to plot the computation-
al grid in the FlowVision code. The computational grid
has mesh clustering in the region of the tube attachment
to the headers, the total number of meshes being 258 870.

The AHX model (see Fig. 2b) has the inlet header and
the outlet header connected by straight tubes of the same
diameter as the module header diameter and the hydraulic
resistance of tubes equivalent to the module resistance.
This model was used to calculate the non-uniformity of
the sodium distribution by modules.

The mixing of different-temperature sodium flows at
the module outlet was analyzed on the AHX outlet header
model (see Fig. 2¢) with an internal diameter of 200 mm.
The computational grid has mesh clustering in the outlet
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header region and in the wall region, the total number of
meshes being 337 620. The value of the parameter y+ for
the module header model and the outlet header model lies
in a range of 50 to 100. The sodium flow was simulated on
both models as part of the standard k-¢ turbulence model.

a) Heat-exchange tubes

Modifiers

I

b)

T

Figure 2. Geometrical models for: a) module headers; b) AHX;
¢) AHX outlet header

Calculation of the sodium flow rate
distribution by the module tubes

The non-uniformity coefficient was taken as the flow rate
distribution non-uniformity measure:

z=G_IG (M

where G and G, are the maximum and the minimum
sodium mass flow rates by the module tubes or by the
AHX modules, kg/s.

The FlowVision calculations of the sodium flow dis-
tribution by the tubes within one module have shown
that the non-uniformity coefficient Z is 1.04. The Fluid-
Flow-calculated coefficient Z was 1.10. A comparison of
the calculation results obtained using the two codes with
the rated AHX parameters (see Table 1) is presented in

Fig. 3 and in Table 2. It follows from Table 2 that some
70% of the total hydraulic loss in the module have been
caused by the loss in the tubes.

Flow rate, kg/s
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Figure 3. Sodium flow rate distribution by the module tubes.

Table 2. Hydraulic loss in the module

Parameter Code
FlowVision FluidFlow
Hydraulic loss in heat-transfer tubes, Pa 1138 1371
Hydraulic loss in module headers, Pa 669 431
Total hydraulic loss in module, Pa 1807 1802

Additionally, a number of calculations were undertak-
en with a flow rate twice as small and 1.2, 1.6 and 2 times
as high as the rated value (see Table 1). The maximum
non-uniformity of the sodium flow distribution by the
module tubes is 1.04 for the FlowVision code and 1.10
for the FluidFlow code.

In the investigated flow rate range, the Reynolds num-
ber varies between 4-10* and 2-10°. The flow rate varia-
tion does not have effect on the hydraulic resistance co-
efficient of the module and on the flow rate distribution
by the tubes so, accordingly, there is self-similarity of the
Reynolds number taking place.

Calculation of the sodium flow rate
distribution by the AHX modules

Based on the obtained values of the module resistances,
the sodium flow rate distribution by the AHX modules
was analyzed using the FlowVision and FluidFlow codes.
As the result of calculating the sodium distribution
by the modules, the sodium temperature at the outlet of
each module was estimated as a function of the flow rate
through the given module:
tout - tair * (tin - ZLair)e-KMﬂ/(GC)’ (2)
where ¢, and ¢ are the module inlet and outlet sodium
temperatures, °C; ¢ is the cooling air temperature, °C;
K is the overall heat transfer coefficient, W/(m?-°C); d is
the diameter of the heat-exchange tube, m; / is the tube
length, m; G is the sodium flow rate through the tube,
kg/s; and c is the sodium heat capacity, J/(kg-°C).
With regard for the rated values of the sodium and air
temperatures at the AHX inlet and outlet (see Table 1),



30 Smetanin TR et al.: Numerical simulation of fluid dynamics and mixing of heat exchangers

the overall heat transfer coefficient was determined. Then,
the sodium temperature at the outlet of each module was
calculated using formula (2) based on the known sodium
flow rate distribution by the AHX modules. The following
was assumed for the calculation:

* the air temperature in the AHX is constant through-
out the volume;

* 1o non-uniform air heating in the AHX tube bundle
volume with the modules plugged was taken into
account.

Fig. 4 presents the calculation results with the header
diameter of 200 mm.

Flow rate, kg/s
1,80

30 °C in the header middle and increases in the direction
of the sodium flow, this leading to temperature fluctua-
tions on the header metal shell.

The maximum amplitude of the sodium temperature
fluctuations near the wall (defined as the temperature in-
terval which includes 95% of the calculation points) is
reached at test point 3 and amounts to 45 °C.

Near point 3, the difference between the main flow and
the sodium that comes from the modules reaches the max-
imum, so the ‘hot” sodium vortices at the module outlet
create major temperature fluctuations near the header wall
at point 3. No such process is observed at points 1 and 4,
and a similar process does not lead to major fluctuations
at point 2.
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Figure 4. Sodium flow rate distribution by modules and the AHX module outlet temperatures with the header internal diameter of 200 mm.

The non-uniformity coefficient Z for the FlowVision
and FluidFlow codes is 2.94 and 2.99 respectively, so the
one-dimensional FluidFlow code can be used to calculate
the sodium flow rate distribution in the header with the
practically acceptable accuracy.

As estimated, the sodium temperature difference at the
outlet from the extreme modules with all modules being
in operation is 126 °C, and the temperature difference be-
tween neighboring modules is in a range of 1 to 6 °C.

The increase in the module outlet sodium temperature
in the direction of the sodium flow in the outlet header
leads to the formation of large volumes (with the dimen-
sions approximately equal to the collecting header diam-
eter) with conditionally ‘cold” sodium. The process by
which the said volumes are formed and move in the AHX
outlet header is shown in Fig. 5 with a time step of 0.4 s.
The module includes test points for analyzing the ampli-
tudes of the sodium temperature near the header walls:
points 1, 2 and 3 are above module headers 1, 26 and 52
respectively, and point 4 is 7 cm downstream of module
header 52.

There are four volumes with ‘cold’ sodium (numbered
I through IV in Fig. 5). The evolution of the ‘cold’ sodium
volumes in the main flow can be shown clearly by the
example of the volumes identified.

None of the considered ‘cold’ sodium volumes have
enough time to be heated to the average AHX outlet head-
er temperature. The temperature difference between the
main flow and the sodium that comes from the modules is
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Figure 5. Sodium temperature in the AHX collecting header.

Numbers I through IV show the ‘cold’ sodium volumes; 1-4 — test
points; the italicized temperature values are for isothermal surfaces.
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Analysis of the non-uniformity
affecting factors

To analyze the factors that affect the non-uniformity of
the AHX flow rate distribution, the FluidFlow code was
used for calculating the header internal diameters of
200 mm and 300 mm with different diameters and equiv-
alent lengths of the heat-exchange tubes. The equivalent
tube length is the length of a straight tube, the hydraulic
loss in which is equal to the total loss in the existing mod-
ule tube. The calculation results are presented in Fig. 6
where d is the tube diameter, D is the header diameter, and

L., is the equivalent tube length.

z

@+ FluidFlow;D=200mm;Lequ=1.4 o
—+ FluidFlow;D=200mm;Lequ=7.7
—e FluidFlow;D=300mm;Lequ=1.4 e

10 | —— FluidFlow;D=300mm;Lequ=7.7
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Figure 6. Non-uniformity of the sodium flow rate distribution
by the AHX modules.

Increasing the outlet header diameter from 200 mm
to 300 mm (all other geometrical characteristics of the
tube bundle being equal) led to a 1.2 to 10 times smaller
non-uniformity of the sodium distribution in the AHX.
The non-uniformity of the sodium distribution in the
AHX is the smaller, the smaller is L., (or the larger is the
contribution of the hydraulic loss in the modules to the
total hydraulic loss in the AHX). The smallest non-uni-
formity is achieved with a smaller diameter of the tubes,
longer tubes and a larger diameter of the inlet header and
the outlet header.

Flow rate through module,

kg/s

Analysis of the tube plugging effect
on the AHX header sodium flow
rate and temperature distribution

There is a potentiality of the heat-exchange tube integrity
loss and subsequent sodium leakage in the process of oper-
ation. For continued operation of the AHX, leaky modules
can be plugged on the sodium side. To estimate the mod-
ule plugging effect on the non-uniformity of the sodium
flow rate distribution by modules and the mixing in the
outlet header, a CFD analysis was undertaken for a num-
ber of options with the modules plugging at different AHX
points. For all options, the total sodium flow rate through
the AHX, and the sodium and air temperatures at the AHX
inlet were assumed to be equal to rated values (see Ta-
ble 1). The calculation results are presented in Table 3.

Table 3. Characteristics of the AHX calculated based on
the FlowVision code (numerators) and the FluidFlow code

(denominators)
Option Number Nos.of G .kgls G_ ., Kkgls z AF,°C
of plugged  plugged
modules modules
1 0 - 0.54/0.55 1.60/1.65 2.94/3.00 45
2 2 1920  0.59/0.61 1.62/1.67 2.73/2.75 40
3 5 1822 0.67/0.70 1.66/1.71 2.47/2.44 35
4 5 6-10  0.68/0.70 1.66/1.71 2.43/2.43 33
5 5 43-47  0.67/0.69 1.68/1.71 2.50/2.46 25
6 10 22-31 0.82/0.87 1.74/1.79 2.10/2.06 25

* 4,— maximum amplitude of the sodium temperature fluctuations at test point 3.

With some of the modules plugged, the total non-unifor-
mity of the sodium flow rate distribution by the modules de-
creases due to an increased ratio of the hydraulic loss in the
modules to the total hydraulic loss in the AHX, however, the
plugging point does not have effect on the above non-uni-
formity and on the point at which the maximum amplitude
of the sodium temperature fluctuations occurs (point 3).

To analyze this effect, the sodium flow rate distribution
by the modules was calculated with five consecutive mod-
ules plugged in different AHX portions (Fig. 7).

1.8

—=-No modules plugged

—+Modules 6-10 plugged

——Modules 18-22 plugged

—e—Modules 43-47 plugged

10111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 3536 37 38 39 40 4142 43 44 4546 47 48 49 50 51 52

Module No.

Figure 7. Sodium flow rate distribution by modules with different combinations of modules plugged.
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The decrease in the non-uniformity with some of the
modules being plugged is explained by the fact that the
flow rate in the rest of the modules increases in a non-uni-
form manner. The increase in the flow rate, AG [kg/s],
through the modules obeys the following dependences:

for modules upstream of the plugged group

AG = (Tn - 5)xx>x10° + 0.0381n — 0.0525,  (3)

for modules downstream of the plugged group
AG=(3n—6)x(52 —x)*x10°+0.0191n — 0.048, (4)

where 7 is the number of the consecutively installed mod-
ules plugged, and x is the module No.

The above relations are valid independent of the loca-
tion of the group of the modules plugged. The accuracy
of the calculations using formulas (3) and (4) is 20%, and
the residual of the flow rate through the AHX does not
exceed 5% with the total number of the modules plugged
being not more than 20. The non-uniformity is smaller
the larger is the number of the modules plugged and does
not depend on the location of the group of such modules.

The maximum amplitude of fluctuations is observed in
the region of the AHX header outlet. With the number of
the modules plugged increased from 0 to 10, the differ-
ence in the sodium temperature between the initial mod-
ule and the closing module decreases from 126 to 86 °C,
and the amplitude of the temperature fluctuations decreas-
es from 45 to 25 °C.

Conclusions

The non-uniformity of the sodium flow rate distribution
by the AHX module tubes depends on the ratio of the
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