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ABSTRACT

As a computational fluid mechanics training task, a preliminary model was developed. ANSYS-CFX® code was
used in order to study the flow at the inlet nozzle of the heat exchanger of the primary circuit of the nuclear
research reactor IEA-R1. The geometry of the inlet nozzle is basically compounded by a cylinder and two radial
rings which are welded on the shell. When doing so there is an offset between the holes through the shell and
the inlet nozzle. Since it is not standardized by TEMA, the inlet nozzle was chosen for a preliminary study of
the flow. Results for the proposed model are presented and discussed.

1. INTRODUCTION

This work, developed by researchers of the Centro de Engenharia Nuclear (CEN) at IPEN —
CNEN/SP and of the Numerical simulation group at Mackenzie Presbyterian University
establishes an initial mark to the scientific cooperation between the University and CEN.

This paper presents a preliminary study of the flow using computational fluid dynamics
(CFD) for the inlet nozzle of IEA-R1 primary heat exchanger. ANSYS-CFX® [1] code is used
as the CFD tool. The relevance of this study is related to some planed tasks, such as the
training of the researchers at IPEN and the better understanding of the fluid dynamic,
especially at the region of the shell holes. Although the heat exchanger has been tested and
approved for its operational conditions, it is not completely in accordance with TEMA [2]
standard thermal design indications. Other authors [3,4] presented models to investigate the
geometric characteristics of heat exchangers in order to optimize them.

IEA-R1 heat exchanger is of the type shell-and-tube, STHE [5], with one-pass shell and one-
pass tube in countercurrent flow. Its total length is 7 meters. It was commissioned in the
current year and its main operational characteristics are:

Mass flow rate, m, is 188 kg/s and operational average pressure, p, , is 5x10° Pa.

Temperature difference, AT, is about 6.5 °C, [6]. IEA-R1 heat exchanger is projected to
remove 5,015 kW which is the maximum power for the reactor primary circuit.



Fig. 1a shows a general tridimensional view of the IEA-R1 shell-and-tube heat exchanger,
STHE.

*H = Hot Water - Inlet / Outlet
* C = Cold Water - Inlet / Outlet
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Figure 1. a) STHE general tridimensional view, b) Inlet nozzle
detail view, c) Inlet Nozzle main geometry, position of the shell
holes and main dimensions in millimeters, d) Tube bundle
geometric characteristics in millimeters.
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The geometry of the shell is transparent to allow the visualization of the internals: tube
bundle, tubeplates and baffles. Inlet and outlet nozzles for the hot and cold fluid and
stationary-head channel can also be observed. For the IEA-R1 STHE hot fluid is injected in
the inlet nozzle into the shell passing through the baffles and tube bundle towards the outlet
nozzle. Cold fluid removes the hot fluid heat and flows into the tube bundle in countercurrent
flow as mentioned before.

A detailed tridimensional view of the inlet nozzle was drawn to show the shell holes, Fig. 1b,
where an offset between the holes through the shell and the inlet nozzle can be observed.

The inlet nozzle geometry, position of the shell holes and main dimensions are shown by Fig.
lc.

Fig. 1d shows the tube bundle geometric characteristics, a rotate square layout [2,5].

2. NOZZLE MODEL

A tridimensional model was developed based on Fig. 1, using the finite volume method
applied to a tetrahedral non structured mesh, Maliska, C. R. [7], Anderson, J. D. [8].

The equations considered are the mass conservation and momentum equation. Turbulence
model considers x —& model [9].

Operation fluid is water in stationary regime. Due to the small temperature variation in the
inlet section, for this analysis flow is considered isothermal at 45 °C.

For this model the geometry is considered simple. However for the volumetric elements
generation a degree of complexity shows up. It is related to the fact that some elements
present aspect ratio of 100:1 as shown in Fig. 1c and Fig. 1d. It is illustrated when one
compares the shell diameter to the small tube diameter in the tube bundle. So that the
computational domain comes to a size as to test the computer system limits.

The original tube layout and volume were maintained. It was changed the quantity and the

diameter of tubes to check flow asymmetry condition. The simplified tridimensional model
geometry is shown by Fig. 2.
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Figure 2. Tridimensional simplified model, all dimensions in millimeters.

Fig. 3a presents the general mesh for this model. It was generated using the embedded
delaunay algorithm for the superficial mesh. Advancing front mathematical algorithm was
used for the volumetric elements, which is also within the code.

Fig. 3b shows a mesh detailed view for section A — A. A layer of tetrahedral elements was
applied through the inflation option to some regions of the inlet nozzle as shown by Fig. 3b
and Fig. 3c. Inflation layer is good to resolve the near-wall physics giving support to achieve
better results.

INAC 2009, Rio de Janeiro, RJ, Brazil.



Inflation Layers
Detail View

===

A x

Section A -

Figure 3. a) General model surface mesh, b) Mesh detailed view for section A-A,
¢) Inflation layers detailed view.

For this model the computational domain has approximately 2.2 millions of volumetric
elements.
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In order to avoid turbulence behaviors as swirl, an increment of the outlet dimension of the
heat exchanger model was included.

Stern, F. at al. [10] and Wilson, R. V. at al. [11] present an approach to define and verify
mesh. They discuss about mesh dependency on the results focusing the element size
definition in order to validate the CFD models.

The methodology considers, for the same boundary condition, an increase of the mesh
density using predefined ratios. This procedure must be performed in such a way that
property variation or small variations are not present. When this condition is satisfied the
solution is independent of the mesh.

This methodology was used in the present paper and the mesh presented in Fig. 3 is the last

loop of this interaction.

2.1. Boundary conditions

STHE parameters such as mass flux and operation pressure are known, however they are of
difficult convergence to the proposed mathematical model.

At first it is assumed an average velocity for the inlet nozzle, v,, 2.07 m/s based on the mass

flux. Pressure at the outlet of the heat exchanger is equal to the operation pressure.
Convergence criterion is controlled by setting the maximum residues to 0.0001 for all
variables.

Results of this preliminary analysis were used to initiate the final resolution. In this case the
operation pressure was set as the pressure at the inlet nozzle and mass flux was set as the
boundary condition at the outlet. It guarantees variations of velocity at the inlet nozzle and
variations of pressure at the heat exchanger outlet.

Non slip condition is applied to all other surfaces.

3. RESULTS AND DISCUSSION
Fig. 4 presents a contour for pressure for section AA showed by Fig. 3.

Pressure range in Fig. 4 considers the whole computational domain. The highest pressure
difference between two localized regions in the entire domain is approximately 7 kPa.

Fig. 4 shows that pressure is slightly bigger at the hole 2, nearer to the tube bundle, due to the

smaller free passage area. The maximum pressure is near the inlet nozzle, where flow
direction is changed abruptly.
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Figure 4. Pressure contour - section AA.

Velocity contour for section AA is shown by Fig. 5. Flow passing through hole 1 presents a
higher velocity causing a mass flow 20% higher compared to the mass flow at hole 2. This
difference was calculated through the model results.
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Figure 5. Velocity contour - section AA.

Streamlines for the velocity field are shown by Fig. 6a and Fig. 6b.
\ortex structures are observed. Flow at the regions of the holes is very complex due to tube

bundle geometry constraint imposed to it. Streamlines near the holes 1 and 2, observed in Fig.
6a and Fig. 6b, show the turbulent behavior.
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Figure 6. Velocity streamlines.
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Fig. 7 presents velocity vector for section AA. Shell holes show different velocity field due to
the different tube bundle distances as mentioned before. Swirl regions can be observed,
especially near the regions of the shell holes.
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Figure 7. a) Velocity vector — shell hole 1, b) Velocity vector — Section A-A, c) Velocity
vector — shell hole 2.
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4. CONCLUSIONS

A preliminary study of the flow using computational fluid dynamics for the inlet nozzle of
IEA-R1 primary heat exchanger was presented. The mathematical model results for the
pressure field, velocity field, streamlines and vectors show consistency. Although with a
simplified geometry, this model led to satisfactory results. Mesh elements reached
approximately 2.2 millions. The highest pressure difference between two localized regions in
the entire domain is approximately 7 kPa.

Many tests and simulations were performed to verify the mesh dependency and it worked not
only as a training task but also to better understand the flow dynamics.

Calculated mass flow at shell hole 1 is around 20% higher than that at shell hole 2.

A more complex model is under development by the authors. This new development
considers the whole heat transfer and other turbulence models such as shear stress transport
(SST) and large eddy simulation (LES).
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