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Abstract - This paper proposes the method of finned pipe heat exchanger modelling using porous medium approach. In this approach
fins are changed to the porous medium by means of a formal algorithm using ANSYS CFX. The last one permits to develop heat
exchanger design take into account the temperature and pressure fields. Then the modelling results can be used for the stress analysis
and in the construction optimization process. The paper scope is to introduce a simple, cost-efficient method, which is capable to
simulate a gas flow of a heat exchanger and can be integrated into more complex simulations.
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1. Introduction

A heat exchanger is a widely used device that exchanges heat between two fluids or gas. Many types of heat
exchangers used in steam power plants, chemical manufacturing, atomic plants etc. The design of heat exchangers is a
complicated problem. It takes into account not only heat-transfer analysis alone, but the cost of fabrication and installation,
weight, size etc. In many cases, although cost is an important consideration, size and footprint often tend to be the
dominant factors in choosing a design.

Usually developers design the heat exchanger using empirical correlations. On the other hand, one of the most
dynamically improving research field is the Computational Fluid Dynamics (CFD), which is a good alternative of the
expensive and time demanding experimental test measurements in wind tunnels or laboratories. Meanwhile the simulation
methods often are not just a more cost efficient solution than experimental measurements, but even provide more details
and information about a given problem.

Analytical approaches permit to calculate average values, but not the local values. Meanwhile, the CFD calculation
permits to calculate the local values, but this method can be very expansive for complex products. Likewise, there are
commercial software to calculate not only CFD, but also the stress analysis and optimization calculation. It means is
possible to use one model for all types of simulation with need to design product. Although numerous semi-empirical
correlations are available in the literature for estimating the convection coefficient of tube bundles with solid fins (both
annular and helically wound), the values predicted by such correlations rarely agree with one another, and in some cases
can differ by as much as 30% [1].

Currently, the use of empirical correlations is an essential element of heat-exchanger design and modelling. Walter
and Hofmann modelled boiler dynamics [2], demonstrating the effect of different correlations for external Nusselt numbers
on predicted boiler behaviour. Martinez et al. [3] investigated the optimum fin tube geometry, based on published
correlations for Nusselt number and pressure drop. Prieto et al. [4], [5] employed empirical correlations to predict
temperature distribution in unfinned boiler tubes.

Suggested paper propose the engineering method of heat exchanger modeling by means porous medium. Similar
method use Hoomen and Gurgenci for air cooling condensers simulation [6]. The finned tube bundles in the condenser are
represented by a porous matrix, which is defined by its porosity, permeability, and the form drag coefficient. The porosity
is equal to the tube bundle volumetric void fraction and the permeability is calculated by using the Karman—Cozney
correlation. On the other hand the similar approach is used in wavy fin-and tube intercooler [7]. Therefore, the real
intercooler geometry is used except for the wavy fins, which are substituted with the porous media model in order to
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decrease the computing quality. Analyzing flow could make calculations to predict flow resistance characteristics using the
CFD method. In this study, the heat transfer between fluid domain and solid domain was calculated conjointly. Analyzing
flow characteristics could make calculations to predict flow resistance characteristics using the CFD method for the porous
model. In this case the difference between experimental results and calculation is 10-15%. Also the porous medium
simplification use Imke [8] for of single- and two-phase flow heat transfer microchannel heat exchanger. In this case the
solid structure is represented as a porous medium with its own temperature field. Wall friction, heat transfer between
structure and fluid, and the momentum coupling between the fluid phases are modelled by conventional empirical
correlations. To calculate the automobile radiator the porous medium approach is used and hydrodynamic and thermal
characteristics are obtained [9] [. Numerical simulations have been carried out to investigate the thermodynamic
characteristics of a full-size plate-fin heat exchanger via the porous medium approach [10], [11],. Porous medium approach
to model interlayer-cooled 3d-chip stacks is used and validated [12].

In this paper we propose the engineering method of heat exchanger calculation, when tube fins can be represented as a
porous media, and tube wall is solid domain. Thus, this method permits to transfer of pressure and temperature fields to
mechanical models for stress analysis of tubes. Our results are both theoretical and applied in industrial cases.

The main difference of the method to other porous equivalent methods is in transformation to porous medium only
finned region. Thus, the geometry of the tube is not changed. It means the finite element model can be used for different
types of analysis — for example heat transfer, CFD, stress analysis and other. Also, the user can use one software (e.g.
ANSYS Workbench) for all types of analysis.

2. Porous medium fundamentals

For heat exchanger calculation we used ANSYS CFX. In ANSYS CFX the flow in porous media can be simulated by
using either of two models [13]:

- A fluid domain together with a momentum loss model. In this case the porosity is accounted for only through
this loss term, other terms in the governing equations are not changed. In ANSYS CFX this formulation is called
the “superficial velocity formulation”.

- A domain that involves one or more fluids and an optional solid. All the terms in the governing equations are
modified by the porosity, as well as the loss term. In ANSYS CFX this formulation is called the “true velocity
formulation”, or the “full porous model”.

At the moment in our research we use the full porous model is based on the commonly used Darcy’s law for pressure
drop determination, and on the generalization of the Navier-Stokes equations. It is usually applied where the geometry is
too complex to resolve with a mesh. The model can be used to simulate flows in rod or tube bundles, or between fins,
where such effects are important, because both advection and diffusion terms are retained by the model. During the
derivation of the continuum equations, the infinitesimal control volumes and surfaces are assumed relatively large to the
inter- stitial spacing of the porous medium, but on the other hand they are small to the applied scales that are wanted to be
resolved. Because of this consideration the control cells and control surfaces are assumed to contain both solid and fluid
regions.

A generalization of Darcy's law for different Reynolds numbers is the Forchheimer equation. In ANSYS CFX for
Directional Loss Model, it is implemented as follows:
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where: Kperm — permeability in different stream direction, Mm% Kioss — quadratic loss coefficients in different stream direction,
1/m; u — flow velocity in different direction, m/s; u — gas dynamic viscosity, Pa-s; p — gas density, kg/m3.

The linear component of Egs. (1) - (3) represents viscous losses and the quadratic term represents inertial losses.
Permeability and quadratic loss coefficients for different stream directions are defined as:

Kperm@iy = ApAP, (4)
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where: G — gas flow rate, kg/m3; Li - the length over which the pressure drop is taking place, m; A — the cross-
sectional area to flow, m2; APi — pressure drop, Pa.

There is a critical value of the Reynolds number depending on the geometric characteristics of the porous medium. At
low speeds, the inertial losses can be neglected and the equation will comply with Darcy's law. At high speeds, inertial
losses will prevail. In this study, it is assumed that the viscous losses is negligible. But this issue requires further
investigation.

Also, additional research requires a behavior at the interface of pure fluid domain and porous domain. ANSYS CFX
only uses Darcy’s equation in the porous domain. As a result, it does not ensure the continuity of shear stress at the
interface of fluid domain and porous domain. In this case, calculation errors are possible.

3. Method description
The method proposed in this paper consists of the following main steps:

1. Full-scale fin modeling with the periodic boundary condition for several flow velocities (flow rates).

2. Determination of the heat transfer coefficient (HTC) and the loss coefficient of the fin for several flow
velocities (flow rates).
Geometrical characteristics calculation of the finned tube (volume porosity, interfacial area density).
Representation of the finned region by a porous domain with the properties obtained in steps 2 and 3.
Modeling of a finned tube or tube bundle with a porous domain.
Verification and validation of porous medium model.

These steps are illustrated in the Fig. 1. At the first step, a fin unit cell domain with a periodic boundary condition is
defined. We assume that hot gas flows external and cold gas flows inside of finned tube. Temperature and velocity for
outside flow is specified at the inlet in the computational domain. The internal flow is defined by boundary conditions as a
thermal convection. For that the temperature and the heat transfer coefficient of the finned tube inner wall are defined.

For the numerical simulations a three dimensional model of the finned tube are applied. A fine computational grid
near the fin is required so that the parameter Y+ is not higher than 5. The grid must be checked for aspect ratios and
skewing. Renormalization group theory (RNG) based k—e turbulence model was used to calculate the turbulent flow.

In the second step, the average heat transfer coefficient is calculated as:

Q
HTC = ——— 6
Tw - Tref ( )

oA w

where: Q — total rate of heat transfer, J; Tw — average fin temperature, K; Tref — reference temperature, K. These values are
determined from CFD analysis.
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The reference temperature in Eq. (6) is the average temperature of the hot gas between the inlet and outlet of the fin
unit cell domain. The loss coefficient according to the Weisbach formula is calculated by Eq. (5). Pressure drop APi is
determined from CFD analysis for the unit cell domain.

In the third step, porosity and interfacial area density are calculated using simple formulas based on the finned tube
geometry or, for example, according to the formulas given in [6].

In the fourth and fifth step to define porous medium properties (average HTC, loss coefficient, volume porosity and
interfacial area density) in the finned tube. The principle of representation of the finned region by a porous domain shown
in the Fig. 2.

In the sixth step, the finned tube model with the porous region is verified by comparing the outlet temperatures for fin
unit cell domain (the hot gas flow section and flow rate proportionally change depending on the number of fins per unit
length of the tube). Finally CFD analysis results is validated with experiment.
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Fig. 1: Process diagram.

Fig. 2: The finned region Representation by a porous domain principle.

The heat transfer rate, outlet temperatures for gases and total pressure drop across the finned tube, as predicted by the
CFD model, was compared with that obtained using several empirical correlations. Weierman, ESCOA and and Nir [14]-
[16] were applied to all geometries (solid and serrated) and predict the total pressure drop, while Nir [16] predicts the
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friction factor. Robinson and Briggs [17] was used to predict pressure drop in the solid-fin, tube bundles. The Hofmann
[18] and Naess [19] correlations were used to predict the friction factor for the serrated-fin tubes only.

The heat transfer rate and the total pressure drop could be calculated using the common equations and empirical
correlations for described by Kays and London [20].

4. Conclusion

Method proposed in this paper permits to design heat-exchanger using porous medium approach. Suggested approach
can be used in the science and industry. In further development method will be complete with dependences with thickness
and numbers of fins and compare with experimental results. The heat transfer for aligned and staggered finned tube rows
with a porous region will also be investigated.
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