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ABSTRACT 
 
An Earth-to-Air Heat Exchanger (ETAHE) is a low energy cooling and heating technology for buildings. 
It uses the ground’s thermal storage capacity to dampen ambient air temperature oscillations by 
delivering outdoor air to indoor through a horizontally buried duct. To reduce the airflow resistance in 
ETAHEs and save fan energy, some hybrid ventilated buildings have recently adopted large cross-
sectional ETAHE ducts, which bring great difficulties for predicting their thermal performance. This is 
mainly attributed to the complex convective heat transfer between the air and the duct surface. In this 
study, a computational fluid mechanics (CFD) model of the heat convection is developed using 
commercial software. A two layer turbulent model is used to resolve detailed flow information in the 
viscous sub-layer. The model is verified by comparing the simulation results with experiment 
measurements from literature. The model is further used in a parametric study to investigate the effect 
of the duct cross-sectional size and the airflow rate on local area-averaged convective heat flux. The 
model is proved to be a reliable tool to study heat convection in ETAHE. 
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INTRODUCTION 
 
An Earth-to-Air Heat Exchanger (ETAHE) ventilates air to the indoor environment 
through one or several horizontally buried ducts. In this way, the ground’s large 
thermal capacity and relatively stable temperatures are used to preheat or pre-cool 
the air, resulting in energy savings for the building. Conventional ETAHE systems are 
installed in mechanically ventilated buildings, in which electrical fans provide the 
airflow driving forces and the buried pipes are of small diameter. The airflow in these 
pipes can be considered as fully developed flow. In the last decade, a number of 
studies had been conducted to simulate the conventional ETAHEs’ energy 
performance. Commonly they divide the duct into a number of control volumes along 
its running length. A heat balance approach for each control volume, namely heat 
loss/gain by the air is equal to heat gain/lost by the earth, is adopted to predict the 
outlet air temperatures. Among those models, some of them (e.g. Tzaferis et al 1992) 
assume the pipe wall temperature is the same as the undisturbed soil temperature at 
the same depth; however, others (e.g. Hollmuller 2003) solve dynamic heat 
conduction and moisture transfer in the surrounding soil in order to obtain more 
accurate results. Recently, to reduce the airflow resistance in an ETAHE as well as 



the related fan energy consumption, some hybrid ventilated buildings have adopted 
very large cross-sectional ducts (Schild 2001). Such systems are very suitable for 
buildings with displacement ventilation in rooms. The integration of ETAHE and 
hybrid ventilation is regarded as a new approach to improve building energy 
efficiency (Heiselberg 2004). But the models developed for small-diameter ducts are 
not applicable, so new analytical and design tools are required for the large ducts. 
 
 
CONVECTIVE HEAT TRANSFER IN ETAHE 
 
In 2002, Wachenfeldt conducted an energy simulation to study the overall energy 
performance of a hybrid ventilated building with a large duct ETAHE. The system’s 
efficiency was demonstrated from the simulation and long term monitoring results. 
However, the author had to significantly simplify the simulation for ETAHE and to use 
a very rough convective heat transfer coefficient (CHTC) algorithm developed from 
measurement. A study by Zhang and Haghighat (2005) showed that the CHTC 
greatly differs from that of fully developed heat convection in small-diameter pipes. 
Some observed phenomena in the duct, such as reverse airflow, air temperature 
stratification, and duct surface temperature variation, indicated the complexity of the 
heat transfer process. This is attributed to the entrance and buoyancy effects, and 
the depth differences of the duct surfaces. In building energy simulation, interior 
surface convection of an enclosure is calculated using Eqn. 1. This indicates interior 
surface convection, namely the choice of CHTC, can strongly influence the prediction 
of energy performance. 
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In building applications, existing CHTC correlations are mostly developed from 
experiments. They are usually calculated from controlled enclosure surface 
temperature, measured reference air temperature and measured convective heat 
flux. Under steady states, CHTC algorithms can be developed using Eqn. 1. 
However, a full scale experiment on an ETAHE duct is very difficult. It is even more 
expensive to study 

c
h  with different design configurations. In addition, the 

experimental method’s accuracy has always been a major challenge in building 
applications. With the development of CFD, numerical experiments have become a 
very useful alternative. A few successful studies have proven that CFD can be used 
for convective heat transfer study, for example Zhai and Chen (2004) and Hsieh 
(2004). However Zhai and Chen (2004) and Awbi (1998) also pointed out that the 
result accuracy is sensitive to the turbulent model and the first grid size. Therefore, 
the objective of this study is to develop a reliable CFD simulation model and use it to 
study the complex heat convection in ETAHE.  
 
MODEL DESCRIPTION 
 
CFD discretizes a computational domain into a number of grids and solves the 
governing conservation equations of flow on these grid cells. This study uses a fully-
unstructured finite-volume CFD solver, Fluent 6.2. The governing equations are 
conservation of mass, momentum, and energy. The turbulent model is addressed in 
the next section. The heat convection in ETAHE is assumed to be quasi-steady state. 
Air is assumed to be incompressible and the buoyancy effect is accounted for by 



using the Boussinesq approximation. The SIMPLE algorithm is used for the pressure-
velocity coupling in the segregated solver. A second-order upwind scheme is 
adopted for discretization of the governing equations. The convergence criteria for all 
variables are set to be 10-4 except for energy, which is set to 10-6. In the CFD model 
the underground duct is represented by a horizontal duct with an inlet tower and an 
outlet. In practice, different forms of openings can be arranged on inlet tower’s walls 
above the ground surface and the walls are insulated to protect from freezing. 
Therefore, the ambient air can be assumed to uniformly flow downward in an 
adiabatic vertical enclosure after entering the tower’s inlet openings. Inclusion of the 
tower in the simulation is only to allow airflow profile to develop before reaching the 
horizontal duct. In other words, it is to make the inlet boundary condition more 
realistic. There are different possibilities of designing an airflow path between the end 
of the ETAHE and the indoor space. Since the ETAHE’s ceiling is a couple of meters 
below the ground, the outlet is located at the ETAHE’s ceiling. The duct’s symmetric 
configuration allows defining the simulation domain as half of the duct size to save 
computational cost. To enable the variation of surface temperature as well as to help 
analysis of local area-averaged heat transfer, the duct’s surface is divided into a 
number of elements, as shown in Fig. 1. 
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Figure 1. Schematic drawing of the ETAHE model 

 
 
Two Layer Turbulent Model 
 
In the CFD simulation, surface convective heat flux is defined as Eqn. 2. This 
indicates that the heat flux is determined by the turbulent viscosity and the 
temperature gradient at the first grid from the surface. Therefore, to obtain accurate 
convective heat transfer, the selection of the turbulent model and first grid size are 
very important. This study uses a two layer turbulent model, which solves a one-
equation k–l model (Wolfshtein 1969) in the near-wall region and the standard !"k  
model (Launder and Spalding 1974) in the outer region away from walls. These two 
regions are separated by a critical turbulent Reynolds number defined in Eqn. 3. For 
the near-wall (viscous-effected) region, where 200Re <

y
, the turbulent viscosity is 

calculated using Eqn. 4, in which the turbulent length scale µl  is defined in Eqn. 5. 
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Mesh Development 
 
The two layer turbulent model can resolve detailed turbulent information in the 
viscous-effected near-wall region, which determines the prediction of convective heat 
flux. However, this near-wall treatment requires much more computation costs than 
the standard wall function method, which assumes an empirical velocity profile from 
the wall to the first grid in the outer region. In the current study, the near-wall region 
is discretized with a boundary layer mesh, which includes a number of dense grids 
from the surface. Beside the thickness of the boundary layer mesh, the grid size in 
the outer region also has important impacts on the simulation’s accuracy. The mesh 
quality in the two regions are separately analysed by conducting grid independence 
exams. The satisfactory mesh is concluded to have 

• uniform hexahedral mesh in the outer region (the size depends on the air flow 
rate. 0.075 m was verified to be appropriate for simulation cases in this paper) 

• 15 grids in the mesh boundary layer arranged using first grid and growth factor 
approach 

• first grid from the surface corresponding 1!
+
Y  

• at least 10 grids in the viscous-effected region where 200Re <
y

 
 
 
Boundary Conditions 
 
At the inlet, uniform velocity distribution normal to the inlet, and the inlet’s hydraulic 
diameter and turbulent intensity are used to determine the turbulent properties. At the 
outlet, a zero diffusion flux boundary condition for all variables is used. On the 
horizontal duct surfaces, the temperature of the individual surface element is 
specified. On the inlet tower surfaces, adiabatic surface condition is applied. In 
addition, a symmetry boundary condition is used at the symmetry plane of the duct. 
 
 
MODEL VERIFICATION 
 
According to field measurements conducted by Wachenfeldt (2002), the heat transfer 
in the ETAHE may be either forced or mixed convection depending on the airflow 
rate. Therefore, a laboratory experimental study (Spitler 1992) and (Fisher 1995) on 
mixed and forced convection in a room-size enclosure is used to verify the developed 
model. The experimental enclosure is shown in Figure 2 (left). The comparison 
between the measurement results and simulation shown in Figure 2 (right) indicates 
that the model can predict the heat convection with satisfactory accuracy. 
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Figure 2. Left: configuration of the experimental chamber  

Right: comparison of total heat flux results between measurements and simulations 
 
 
MODEL APPLICATIONS 
 
The CFD model is used to conduct a parametric study for the effects of air flow rate 
and duct cross-sectional size on the heat convection. The basic configuration of the 
duct is shown in Figure 1. All the surfaces are defined to be 10 °C and the inlet air 
temperature is set to be -10 °C. From Figure 3 (left), one can find that the heat flux is 
enhanced when the airflow rate increases. In Figure 3 (right), decrease of the cross-
sectional size also increases the heat convection. The two factors can cause similar 
effect on the heat convection because the airflow’s momentum depends on both of 
them. It should be noted the variation of the surface heat flux is very large along the 
duct length and between the duct ceiling and the floor. Therefore, only if appropriate 
convective heat transfer coefficients are known, energy simulation could accurately 
predict the ETAHE’s performance. 
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Figure 3. Left: effect of volumetric airflow rate on local area-averaged heat flux with duct height of 1m  

Right: effect of duct height on local area-averaged heat flux at airflow rate of 1 m3/s 
 
 
CONCLUSION 
 
A numerical simulation model of heat convection in ETAHE is developed using CFD 
method. In this model, appropriate turbulent model and corresponding mesh 
generation criteria are determined. The model is verified by comparing a simulation 
results with an experimental measurement from literature. As applications, the model 
is used to conduct a parametric study to investigate the effects of airflow rate and 
duct cross-sectional size on the heat convection. The results showed that large 
variation of convective heat flux exists at different locations of the duct surface.  
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NOMENCLATURE 
 
c
h  convective heat transfer coefficient, W/(m2·K) 

w
q  convective heat flux, W/m2 

refT  reference temperature of the air, °C 

surfT surface temperature, °C 
Pr  Prandtl number 
t

!  turbulent Prandtl number for energy  

1
T   temperature of air at the first grid next to the wall, °C 

t
µ   turbulent viscosity kg/(m·s) 
µ  air viscosity, kg/(m·s) 
D  the distance of the first grid from the wall, m 

y
Re  turbulent Reynolds number 
!  air density, kg/m3 
y  perpendicular distance of a grid from the nearest wall, m 
k  turbulent kinetic energy, m2/m2 
µC ,

l
c , and µA  constants 

µl  turbulent length scale, m 
+
Y  nondimensional parameter 
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