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Abstract: Here, the capability of the SC-EAHE system to meet the required thermal needs of individuals and 
also the dependence of the system performance on environmental and geometrical issues, have been studied. To 
determine the heat transfer characteristics of the system, a mathematical model based on energy conservation 
equations has been developed and solved by an iterative method. The results of study for the effect of air gap 
size variation on the air change per hour (ACH) at various solar radiation values shows that this effect (air gap 
depth on the ACH) is significant up to 0.2 (m), and the ACH and room air temperature remains almost constant 
beyond the 0.2 (m). The results also revealed that the design of EAHE with the diameter of 0.5 (m) would lead to 
the best performance. It is found that, with proper insulation, SC system can provide thermal comfort condition 
even at the ambient temperature as low as 5 oC and the solar radiation intensity of 185 (w/m2). 
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Nomenclature (Optional) 
A area ......................................................... m2 
ACH air change per hour ............................... h-1 

C specific heat of air ............................. J/kgK 
c pressure loss coefficient of fittings .............  
d air gap depth, diameter ........................... m 
H distance .................................................... m 
h convective heat transfer coefficient W/m2.K 
hr radiative heat transfer coefficient ... W/m2.K 
I total solar radiation on surface .......... W/m2 
k thermal conductivity ........................ W/m.K 
L length ....................................................... m 
m mass flow rate of air ............................. kg/s 
Q heat transfer to air stream .................. W/m2 
R thermal resistance........................... m2.K/W 
r radius ....................................................... m 
T temperature ............................................... K 
t thickness .................................................. m 
U overall heat transfer coefficient ...... W/m2.K 
u air velocity ............................................. m/s 
V volume of room ......................................  m3 

x coordinate system .................................... m 
 
Greek symbols 
α absorbtion coefficient .................................  

γ constant in Eqs.(9) and,(10) ........................ 
δ heat penetration depth .............................. m 
ε emissivity ..................................................... 
λ thermal diffusivity ................................. m2/s 
ξ friction factor ............................................... 
ρ density.................................................kg/m3 
ω frequency of temperature oscillation .. rad/s 
 
Dimensionless terms 
Nu Nusselt number ................................. hf.L/μf 
 
Subscripts 
a ambient ........................................................ 
abs absorber wall ............................................... 
f air flow ........................................................ 
g glass ............................................................. 
hyd hydraulic ...................................................... 
i internal ........................................................ 
r room ............................................................ 
s soil ............................................................... 
su undisturbed soil ........................................... 
t pipe .............................................................. 
o outlet ............................................................ 
 

 
1. Introduction 
Traditional energy resources such as fossil fuels which lead to the greenhouse effect, global 
warming, are expected to dwindle gradually. As environmental regulations are becoming 
strict, further investigation on alternative solutions to meet the energy needs of residential  
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Fig. 1.  Schematic diagram of integrated EAHE and SC.    Fig. 2. Adaptive Comfort standard.                                                                                       
 
units as well as industrial ones is also on the table. The use of passive techniques is an 
effective tool for attenuating the growth of the energy consumption for air conditioning. Earth 
to air heat exchanger (EAHE) and solar chimney (SC) are passive heating systems which are 
commonly used for reducing energy consumption.  
 
Many researches have been conducted on using EAHE for producing cool or warm air so far. 
Hollmuller [1] considered a periodic input for the air in the buried pipe, yielding a physical 
interpretation of the amplitude-dampening and the phase-shifting of the periodic input signal. 
Al-Ajmi et al. [2] developed a theoretical model of an EAHE for predicting the outlet air 
temperature and cooling potential of these devices. They showed that it have the potential for 
reducing cooling energy demand in a typical house by 30% over the peak summer season.  
 
Solar chimneys have attracted much attention of researchers. Bansal et al. [3] analytically 
studied a solar chimney-assisted wind tower for natural ventilation in buildings. The 
estimated effect of the solar chimney was shown to be substantial in inducing natural 
ventilation for low wind speeds. Gan and Riffat [4] also investigated solar assisted natural 
ventilation with heat-pipe heat recovery in naturally ventilated buildings, using a CFD 
technique. Mathur et al. [5] analytically studied the effect of absorber inclination on the air 
flow rate in a solar induced ventilation system using roof solar chimney. The results showed 
that optimum absorber inclination depending upon the latitude of the location. Maerefat and 
Haghighi [6] introduced and investigated integrated EAHE-SC system. They showed that the 
solar chimney can be perfectly used to power the underground cooling system during the 
daytime, without any need for electricity. The review of the related literature shows that the 
combination of EAHE and SC as a heating system has not been fully investigated yet.  
 
Fig.1 illustrates a schematic plan of the system. The solar chimney comprises a glass surface 
oriented to the south and an absorber wall which acts as a capturing surface. The EAHE 
consists of horizontal long pipe that is placed underground. The air is heated up in the SC by 
the solar energy, and by natural convection mechanism the outside air is sucked-in through 
the pipe. It will be shown that this system can provide good indoor condition in accordance 
with the Adapted Comfort Standard (ACS). The required indoor temperatures according to 
the adaptive comfort model are shown in Fig. 2. ACS does not recommend the ventilation rate 
[7]. Therefore, the minimum ventilation rate is set around 3 ACH [8].  
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2. Problem formulation 
The modeling includes models of earth to air heat exchanger (Fig. 3) and solar chimney     
Fig. 4). The following assumptions are made in this analysis. 

1. Only buoyancy force is considered, wind induced natural ventilation is not included. 
2. The flows in the channels are hydro dynamically and thermally fully developed. 

                                  
       Fig. 3.  Cross section of an EAHE.                      Fig. 4.  Diagram of the heat transfer in the SC.                 
 
3. The glass cover is opaque for infrared radiation. 
4. Thermal capacities of glass and absorber wall are negligible. 
5. The air flow in the channel is radiation non-participating media. 
6. The soil is homogeneous and the soil type does not change along the channel. 
7. The system is at steady-state condition. 
 
2.1. Mathematical modeling of EAHE 
The cross section of EAHE used in the model is shown in Fig. 3. In order to impose the 
ground thermal loads as boundary conditions at the EAHE wall, the undisturbed soil 
temperature ( suT ) has been used. The soil temperature is nearly constant at the penetration 
depth. It is defined when the surface of the soil is subjected to a periodic temperature [1].  

ωλδ /2 s=   (1) 
The air temperature through the EAHE is calculated by the following equation [6]. 

( ) ( ) ( )( )totalftsuasuft RmC/xexpTTTxT −−+=    (2) 
Where totalR  represents the overall thermal resistance and is given by [6]: 
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2.2. Mathematical modeling of SC 
An element of the model for SC is shown in Fig. 4. In principle and based on the energy 
conservation law, a set of differential equations are obtained along the length of SC [6]. 
The energy balance equation for glass cover is: 

( ) ( ) ( )aggagfscggggabsabsgabsgg TTAUTTAhTTAhrIA −+−=−+ −−α  (4) 
The overall top heat loss coefficient from glass cover to ambient air agU − , can be written as: 

agskygwindag hhrhU −−− ++=  (5) 
The convective heat transfer coefficient due to the wind is windwind uh 0.38.2 += [9]. 

1775



The radiative heat transfer coefficient from the outer glass surface to the sky and between 
absorber plate and glass cover may be obtained from [9]: 

( )( )( ) ( )agskygskygskyggskyg TTTTTTTThr −−++=− /22σε  (6) 

( )( ) ( )1/1/1/22 −+++=− absgabsgabsggabs TTTThr εεσ  (7) 

Where, the sky temperature is 5.10552.0 asky TT = [9].  
The convective heat transfer coefficient is given by: [5]: 

Lkh fsc /Nu=  (8) 
All property values are evaluated at average surface – air temperatures.  
The energy balance equation for air flow in the chimney is: 

( ) ( ) ( ) γ/ftofscfscfscgggfscabsabsabs TTmCTTAhTTAh −−=−+−  (9) 
The mean air temperature was experimentally determined to follow the non-linear form [10]: 

( ) fscinfscofsc TTT γγ −+= 1  (10) 
Value of the constant γ  is taken as 0.74 according to Ref. [10].  
The energy balance equation for the absorber plate is written as: 

( ) ( ) ( )rabsabsrabsgabsabsgabsfscabsabsabsabsabs TTAUTTAhrTTAhIA −+−+−= −−α  (11) 
The overall heat transfer coefficient from the absorber wall to the room aabsU −  is given by: 

( )insinsrrabs kthU //1/1 +=−  (12) 
In the above equation rh has been taken as 2.8 W/m2 K [10]. 
 
2.3. Room ventilation and temperature 
The buoyancy pressure due to increasing air temperature in SC, sucks the air through the 
EAHE. The friction losses due to fluid flow through the channels and across the fittings, 
refrain from the fluid flow. If the buoyancy pressure overcomes the sum of all flow pressure 
losses, the natural ventilation may take place.  

A mathematical model based on Bernoulli’s equation has been used to estimate the system 
flow rate. Thus, the chimney net draft can be calculated by the following equation: 
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Where the jc is the pressure loss coefficients at the locations which are indicated in Fig. 1.  
The EAHE pressure loss EAHEP∆  is: 
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The chimney effects EAHEDraft  and RoomDraft  can be expressed as: 
( ) ( )scrtftfaEAHE LHgDraft −−= −ρρ  (15) 

( ) roscofscofrr gHDraft −−= ρρ  (16) 
The required draft for heating system SystemDraft  is the sum of the pipe pressure loss and the 
positive pressure EAHEDraft and RoomDraft . 

rEAHEEAHESystem DraftDraftPDraft ++∆=  (17) 
Under steady-state conditions, we can write: 

scSystem DraftDraft =  (18) 

1776



The air mass flow rate at the chimney and EAHE are the same if there is no air infiltration: 

EAHEinletChimneyoutletChimney AuAuAum ρρρ ===  (19) 

By expanding equation (18), the air velocity in the SC can be obtained as:  
Table 1. Comparison of experimental and theoretical results for solar chimney included ACH No. 

Solar 
radiation 
(W/m2) 

Absorber 
Length 

(m) 

Inlet chim. 
Dimens 
(m×m) 

Ambient 
temp. 
(K) 

ACH Errors 
of 

[10] 
(%) 

Errors 
of 

present 
study 
(%) 

Exp. 
[10] 

Theo. 
[10] 

Theo. 
(present 
study) 

500 0.8 1.0×0.2 298-304 4.53 4.89 4.68 7.95 3.31 
500 0.9 1.0×0.1 294-296 2.66 3.46 3.44 30.07 29.32 
700 0.8 1.0×0.2 298-304 5.33 5.17 5.31 3.00 0.37 
700 0.9 1.0×0.1 294-296 2.93 3.67 3.32 25.25 13.31 

 
TermsFrictionTermsBouyancyusc /=  (20) 

( ) ( ) ( )
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The ACH is calculated under steady-state conditions by the following equation [10]: 
( )V/m3600ACH fscρ=  (23) 

The room air temperature which depends on room heat gain is given by: 
( )frrfscoutr mCQTT /−=  (24) 

Where rQ is sum of the heats that the room gains through the walls and the heat generated by 
internal heat sources.  

The coupled governing equations (2), (4), (9), (11) and (20) are the full description of the 
system and have to be solved iteratively until convergence of the results. 

3. Model validation 
There is no experimental data to validate the results of theoretical model for the integrated 
system. So, the calculation has been carried out for SC and EAHE separately under same 
conditions of experimental studies of [10] and [11]. Table 1 shows the results of present 
model and the theoretical and experimental results of Mathur et al. [10]. The quantitative 
comparison shows a reasonable agreement between the results obtained by the present study 
and the published results of [10]. The results of present study are closer to the experimental 
results than the theoretical results of Ref. [10]. It should be noted that the calculation carried 
out at the same conditions of Ref. [10] in which the room volume is 27.0 (m3). Fig. 5 shows 
the air temperature variation along the cooling pipe. The results of the present work are 
calculated at the conditions of experiments based on Ref. [11]. As the figure shows, there is 
good agreement between the present theoretical results and the experimental results of Ref. 
[11]. However, it is reasonable to conclude that the mathematical model can predict air 
temperature quite accurately and the calculated results are reliable. 
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4. Results and discussion 
The following dimensions and specifications are used in the modeling. The room has size of 

 
    Fig. 5.  Comparison present results with experimental data. 

 

         
Fig. 6.  ACH variation with changes of air gap depth       Fig. 7.  Room air temperature variation with                          
                               of SC (Ta=10oC).                                    changes of air gap depth of SC (Ta=10oC). 
 
4.0(m)×4.0(m)×3.125(m) without air infiltration. The heating demand is assumed to change 
within the range of 0.0-1000 (W) in the calculations. A solar chimney with the length of 3.125 
(m), width of 4.0 (m) and air gap depth of 0.2 (m) is considered. The thickness and thermal 
conductivity of the insulation located in south wall of the room are 0.2 (m) and 0.046      
(Wm-1K-1), respectively. The transmissivity of the glass wall is 0.84 and the absorber wall has 
an emissivity and absorptivity equal to 0.95. The outlet sizes of SC and room (Fig. 1) are 
0.05(m)×4.0(m) and 0.1(m)×4.0(m) respectively. The heating pipe of EAHE is a PVC pipe 
with 25.0 (m) length, 0.01 (m) thickness, and inside diameter of 0.5 (m) and is buried 3.0 (m) 
below the soil surface. The initial soil temperature at it, is approximated to be 19°C for a dry 
shaded soil surface condition and it is considered to be the heat source temperature. 
 
4.1. Effective dimensions of the system 
There are many geometrical dimensions which affect the system performance: i) air gap depth 
of the SC, ii) heating surface area of the EAHE. Fig. 6 shows the effect of air gap size 
variation on the ACH. It shows that the effect of air gap depth on the ACH is significant up to 
0.2 (m) and, the ACH remains almost constant beyond 0.2 (m). Fig. 7 shows that as the air 
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gap depth increases, the room air temperature decreases gradually. This decrease is due to the 
result of increasing the ACH which causes reduction in the energy gained by the absorber. A 
comparison between these figures shows that as the chimney air gap size increases up to 
almost 0.2 (m), any further increase does not have a significant effect on room air temperature 
and it is considered as an optimum required value of the air gap.  
 
Table 2. Effects of diameter of EAHE on system performance. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length 
of EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room 
air temp. 

(oC) 

Number of SC 
and EAHE 

0 300 10 25 0.3 3.82 27.2 1 
0 300 10 25 0.5 6.85 21.9 1 
0 300 10 25 0.7 7.72 20.7 1 

500 300 10 25 0.3 Thermal comfort cannot be provided. 
500 300 10 25 0.5 5.04 20.0 1 
500 300 10 25 0.7 5.74 18.5 1 

 
Table 3. Effects of length of EAHE on system performance. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length 
of EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room 
air temp. 

(oC) 

Number of SC 
and EAHE 

0 300 10 25 0.5 6.85 21.9 1 
0 300 10 35 0.5 6.35 23.2 1 
0 300 10 45 0.5 5.89 24.4 1 

500 300 10 25 0.5 5.04 20.0 1 
500 300 10 35 0.5 4.73 21.3 1 
500 300 10 45 0.5 Thermal comfort cannot be provided. 

 
In order to increase the heating surface one may increase the diameter and/or the length of the 
pipe. Table 2 shows the effect of EAHE diameter on system performance. A comparative 
survey shows that that as the diameter of EAHE increases up to almost 0.5 (m), any further 
increase does not have a significant effect on ACH and room air temperature. Therefore this 
value is adopted as default value of diameter. Table 3 shows the effect of EAHE length on 
system performance. For the length of EAHE more than 35 (m), the comfort temperature may 
not be provided and smaller EAHE should be employed. 
 
4.2. Effect of environmental conditions on the system performance 
The results of Table 4 also show that when air temperature rises, thermal comfort can be 
achieved in lower solar radiation. It is also found that when the heating demand is high, 
thermal comfort can be achieved only at high solar radiation. However, with proper insulation 
and reduction of the heating demand, SC can provide good indoor condition in the poor solar 
intensity and low ambient air temperature. The results show that when the heating demand is 
low, SC can provide thermal comfort condition even when the ambient temperature and solar 
intensity are equal to 5 oC and 185w/m2, respectively. 
 
5. Conclusions 
Natural ventilation and heating of a room which uses SC and an EAHE have been studied in 
this paper. The results show that there is an optimum size for air gap size of SC (0.2 (m)) and 
diameter of heating pipe (0.5 (m)). It has been found that the long EAHE with the length of 
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less than 35 (m) should be employed to provide the thermal comfort condition. The results 
also show that when the ambient temperature is low, although providing thermal comfort is 
difficult, proper configurations could provide good indoor condition even in the poor solar 
intensity. 
Table 4. System performance at different indoor and outdoor conditions. 
Heating  
demand 

(W) 

Solar 
radiation 
(W/m2) 

Ambient 
air temp. 

(oC) 

Length of 
EAHE 

(m) 

Diameter 
of EAHE 

(m) 
ACH 

Room air 
temp. 
(oC) 

Number of 
SC and  
EAHE 

0 400 0 15 0.5 8.59 15.9 1 
0 250 0 25 0.5 5.11 15.9 1 
0 250 5 15 0.5 6.28 17.5 1 
0 185 5 25 0.5 3.45 17.5 1 

500 560 0 15 0.5 8.59 15.9 1 
500 550 0 25 0.5 8.47 15.9 1 
500 390 5 15 0.5 6.79 17.5 1 
500 320 5 25 0.5 5.67 17.5 1 
1000 - 0 15 Thermal comfort cannot be provided. 
1000 - 0 25 Thermal comfort cannot be provided. 
1000 500 5 15 0.5 6.26 17.5 1 
1000 - 5 25 Thermal comfort cannot be provided. 
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