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Abstract:  The present study includes a numerical assessment of air-cooling by EAHE (i.e., Earth to Air
Heat Exchanger) on hot days in Baghdad city. EAHE consists of pipes buried in a certain depth
in the soil, where the temperature is moderate throughout the year. The effect of different input
air temperatures at day and night on the EAHE performance has been studied, taking into account
the change in soil temperature due to continuous passing of hot air causing an increase in soil
temperature and lowers its cooling capacity. In Baghdad (i.e. capital of Irag), the hot days are
extended from mid-April to mid-October. During these months, the weather is characterized by
the high solar intensity at day with a daily range exceeding 15°C. Ambient air temperature varies
greatly through spring, summer, and autumn. The various ambient temperatures recorded and
documented for Baghdad are used as the inlet temperatures of EAHE in the present study.
Besides, the pressure drops and power losses through pipes have been studied, too. The simulated
results indicates that the use of EAHE gives the accepted outlet temperature for space cooling
(about 26 °C) on hot days of spring and autumn. In addition, the decrease of ambient temperature
less than soil temperature at night leads to lessening the heat storage in soil.
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Nomenclature Greek symbols
A | Area Pr | Prandtl number a | Thermal diffusivity
As | Ambient variation amplitude Q | Heat energy p | Density
¢ | Specific heat capacity R | Thermal resistance | Dynamic viscosity
d | Diameter Re | Reynolds number Subscript
h | Convective heat transfer coefficient r | Radius r | Radial direction
i, j | Control units in axial and axial direction T | Temperature s | Soil
k | Thermal conductivity t | Time x | Axial direction
m | Mass flowrate v | Velocity Abbreviation
Nu | Nusselt number x | Axial distance CFD | Computational fluid dynamics
p | Pipe perimeter z | Underground depth EAHE | Earth to air heat exchanger
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1. INTRODUCTION

Earth to Air Heat Exchanger (EAHE) is one of the geothermal energy applications that is considered a
renewable clean energy resource. It is a very simple way for space heating or cooling, since it needs
only an airflow through a buried underground pipe, where the earth works as a large heat source on cold
days and large heat sink on hot days. Many works studied the influence of the design parameters on
EAHE performance. For instance, Gooroochurn et al., [1] was achieved a drop in air temperature by 5
°C and 8 °C when the air velocity was 2.3 m/s and 4 m/s respectively. Promised results was obtained
about the air temperature difference through the EAHE as reported by Lattieff [2]. Sehli et al., [3]
proposed a steady one-dimensional numerical model for the cooling performance of EAHE, at various
depths. They explored the Reynolds number, and length to diameter ratio effects on the EAHE
performance. Their results indicated that, as the depth and length to diameter ratio increase, the air-
temperature drop increases, and increasing the Reynolds number decreases the air-temperature drop. In
addition, they stated that the use of EAHE alone is insufficient for the thermal comfort in south Algeria
without combining it with other type of air-conditioning ways. Mihalakakou et al., [4,5] studied the
influence of EAHE pipe diameter on the air-temperature drop and found that, as the pipe diameter was
increased, the air-temperature drop and the heat transfer coefficient of convection were
decreased. Ahmed et al., [6] examined the effects of length, depth, pipe diameter, pipe material, and
airflow velocity on the EAHE performance. They found that the pipe length had a major effect compared
with the other parameters. On the other hand, other papers concerned with a so-called soil saturation
analysis. They reported one of the drawbacks of the heat stored in the ground in summer/heat absorbed
from the ground in winter due to continuous flow of ambient air through a buried pipe. In general, this
effect decreases the earth-air temperature difference (i.e., decreases the soil temperature near the pipe
wall from the air temperature), and then decreases the benefit of EAHE usage. This drawback mainly
depends on the rate of heat exchanged. In a different work, Rouag, et al., [7] studied the deterioration of
the EAHE due to the continuous operation and soil thermal saturation by using the method of Bessel
function, and testing the operation at an outdoor air temperature of 57 °C. They concluded that the soil
radius or the heated soil thickness around the EAHE pipe after 6 hours of operation was able to exceed
0.55 m. These results were validated experimentally by Mehdid et. al., [8] with an estimation of the air
temperature inside the EAHE pipe. The results indicated a good agreement between the two studies. The
transient analytical model of EAHE proposed by Krarti and Kreider [9] indicated that a few days were
required to obtain a periodic steady-state operation of EAHE system. Paepe and Janssens [10] introduced
a 1D model to analyze the design parameter and their effects on heat transfer and hydraulic performance
of EAHE. Hollmuller [11] developed a complete solution that included a heat diffusion through a
cylindrical shape of the soil-air heat exchanger, the study assumed constant harmonic temperature at the
input. In a simple accurate heat exchanging approach to compute the underground temperature at various
depths proposed by Badescu [12], the limit of cooling and heating of a system was estimated by using
the actual climatic conditions. In Ref. [13], the authors conducted numerical analysis and experimental
validation of an EAHE, which was used to decrease the space energy consumption for heating and
cooling demands of buildings by using the ground energy storage. They solved the heat balance equation
with turbulent flow numerically by a commercial CFD tool (FLUENT), which contained a Reynolds
stress model as a turbulence model. The maximum difference between numerical and experimental
validation results did not exceed 15%.

A review paper of Bhutta et al., [14] concerned the important roles of CFD applications in EAHE
performance analysis and determining their thermal behavior. Wu et al., [15] used a transient implicit
model dependent on a CFD study with a numerical approach of heat transfer to estimate the performance
and cooling capacity of the EAHE system. The experimental results gave about 74.6 kwWh of cooling
capacity per day.
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Misra et al., [16] studied experimentally and numerically various parameters affecting the EAHE
performance such as the thermal conductivity of the soil, airflow velocity, continuous work durations,
and pipe diameter by using a CFD software. Their study presented the significant effects of the transient
conditions on the EAHE operation. In Ref. [17], the experimental explorations clarified that the
maximum deterioration in the thermal performance in terms of temperature drop obtained during
continuous operation of 24 hours in a work on the thermal saturation and recovery of soil around the
EAHES pipes. Laknizi et al., [18] conducted an EAHE model for a poultry house heating and cooling.
The model explored the effects of air velocity, tube diameter, and physical properties on the temperature
drop. The results indicated that a higher efficiency with a good coefficient of performance could be
obtained at an air velocity 2 m/s in a pipe with 100 mm diameter and 30 m length. Verma et al., [19]
introduced a useful detailed review with many studies took care of different effects and parameters
related to EAHE performance, and advised to couple the EAHE system with other wind turbine or solar
baskets, etc., to optimize the performance.

In the present work, a 2D unsteady heat transfer model will be applied on the control volume of EAHE
and mathematically solved. The effects of various inlet air temperatures on the output temperature and
on the soil thermal saturation will be calculated for Baghdad city. Besides, the effect of different design
parameters, (length, diameter, air flowrate) on the output temperature will be tested. The long summer
in Baghdad can be divided into three periods; moderate-hot period, hot period, and very hot (harsh)
period. The average maximum ambient temperatures at day, minimum ambient temperatures at night,
and the extreme maximum temperature recorded for the last years in Baghdad [20] are indicated in Table
1.

Table 1. Monthly average temperatures in Baghdad in last five years (<) [20].
Moderate-hot period Hot period Very hot period
15 Apr.-15 May-21 Sep.-15 Oct.|16 May- 10 Jun.-1-20 Sep.| 11 Jun.- 31 Aug.
Thin Tmax Tmax EXr. Tmin | Tmax | Tmax EXIr. | Timin| Tmax| Tmax EXET.
17 36 40 23 | 41 44 28| 47 52

The lack of required data about this type of renewable energy deprives many buildings in Iraq of using
it and led to using of traditional devices such as the compression cycle devices in air-conditioning, which
forms a high load on electricity supply networks. The present study indicates the extent and how to
benefit from the EAHE in Baghdad along the hot days, taking into account, a number of overlapping
influences, such as the inlet air temperatures that change during the hours of a day and during the hot
season, in addition to the amount of air and the dimensions of the EAHE. The objectives of the present
study can be summarized by:

Filling the lack of data on the possibility of using EAHE in air cooling in Baghdad and studying the
effects of diameter, air mass flowrate, and pipe length on the outlet temperature, pressure drop and power
losses due to friction in EAHE.

Calculation of the EAHE outlet temperatures for the various inlet temperatures at the selected days along
the hot months, in Baghdad and determine the most appropriate days for using the EAHE.

Study the effects of high inlet air-temperatures recorded in summer and the low inlet air temperatures
recorded at night of spring and autumn on the soil thermal saturation and on the cooling capacity of
EAHE.

2. EAHE CALCULATIONS

The ground undisturbed temperature that is a function of year day and the depth from the surface can be
calculated as from Ref. [21] as,
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Here, T, is the temperature of the soil at time t (sec) and the depth z (m). Tn is the average of ambient
temperature through the year (24 °C) according to Ref. [2], As is the ambient variation amplitude (°C),
as is the thermal diffusivity of the soil (m?/s; m?day), t is the time beginning from January 1 (day), and
to is the time constant ground surface.

As the air passes through the EAHE pipes, the heat exchanges continuously between the air and the soil,
the temperature of soil near the pipe wall becomes higher than that calculated by Eg. 1 and called
disturbed temperatures. Therefore, the unsteady state model is required to analyze the soil temperature
variation by heat balance method; the computing domain of soil around the pipe can be divided into a
number of control units of a torus shape as shown in Fig. 1. The adjacent control units are connected to
each other. The following assumptions are required to build the mathematical model of temperature
variation Niu et al., [17]:

1) The undisturbed temperature is the initial temperature of ground soil and air.
2) Incompressible and turbulent airflow inside EAHE pipe.

3) The air and soil thermal properties are constant.

4) The pipe thickness is so small and its thermal resistance is ignored.

5) Ignoring the depth effects on soil disturbed temperature around the pipe.

6) Symmetrical heat transfer in circumferential direction.

To express the heat transfer between air and soil in EAHE, a 2D transient heat conduction equation in
cylindrical coordinates (where the axial direction is x and the radial one is r) as:

pCs 6T) 9°T 0 ( OT)
pes (9T _9°T 0 ( oT 2
k. (6t ax2 t7or\" or &)

where p, Cs, and ks represent the soil density, specific heat capacity, and thermal conductivity
respectively. By dividing the disturbed region around the pipe into M division elements of length Ax in
x-direction, and N division elements of length Ar in r-direction. The disturbed temperature as a function
of x, rand time tis T'(x, r, t), and the boundary and initial conditions corresponding to Eq. 2 become:

T(0,1,t) =TM,1,t) = Tynaisturvear T (%, 0, ) = Tgir, T(x, N, ) = Tynaisturveas T 7, 0) = Tungisturpea (3)

Assume each torus shape division of disturbed region has a control unit (i, j) and the adjacent divisions
in x direction have control units (i-1, j) and (i+1, j), whereas the adjacent divisions in r direction have
control units (i, j-1) and (i, j+1) (see Fig. 1). Denoting the mid-point temperature of this control unit at
time tas T} ;, also their thermal resistances in the x-direction R}"; and in r direction R} ; can be calculated

as in Ref. [22]:

Ax

YU k(r? —2,) (4)
T.
In (=
Iy ®
Yo 2mkAx

Ci, is the heat capacity of the soil unit (i, j), can be calculated as Athienitis and Santamouris [23]:

Cij = 8x[(r)" = (5-) "] p s (6)
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Therefore, Eq. 2 can be discretized by finite difference method with combination of the thermal

resistances and soil heat capacity mentioned above. The differenced form of Eq. 2 to calculate the
instantaneous temperature of the control unit (i, j) can be written as in Ref. [17]:

T+ At ( Ttg-l J TLt] TLC 1,j TLt] TLt]+1 - TLt] + Tlt]—l - Ti',:j ) +TE 7)
i (RE,, +RE)/2 " (RE, +RE)/2 T (R +RD/2 T (R +R/2) " o

Besides, the differenced form of Eq. 2 for the boundary units can be written as follows when i=1

T—t-"l — At ( Tl.g'l] TLt] Tundis B Tifj TLt]+1 - TLt] Tlt] 1 Tl,j ) + T—t- (8)
LJ (RL+1]+RX /2 RL?f]' (RL]+1+Rr /2 (RU 1+er,j)/2 Ll
when i =M
T E (Tundis - Ti,tj TLt 1,j TLt] TLt]+1 - TLt] + Tl] 1 Tlt] ) +TE. )
LI Ci,j Ri’,cj (RL 1]+Rx /2 (RL]+1+Rr])/2 (R” 1+Rr1)/2 L]
whenj=1
T+ At ( TLL:+—1] - Tlt] Tlt 1,j TLt] T1t1+1 - Tlt] + TCEET! f]) +TE (10)
LJ (RH_1]+RX /2 (RL 1]+Rx /2 (R”+1+Rr])/2 R:] LI
Whenj=N
T-t'-H — At ( Tﬁu; Tlt] Tlt 1,j Tlt] + Tundis - Tifj + Tlt] 17 Tlt] >+ Tt (]])
v (RL+1]+RX )/2 (RL 1]+Rx )/2 R:] (Rl] 1+RT])/2
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Figure 1. Governing unit structure of EAHE tube with soil around it in cylindrical coordinates

Paepe and Janssens [8] give the heat removed from ambient air through a pipe as

Q.=m Cp (Tin — Tour)

(12)
where 7z represent the airflow rate (kg/s), ¢, is the specific heat capacity of air (J/kg-K), Tin, and Tou are
the temperature of the air at the inlet and the outlet of EAHE pipe respectively in (°C)

The above rate of heat transfer is absorbed by the soil around pipe wall and can be calculated by Ref
[8]:

Q. = hAATy, (13)
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where h is the coefficient of heat transfer by convection (W/m?-K), A is the surface area of the pipe
(m?), and AT is the logarithmic mean temperature difference that is given by.

(Tin - Twall)

(Tout - Twall) (14)

ATl‘m = (Tin - Tout)/ln [

By eliminating Q. from Egs. (12) and (13) and substituting ATin 0f Eq. 14 in Eq. 13, the air temperature
at the EAHE pipe outlet can be calculated in exponential form as follows:

Tout = Twall + (Tin - Twall)exp (_ hA/m Cp) (]5)

In the differentiation with substitute surface area (A) by pipe perimeter (p) multiplied by the derivative
of distance (x), we obtain:

Top(@+ 1) = Tyau (@) + (Tap (D) — Tywau(@))exp (—hpx/m Cp) (16)
The coefficient of convective heat transfer h can be calculated as follows Holman, [20]:
h = Nukg/d (17)

where Kair is the air thermal conductivity, and Nu is the Nusselt number calculated for cooling operation
as in Refs. [24] and [25]:

Nu = 0.023 Re®8pr03 (18)
Here Re and Pr are the Reynolds number and Prandtl number, respectively. They are given by,
Re = pyirvd/p, Pr = pucy/koir (19)

Here pair, v, d, and p are air density, air velocity, diameter, and is absolute viscosity of air, respectively.
The pressure drop through the pipe of EAHE due friction, assuming a smooth inner pipe wall [26]:

Ap = fpair % %2 0
where f is the friction factor which is calculated as,
f=64/Re if Re<2300 (21)
and
f=(182logRe —1.64)"2 if Re> 2300 (22)

Most of the airflow types in EAHE are turbulent flow, where Re is very greater than 2300. The power
losses through the pipe due the friction can be calculated as,

Pr=ApV (23)

3. RESULTS AND DISCUSSIONS

In the present study, the EAHE outlet temperature is calculated by using the transient mathematical
model indicated above. The Matlab software is used in order to solve the equations. The input data used
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are the inlet air temperature to EAHE, which are the actual ambient temperatures that hourly recorded
in Baghdad for 4 days that selected to represent the 3 weather periods indicated in Table 1. These 4 days
are April 25, May 25, July 22, and September 22. These days are assumed to be repeated periodically
for several days later. This assumption is essential with the continuous operation of EAHE to find the
time required to reach the steady-state outlet air temperature or the soil temperature saturation. The air
and soil properties are indicated in Table 2. The initial soil temperatures are calculated from Eq. 1 and
shown in Fig. 2. The design parameters chosen for theoretical simulation are the pipe diameter of 10
cm, 20 cm, and 30 cm and for each diameter the air mass flow rates are taken as 0.05 kg/s, 0.1 kg/s, and
0.15 kg/s, and the pipe depth is 3 m.

Table 2. The thermo-physical properties of air and soil.

Material|Density (kg/m®)|Specific heat (J/kg °C)[Thermal conductivity (W/m °C)
Air 1.225 1006 0.0242
Soil 2050 1840 0.52

The results of Figs. 3-6 show the ambient temperature, and the EAHE outlet air temperatures after a 50
m length from inlet, and 3 m pipe depth, for the pipe diameters of 10 cm, 20 cm, and 30 cm. Note that
the air mass flow-rate for each diameter are 0.05 kg/s, 0.1 kg/s, and 0.15 kg/s with the associated dates.
It is clear that the drop in air temperature increases as the diameter decreases, also for the same diameter,
as the air mass flow-rate increases, the temperature drop decreases, due to the increase in air velocity,
which decreases the time required for heat exchange.

The ambient temperatures of April 25 shown in Fig. 3, are assumed to be repeated for the next days,
these temperatures are between 36.3 °C and 17.5 °C, whereas the undisturbed soil temperature is 23.27
°C. This means that air is heated at night hours when the ambient temperatures are less than the
undisturbed soil temperature, and this effect contributes in decreasing the soil heat storage, therefore,
the daily increase in the outlet temperature of EAHE due to continuous operation, is very low and it
does not exceed the temperature 0.5 °C.

27 ==e=depth=1.5m ==ll==depth=2m
*depth=3m depth=3.5m
e lepth=4m

26 -

24 1 8

Temperature (°C)

21 -

20 L] L] L ) Ll Ll Ll Ll Ll Ll ] Ll L T L] L] L] L] Ll ] L) L] L
Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec

Date (months)

Figure 2. Monthly variation of the soil temperature at different depth in Baghdad.

Similar behavior occurred in the last days of September as shown in Fig. 6. The maximum and minimum
temperatures in these days are 39.6 and 18.3 °C, respectively, and the undisturbed soil temperature is
24.5 °C. The outlet temperatures in Figs. 3 and 6 represent the outlet temperatures of EAHE after 50 m
length from inlet for the moderate-hot weather period, the drop in maximum ambient temperature are
about 10 °C, 8 °C, and 7 °C for pipe diameter 10 cm, 20 cm, and 30 cm, respectively. The outlet air
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temperature from 10 cm pipe dimeter is suitable for cooling demand for all mass flowrate simulated
along the day and for the diameter of 20 cm, except some hours at noon, whereas the outlet temperatures
exceeded 30 °C for more than 7 hours through day time, when the pipe diameter is 30 cm. The ambient
temperatures of the hot period represented by the last days of May are between the maximum
temperature of 39 °C and minimum temperature of 25 °C as shown in Fig. 4 with the outlet air
temperatures of EAHE. The values of the outlet air temperature of pipe diameter of 10 cm meet the
cooling demand of spaces to some extent but for other diameters are not. The increase in outlet
temperatures due to continuous operation is attenuated by the moderate ambient temperatures at night.

As an example of a very hot period the ambient temperatures of the last days of July are shown in Fig.
5 with the outlet air temperature of EAHE after 50 m from the inlet, clearly from the figure that the
outlet temperatures of all diameters and mass flowrates are unsatisfied the cooling requirement of
spaces. On the other hand, the heat storage in the soil is increased continuously with continuous
operation of EAHE, therefore the average increase of outlet temperature of the seventh day with respect
to the first day is about 3 °C. This means that the continuous operation of EAHE in very hot period is
useless, and may be useful to operate at night only.

The variations of air temperatures along the pipe of EAHE for the 10 cm and 20 ¢cm pipe diameters
simulated are shown in Fig. 7, when the inlet temperatures are 32 °C at 6 AM and 51 °C at 1 PM of July
22, and 17.5°C at 5 AM of April 25. The greater temperature drops are occurred at the beginning of the
pipe due to high heat exchange that results from the high temperature difference between the air and the
soil and decreases individually with increasing the length in proportion with the temperature difference
decreases. In addition, it is clearly that the inlet air of 17.5°C at 5 AM of April 25 is heated because its
temperature is lower than the soil temperature. The air temperatures for all inlet conditions and pipe
diameters are closed to soil temperature as the length increases.

— TEMD. . D10cm, m0.05kg/s D10cm, m0.1kg/s e D10 cm, m0.15kg/s
D20cm, mO.05kg /s e D20 1, MmO _1kg/s — D20 cm, m0._15kg/s e D30 cm, M0.05kg /s
D30cm, m0_1kg/s e D30 cm, m0_15kg/s

Temperature (°C)

ist day 2nd day 3rd day 4th day 5th day

Time (days)

Figure 3 EAHE outlet temperature variations and ambient temperature from 25 to 29 April for different diameters
and air mass flowrates at 3 m pipe depth.
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Figure 4. EAHE outlet temperature variations and ambient temperature from 25 to 29 May for different diameter
and air mass flowrates at 3 m pipe depth.
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Figure 5. EAHE outlet temperature variations and ambient temperature from 22 to 28 July for different diameters
and air mass flowrates at 3 m pipe depth.

323



JOURNAL OF ENERGY SYSTEMS

—Tamb == D10 cm, m0.05kg/s e D10 €m;, mO.1kg/s = D10cm, m0.15kg/s
D20cm, m0.05kg/s  =====D20cm, m0.1kg/s e D20cm, m0.15kg/s - -D30cm, m0.05kg/s
= D30cm, m0.1kg/s w——D30cm, m0.15kg/s
22-26Sep
38 A
(=)
<33
@ :
2 /‘-
& ! i
“g’zs d ‘
v I |/ \ 7
= .. N
\\ 7 \\
23 Sy e
i8
1st day 2nd day 3rd day 4th day Sth day
Time (days)

Figure 6. EAHE outlet temperature variations and ambient temperature from 22 to 26 Sep for different diameters
and air mass flowrates at 3 m pipe depth.

On the other hand, the effect of the increase of pressure drops and power losses with the increase of air
flowrate are shown in Figs. 8, and 9 respectively.

52
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Figure 7 The variation of air temperature in EAHE along the pipe length at 3m pipe depth
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Figure 8. The pressure drops through EAHE due Figure 9. The air power losses through EAHE due
friction. friction.

4. CONCLUSION

The conclusions of the present study can be concentrated about two main points: The first is related to
the temperature drop in EAHE that increases as the pipe diameter decreases. In addition, for the same
diameter, the mass flow-rate decreases when the temperature drop increases, too. The maximum air
temperature drop occurred at the beginning of EAHE and the air temperature is closed to soil
temperature as the pipe length increases. A horizontal pipe of EAHE of 50 m length after an inlet at 3
m depth gives a useful outlet temperature in a moderate-hot period between April 15 to May 15 and
between September 21 to October 15, even with the continuous operation when using a pipe diameter
less than 20 cm, and with the mass flow rate less than 0.15 kg/s. In addition, in a hot period between
May 16 and June 10 and from the 1% to 20" of September, when the pipe diameter is less than 10 cm
and mass flowrate less than 0.15 kg/s. The outlet temperature at these conditions is less than 28 °C and
may be used for cooling demand as a clean and energy saving-method. In a very hot period from June
11 to August 31, the temperature drop through EAHE after 50 m from inlet may exceed 20 °C according
to pipe diameter and mass flow rate, but the outlet temperature remains higher than the space-cooling
requirement. The second point is treated with the continuous operation or continuous passing of hot air
through the EAHE that increases the outlet temperature of EAHE due to heat storage in soil and the
increase in soil temperature near the pipe wall, especially, in a very hot period when the input ambient
temperature is high. The large temperature difference between day and night attenuates the soil heat
storage, especially, when the input ambient temperature is less than soil temperature, which leads to
cooling the soil as it occurs at some night hours of moderate-hot period. The present study can be the
beginning and the base for more detailed future works, for instance, studying the intermittent operation
of EAHE for recovering the soil cooling capacity during a very hot days and determine the reasonable
non-working time of EAHE. Besides, the capability of using the EAHE for heating in winter.
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