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Abstract: Earth to air heat exchangers are widely utilized to cool or heat passive buildings for energy
savings. They often need to deal with high humidity air conditions, especially in the greenhouse
due to plant transpiration, and the condensation phenomenon is frequently observed during the
cooling process. To evaluate the effect of humidity and condensation on thermal performance, a three
dimensional computational fluid dynamic (3D-CFD) model was developed. The distribution of
relative humidity in each pipe was investigated, and the impact of inlet air relative humidity on
the integrated performance of the earth to air heat exchanger was discussed. The effects of inlet air
temperature and volume flow rate were also analyzed. Moreover, the influence of the heat exchanger
configurations on the performance of the air condensation was researched. The results indicated that
condensation had few effects on the airflow distribution uniformity of the earth to air heat exchanger,
while it acted observably on the thermal performance. In addition, humid air in a small diameter
pipe tended to condense more easily. Humidity and condensation should be taken into consideration
for the design of earth to air heat exchangers in greenhouses during engineering applications.

Keywords: earth to air heat exchanger (EAHE); relative humidity (RH); thermal performance;
condensation; uniformity

1. Introduction

The energy crisis and global warming have been the main concern nowadays all over
the world. It is worth mentioning that buildings’ energy consumption nearly takes up 40%
of total global energy consumption. Additionally, 60% of the total energy consumption of
buildings is the energy consumption of heating, ventilation and air conditioning systems [1].
For energy savings, many approaches including system design and operation control
optimization [2] for vapor compression systems were investigated, and the utilization of
geothermal energy was also an effective method.

The development and utilization of shallow geothermal energy technology [3] are
relatively convenient and cost-effective. Meanwhile, the ground temperature was usually
stable, thus the ground can be used as a heat sink or source. The earth to air heat exchanger
(EAHE) is buried under the ground. The air flows in the buried pipes through the inlet,
which could absorb heat in winter and release heat in summer. The heated or cooled
air from the outlet flows to the buildings and greenhouse to maintain proper indoor
temperature. Therefore, it is widely utilized in passive heating and cooling of buildings
and greenhouse to reduce power consumption. Dabaieh and Serageldin [4] used the EAHE
to reduce heating/cooling demands to 7.9 kWh·m−2·annum−1 and 2.8 kWh·m−2·annum−1

in a passive house. Congedo et al. [5] used EAHE to pre-heat or pre-cool the air in the
Air-Source Heat Pump (ASHP). They found that the EAHE could improve the system
performance by 10% under 35 ◦C water condition. Bonuso et al. [6] applied horizontal
EAHE to cool the indoor air in a greenhouse. They found that the EAHE system could
decrease the temperature by 5 ◦C in summer.
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Although EAHE could reduce power consumption of the heating/cooling, its perfor-
mance also needs to be enhanced for a better application. Many researchers focused on
the parameters optimization of EAHE. Gomat et al. [7] investigated the thermal balance
of EAHE via a mathematical model and gave the prediction of the daily and annual air
temperature variation. Lekhal et al. [8] optimized the parameters of the EAHEs in the
different climatic regions, and the results showed that there are no standard criteria for
all climatic regions. Zajch and Gough [9] investigated the effect of the ground surface
and air temperature on the EAHE performance and suggested that a higher ground sur-
face temperature could increase the heating potential in Canada. After that, they [10]
established linear models using the seasonal air and soil temperature and found that the
change of the inlet air temperature of daytime had many contributions to the cooling
performance in the summer. Agostino et al. [11,12] investigated the effect of diameter and
length on heat transfer performance of EAHE, and they recommended that the optimal
tube length was 80 to 100 m. Rosa et al. [13] concluded the influence of the parameters on
the overall EAHE heat transfer characterize, which demonstrated that the pipe spacing
could be decreased by 0.5 m. Chiesa and Zajch [14] investigated the relationship between
climate and EAHE system performance and proposed an evaluation factor of the EHAE
possible cooling capacity.

Overall, most researchers focused on the sensible heat transfer in EAHE. However,
air condensation could occur in the EAHE when the air’s relative humidity (RH) exceeds
100%. In particular, the air in the greenhouse is more easily condensed due to the plant
transpiration. Li et al. [15] optimized the thermal environment in the greenhouse based on
the computational fluid dynamic (CFD) method, but they ignored the latent heat transfer
and water vapor exchanges. Guo et al. [16] developed a 3D-CFD model to investigate
the cooling performance of the water-sprinkling roof in the greenhouse. The multiphase
flow model was selected. Ghoulem et al. [17] used a passive downdraught evaporative
cooling windcatcher in the greenhouse, and relative humidity was considered in the CFD
model. Sakhi et al. [18] studied the efficiency of an EAHE without an external device in
arid environments and found that EAHE technology was beneficial to enhance building
hygrometry. Wei et al. [19] conducted full-scale experiments to investigate the effect of
structure parameters on EAHE cooling capacity. The results showed that latent heat
transfer acted significantly on EAHE cooling capacity when the earth to air heat exchanger
operated under high temperature and humidity conditions. Cucumo et al. [20] developed
a model to evaluate the dynamic EAHE performance, and the potential condensation
phenomenon was also studied and analyzed. Chardome and Feldheim [21] developed
2D/3D numerical model to study the heat transfer and condensation in an EAHE, and the
model could be used to quantify the condensate in one year’s operation. Niu et al. [22]
developed a mathematical model to investigate the temperature variation along the pipe
and declared that it was less affected by inlet RH. Gan [23] proposed an evaporation and
condensation computer program to predict the thermal performance of EAHE. The results
presented that the direct heat and moisture interaction among EAHE had a significant
influence on heat transfer capacity. Gao et al. [24,25] proposed a new condensation model
to simulate the cooling and dehumidification process of buried tunnels, which could
obtain the unsaturated condensation process. Moreover, they also found that the air
humidity acted significantly on the thermo-hygrometric performance of EAHE system.
Estrada et al. [26] proposed a model to deal with latent and sensible heat transfer between
soil and pipes. The results showed that the latent heat transfer played a negative effect
on EAHE. Liu et al. [27] established a 2D simulation model for EAHE integrated with
greenhouse, which considered heat and mass transfer in EAHE. It was found that this model
could obtain more accurate thermal performance of soil than the heat conduction model.

EAHE often needs to deal with high humidity air conditions, especially in the green-
house. Greco and Masselli [28] found that EAHE could generate water condensation
along the tube. Mongkon et al. [29] evaluated the cooling performance and condensation
phenomenon of EAHE in the greenhouse. They also obtained that a small amount of con-
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densed water appeared during the system operation. The condensation had a considerable
influence on the thermal performance of heat exchangers. Meanwhile, the condensation
water in the pipe was suitable for the microorganisms to grow on, which might affect
human health. Therefore, the investigation into air condensation in the EAHE deserves
research. However, few studies focused on the investigation of the relationship between
air condensation and the integrated performance of EAHE. Thus, this paper focused on the
influence of RH and condensation on the integrated performance of the EAHE. The simu-
lation model of the EAHE was developed to evaluate the integrated performance at first.
Then the distribution of RH in each pipe was investigated. After that, the effect of inlet
air RH on the thermal performance of the EAHE was discussed. Finally, the impact of
structure on air condensation in the EAHE was studied.

2. Materials and Methods

The multi-pipe EAHE consisted of main pipes and parallel pipes, which are shown in
Figure 1. The dimensions of the multi-pipe EAHE are also depicted in Figure 1. The EAHE
was installed at the depth of 2 m, and the length of parallel pipe L was 19 m. The spacing of
the parallel pipe l was 0.8 m. The dimensions of the surrounding soil are length Ls = 25 m,
width Ws = 16 m and depth Hs = 15 m. The material and thermophysical properties of the
EAHE are shown in Table 1.
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Figure 1. The physical model of the earth to air heat exchanger (EAHE) and the surrounding soil. 
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Air 0.0242 1.225 1006.43 1.7894 × 10−5 

The EAHE mesh was generated by ANSYS Mesh, which is shown in Figure 2. The 
unstructured mesh was selected. The mesh density on the pipe inlet and outlet, ground 
near the pipe, the coupled surface between the pipe and the soil was increased, and the 
mesh density on the ground far from pipes was reduced. The total mesh number was 
12,911,475, and the skewness of the mesh was less than 0.83. Furthermore, the mesh inde-
pendence analysis was conducted using the outlet temperature of air. From Figure 3, the 
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Figure 1. The physical model of the earth to air heat exchanger (EAHE) and the surrounding soil.

Table 1. Thermophysical properties for EAHE [30].

Material Thermal Conductivity
(W·m−1·K−1)

Density
(kg·m−3)

Specific Heat
(J·kg−1·K−1)

Absolute Viscosity
(kg·m−1·s−1)

Pipe (PVC) 0.16 1380 900 /
Soil 2.1 1800 1780 /
Air 0.0242 1.225 1006.43 1.7894 × 10−5

The EAHE mesh was generated by ANSYS Mesh, which is shown in Figure 2. The un-
structured mesh was selected. The mesh density on the pipe inlet and outlet, ground near
the pipe, the coupled surface between the pipe and the soil was increased, and the mesh
density on the ground far from pipes was reduced. The total mesh number was 12,911,475,
and the skewness of the mesh was less than 0.83. Furthermore, the mesh independence
analysis was conducted using the outlet temperature of air. From Figure 3, the outlet tem-
perature of air remained almost constant when the mesh number above 107. It indicated
that simulation results were independent of the mesh number when the mesh number was
above 107. Therefore, the model with mesh number 12,911,475 was chosen.
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The boundary condition of the EAHE inlet was velocity inlet, and that of the EAHE
outlet was pressure outlet. The temperature of far-field soil was assumed as constant
at 291.85 K [31], while the convection thermal condition was applied to the surface soil.
The contact surface between the pipe and the soil was coupled. The detailed boundary
conditions setup was shown in Table 2.

Table 2. The boundary conditions setup.

Boundary Conditions Setup Values [31]

Inlet Velocity-inlet /
Outlet Pressure-outlet /

Upper surface of soil Wall 297.49 K
Far-field soil Wall 291.85 K

In the study, the steady performance and the effects of parameters of EAHE were in-
vestigated. Thus, the steady-state simulation was conducted. Due to the forced convection
in the EAHE, the turbulence model was selected. With respect to the simulation of wall
condensation, Zschaeck et al. [32] applied the SST k-ωmodel to study wall condensation in
the presence of non-condensable gases, and the model was validated by experimental data.
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Considering simplicity, robustness, reasonable accuracy and fast convergence, the k-ω
model acted a better performance to solve wet air turbulence flow, especially for the air
condensation phenomenon. Therefore, the SST k-ωmodel was used to simulate turbulence
flow in this study. The water vapor in wet air was taken into consideration. The wet
air was mixed with dry air and water vapor, and a multi-species transport model was
used to calculate it. The Eulerian wall film model was utilized to predict the generation
of thin liquid films on the inner surface of the EAHE and its flow on the pipe’s surface.
The Eulerian wall film model can simultaneously calculate the water film flow under the
action of wall pressure gradient, gravity, surface tension, shear force, liquid viscosity force
and other external factors. As the thickness of the film was smaller than the radius of
curvature of the surface, the films were thin enough. Therefore, the liquid flow in the
film can be considered parallel to the wall. The thin film assumption was adopted in the
Eulerian wall film model. The following assumptions of the model were made to simplify
the calculation.

(1) The water film flow in the multi-pipe EAHE was continuous;
(2) The condition of the water film forming a small flow was not considered;
(3) The breaking and splashing process of the droplet was ignored;
(4) The wet air contains air and water vapor, which was assumed as an incompressible

ideal gas. It conformed to the ideal gas mixing law.

The governing equations [33] for wall film are listed as follows:
Mass conservation equation for wall film:

∂h f

∂t
+∇s•

[
h f
→
Vl

]
=

.
ms

ρl
(1)

Momentum equations for wall film:

∂h f
→
V l

∂t
+ ∆s•

[
h f
→
V l
→
V l

]
= −

h f ∆sPL

ρl
+
→
g τh f +

3
2ρl

→
τ f s −

3vl
h

→
Vl +

→
qs

ρl
(2)

Energy equation for wall film:

∂(h f Tf )

∂t
+∇s•(

→
Vf h f T) =

1
ρcp

[k f (
Ts − Tf

h f /2
−

Tf − Tw

h f /2
) +

.
qimp +

.
mevapL(Ts)] (3)

The thermal computational model of the EAHE was verified in the author’s previ-
ous work [30]. The numerical outlet temperature was compared with the experimental
data in the paper of Rodrigues et al. [31]. The results showed that the average outlet
temperature differences between the experimental data and numerical results in each
duct were 1.57 K, 1.19 K and 1.21 K. The absolute error was calculated using formula

(Percentage = |Tsim− Texp|
Texp

). Therefore, the average error of outlet temperature in different
conditions were 0.5%, 0.4% and 0.4%. The simulation model fitted the experimental data
well, and it could be used to analyze the thermal performance of the EAHE.

3. Evaluation Index
3.1. Airflow Division Uniformity Coefficient

The airflow uniformity was evaluated by the airflow division uniformity coefficient
Ω [34]. It could reflect airflow distribution uniformity in each parallel pipe. It was defined
as follows:

Ω= 1− 1
.

Va
·

√√√√∑n
i=1 (

.
Vi −

.
Va)

2

n(n− 1)
(4)

.
Va =

∑n
i=1

.
Vi

n
(5)
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where,
.

Va means the average volume flow rate in EAHE, and
.

Vi was the volume flow rate
in each pipe of EAHE.

3.2. Temperature Extraction Efficiency

The temperature extraction efficiency θ [35] was applied to estimate the thermal
performance of the EAHE. It was defined as follows:

θ =
Tout − Tin
Tsoil − Tin

(6)

where, Tout means the outlet temperature of EAHE, and Tin was the inlet temperature of
EAHE. Tsoil was the soil temperature in the far-field.

3.3. Integrated Evaluation Factor

The integrative performance of the EAHE was estimated by the integrated evaluation
factor η [36]. It was composed of the pressure drop and overall heat transfer coefficient.
The higher η means better thermal performance and lower pressure drop.

η =
Nu
f 1/3 (7)

Nu =
hD
λ

(8)

h =
Q

πDL(∆Tm)
(9)

Q = m(Hin − Hout) (10)

f =
∆p

1
2 ρ f u2

f

·D
L

(11)

where, f was the friction factor, which was calculated using Equation (11). ∆p was the
pressure drop between the inlet and outlet, uf was the velocity of air. h was the overall heat
transfer coefficient of the EAHE, which was not the heat transfer coefficient of the airflow
in the pipe. ∆Tm was the logarithmic mean temperature differences between soil and air,
ρf was the density of air.

4. Results and Discussion
4.1. Uniformity of RH in EAHE

The RH non-uniformity in the multi-pipe EAHE is discussed in this section. To clearly
evaluate the influence of RH, the inlet air humidity was selected as an independent variable.
Thus, the inlet volume flow rate, inlet temperature and tube diameter were selected as
the fixed value. The inlet temperature was 299.54 K, and the volume flow rate of air was
0.32 m3·s−1. The EAHE was the U-type structure, and the diameter of the main pipe and
parallel pipe were 110 and 75 mm, respectively.

The distribution of the mass flow rate in each pipe is displayed in Figure 4. Pipe 1 near
the inlet obtained the maximum flow rate, while the flow rate in pipe 8 was the minimum
one. The distribution of mass flow rate experienced a decreased trend along the flow
direction when the EAHE was the U-type structure.

As Figure 5 shows, when the inlet air RH was 10%, the air RH in each parallel pipe
was different. The air RH in parallel pipe 1 was the lowest, which was nearest to the inlet
pipe. The relative humidity of air in parallel pipe 8 was 12.6%. The air RH difference
between parallel pipe 1 and parallel pipe 8 was 1.5%. It seemed there was no obvious
difference of the air RH in each tube under the 10% inlet air RH condition.
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When the inlet air RH was 40%, the air RH in pipe 8 was the highest (see Figure 6).
The parallel pipe 8 was situated in the farthest pipe from the perspective of flow direction.
The mass flow rate in this pipe was the lowest, seen in Figure 4. It meant that the air RH
experienced the opposite trend with mass flow rate. The air RH in parallel pipe 1 was
44.3%, and that of outlet air in pipe 8 was 50.4%. Therefore, the difference between parallel
pipe 1 (minimum RH) and parallel pipe 8 (maximum RH) was 6.1%.

As the inlet air RH increased to 80%, the RH distribution in each parallel pipe was
similar to that in the condition of 40% (see Figure 7). The RH of the pipe far from the
inlet was the highest, which reached 100%. That was to say, the air inside pipe 8 began to
condense under this condition. Meanwhile, the air RH maximum difference among the
tubes was increased to 11.9%.

As presented in Figure 8, the standard deviation of air relative humidity in each
parallel pipe increased as inlet air RH increased. In other words, as the inlet air RH
increased, the uniformity of air RH in each parallel pipe deteriorated. Compared to the
standard deviation of air RH in different diameters of parallel pipe, the parallel pipe with
the larger diameter led to the better uniformity air RH.
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In conclusion, the larger inlet air RH caused the worse uniformity of air RH in each
parallel pipe. The non-uniformity RH distribution resulted in the non-uniformity air
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condensation phenomenon. In particular, the air inside pipe 8 was much easy to condense
for U-type structure EAHE, which was located in the farthest pipe from the inlet.

4.2. The Effect of Inlet Air RH on the Thermal Performance of EAHE

The effect of inlet air RH on the thermal performance of EAHE is investigated in
this part. The diameter of the pipe and supply type were 110 mm and U type structure,
respectively. The inlet temperature was 299.54 K, and the volume flow rate of air was
0.32 m3·s−1. The other dimensions and configuration were the same as aforementioned.

As depicted in Figure 9, the inlet air RH has a minimal impact on the airflow distribu-
tion uniformity. The Ω of wet air was slightly higher than that of dry air. After that, the Ω
remained stable at 0.74. Those results meant that the airflow division uniformity of wet
air was superior to that of dry air. However, increasing the inlet air RH had few effects
on the airflow division uniformity. In other words, the airflow division uniformity was
independent of inlet air RH. The diameter of the parallel pipe had a significant influence
on the coefficient Ω. Increasing the diameter of the parallel pipe could improve the airflow
division uniformity, rather than increasing the inlet air RH.
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The θ could reflect the thermal performance of the EAHE. The higher temperature
extraction efficiency θ caused better thermal performance of the EAHE. As Figure 10 shows,
the temperature extraction efficiency θ of wet air was slightly higher than that of dry air.
For the wet air, the increasing inlet air RH had few effects on the temperature extraction
efficiency θ. When the inlet air RH was 90%, the water vapor of wet air inside the pipe
condensed to water liquid. The temperature extraction efficiency θ declined sharply from
0.187 and 0.194 to 0.173 and 0.192, respectively. Moreover, increasing the diameter of the
parallel pipe was beneficial to improve the temperature extraction efficiency, when the
diameter of the main pipe was 110 mm.

The EAHE heat transfer rate experienced a slight rise as the inlet air RH increased
from 10% to 80% (see Figure 11). The heat transfer rate of wet air was a little higher than
that of dry air. When the inlet air RH increased to 90%, the heat transfer rate of the EAHE
dropped to 512.8 W and 568.2 W, respectively.

From Figure 12, the integrated evaluation factor η saw a slight increase as the inlet air
RH increased from 10% to 80%. This meant that variation of inlet air RH has no significant
impact on the integrated performance of the EAHE under the condition of no condensation.
Interestingly, when the wet air inside the pipe showed the condensation phenomenon,
the integrated evaluation factor declined by 7.9%. This meant that the integrated perfor-
mance of the EAHE deteriorated under condensation conditions. The integrated evaluation
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factor η has rather a slight variation compared with heat transfer variation at RH = 90%.
This was because η was directly proportional to heat transfer performance, while it was in-
versely proportional to pressure drop. Although the heat transfer rate experienced a drastic
drop when RH reached 80%, the pressure drop declined. The heat transfer performance
was a dominating factor in the EAHE integrated performance under this condition.
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Overall, the airflow distribution uniformity was independent of inlet air RH. Conden-
sation of wet air could cause a degradation in thermal performance. Therefore, the inte-
grated performance of EAHE deteriorated when the wet air condensed in the pipes.

4.3. The Effect of Inlet Air Temperature and Volume Flow Rate on the Thermal Performance
of EAHE

The inlet air temperature and volume flow rate had a significant effect on the dis-
tribution of RH in pipes. In this section, the effect of inlet air temperature and volume
flow rate on the RH uniformity and thermal performance of the EAHE were investigated.
The configuration of the EAHE was U-type.

Figure 13 presents air RH uniformity in each parallel pipe under different inlet air
temperature conditions. As before mentioned, the standard deviation of air RH in each
parallel pipe increased as inlet air RH increased. It meant that the uniformity of RH
distribution in each pipe became worse as the inlet air RH increased. Obviously, when the
inlet air temperature rose, the standard deviation of air RH in each parallel pipe rose sharply.
As the inlet temperature varied from 294.54 K to 299.54 K and from 299.54 K to 304.54 K,
the air RH standard deviation increased by 44% and 34%, respectively. It indicated that the
air RH uniformity in each parallel pipe was closely related to inlet air temperature. The air
in EAHE condensed much more easily under high temperature and humidity conditions.
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As Figure 14 shows, the impact of inlet volume flow rate on the standard deviation of
air RH in each parallel pipe was massive. As the inlet air volume flow rate increased from
0.13 m3·s−1 to 0.32 m3·s−1, the air RH standard deviation increased by 49%. That was to
say, the air RH uniformity in each parallel pipe became worse. Therefore, the possibility of
part condensation under lower flow rate conditions was low.

The integrated evaluation factor η under different inlet air temperature conditions
is depicted in Figure 15. It was found that the variation of inlet air RH has no significant
impact on the integrated performance of the EAHE under the condition of no condensa-
tion. However, the inlet air temperature had a remarkable influence on the integrated
performance of the EAHE.

Similarly, the inlet volume flow rate had a great effect on the integrated evaluation
factor η (see Figure 16). As the inlet volume flow rate increased from 0.13 m3·s−1 to
0.32 m3·s−1, the integrated evaluation factor η increased by 39%. This finding was under-
standable because the overall heat transfer coefficient rose and the pressure drop increased,
when the inlet volume flow rate increased. The overall heat transfer coefficient was a
dominating factor in the EAHE integrated performance in the same configuration.
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In summary, the inlet air temperature and volume flow rate affected the air RH
distribution in parallel pipes. Moreover, they also influenced the integrated evaluation
factor η significantly.

4.4. The Effect of Structure on Condensation in EAHE

The influence of parallel pipe diameter and supply type on the condensation phe-
nomenon inside the EAHE was studied. The humidity ratio of inlet air of the EAHE was
the same in the section. That was to say, the mass fraction of H2O in inlet air was the same
under those conditions.

Table 3 shows the variation of the EAHE integrated performance under the different
parallel pipe diameters. With the increasing diameter of parallel pipes, the heat transfer
capacity increased while the pressure drop decreased. Therefore, a larger parallel pipe con-
tributed to the larger integrated evaluation factor η, and the EAHE integrated performance
was enhanced.

Table 3. Thermal and pressure performance with different parallel pipe diameters.

Diameter of Parallel
Pipes (mm)

Heat Transfer Rate
(W) Pressure Drop (Pa) The Integrated

Evaluation Factor η

75 512.8 6842.7 19.9
90 549.7 2875.1 27.0

110 568.2 1128.9 35.8

As shown in Figure 17, the mass fraction of H2O in the inlet air was the same, while
the mass fraction of H2O in the outlet air was different under the different diameters of
parallel pipes. It was understandable that the water vapor in wet air was condensed to
water liquid. In other words, the phase change (condensation) appeared in the parallel
pipes. Therefore, the mass fraction of H2O in the outlet air decreased compared with that
in the inlet air. Meanwhile, the mass fraction of H2O in the outlet air decreased as the
diameter of the parallel pipes decreased. This meant that the condensation water increased
as the diameter of the parallel pipes decreased. In other words, the wet air was likely to
condense in a narrower parallel pipe.
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The integrated performance of the EAHE with different supply types is listed in
Table 4. The heat transfer rate of the Z-type structure was 542.6 W, which was the lowest
under the three supply type conditions. Moreover, the pressure drop between inlet and
outlet was the highest in the three supply type conditions. The lowest heat transfer rate
and highest pressure drop resulted in the lowest integrated evaluation factor η of Z-type
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structure. However, L-type structure EAHE obtained the best integrated performance
among the three supply type conditions. The integrated evaluation factor η of the L-type
structure was 2.47 times as much as that of the Z-type structure. The integrated evaluation
factor η of the U-type structure increased by 15%.

Table 4. Thermal and pressure performance with different supply types of EAHE.

Type Z-Type U-Type L-Type

Structure
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Pressure drop (Pa) 1474.9 1128.9 123.5
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The condensation rate in parallel pipes was diverse, as Figure 18 shows. When the
supply type of the EAHE was the L-type, pipe 1 near the inlet obtained more condensation
water. The mass fraction of H2O in each pipe with the Z- type EAHE had a similar
distribution to that of the L-type EAHE. However, the condensate water of the L-type
structure was more evenly distributed. When the supply type of the EAHE was the U-type,
the condensation water in pipe 8 (far from the inlet) was the largest. The mass fraction
of H2O in each pipe with the U- type EAHE had an inverse distribution with that of the
Z-type EAHE.
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Meanwhile, Figure 19 shows the mass fraction of H2O in the outlet vent with differ-
ent supply types. The mass fraction of H2O decreased when a phase change appeared.
Compared to the three supply types, the mass fraction of H2O in the outlet vent was not
significantly different.

Consequently, the integrated performance increased as the diameter of the parallel
pipes increased, and the amount of condensation water decreased as the diameter of the
parallel pipes increased. It was better to choose the larger diameter of parallel pipes when
the diameter of the main pipe was constant. Due to the difference in supply type, the mass
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fraction of H2O in each pipe distribution had a significant difference. The L-type structure
EAHE obtained the best integrated performance and relatively uniform distribution. The Z-
type structure EAHE was not recommended, considering the integrated performance and
the distribution of condensate water.
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5. Conclusions

To reduce energy consumption, the earth to air heat exchanger (EAHE) was widely
utilized to heat or cool passive buildings and greenhouses. However, condensation may ap-
pear in the EAHE when the relative humanity (RH) of air is high. In this paper, the conden-
sation phenomenon in the EAHE was displayed. Meanwhile, the influence of condensation
on the integrated performance of EAHE was studied. It was shown that:

1. The uniformity performance of the RH in each parallel pipe deteriorated with the
increase in the RH inlet air. The condensation phenomenon occurred easily in the last
pipe from the perspective of the flow direction, when the earth to air heat exchanger
was the U-type structure.

2. The condensation had few effects on the airflow distribution uniformity of the EAHE.
However, it had a significant effect on the thermal performance of the EAHE. The in-
tegrated performance of the EAHE declined by 7.9% when the wet air condensed in
the pipes.

3. The higher inlet air temperature and volume flow rate resulted in more non-uniform
distributions of RH. Thus, the possibility of condensation increased.

4. When the diameter of the main pipe was constant, decreasing the diameter of the
parallel pipe would decrease the integrated performance of the EAHE by 44% and
increase the amount of condensation water. Considering the integrated performance
and the distribution of condensation water, the performance of the Z-type struc-
ture EAHE was worst. The integrated performance of the L-type structure EAHE
was optimal.

These results may have certain guidance functions for the design of earth to air heat
exchangers. Moreover, they could help avoid condensation in the EAHE in greenhouses.
In future works, the greenhouse model will be established, and then the results of this
paper would be considered as the boundary conditions for the greenhouse model. Based on
the greenhouse model, the effect of EAHE performance on the temperature and humidity
distribution in greenhouses would be investigated.
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Abbreviations

EAHE Earth to air heat exchanger
RH Relativity humidity
hf Film height
→
V l Mean film velocity
ρl Liquid density
∇s The surface gradient operator
.

ms The mass source per unit wall area
PL Pressure of air on the wall
→
g τ The component of gravity parallel to the wall
→
τ f s Shear stress at gas-liquid interface
vl The kinematic viscosity of the water film
→
qs Pressure change caused by the water droplets or the separation of water film
cp Specific heat capacity
.
qimp Source term due to liquid impingement from the bulk flow to the wall
Tf Average film temperature
Ts Film surface temperature
Tw Wall temperature
k f Thermal conductivity of wall film
L(Ts) Latent heat associated with the phase change
.

mevap Mass vaporization or condensation rate
Ω Airflow division uniformity coefficient

.
Vi The volume flow rate in each pipe of EAHE
.

Va The average volume flow rate
n Number of parallel pipes
θ The temperature extraction efficiency
Tout The outlet temperature of EAHE
Tin The inlet temperature of EAHE
Tsoil The soil temperature in the far-field
η The integrated evaluation factor
f Friction factor
∆p The pressure drop between the inlet and outlet
ρf The density of air
uf Velocity of air
h Overall heat transfer coefficient of EAHE
Q Heat transfer rate
m Mass flow rate
Hin The enthalpy of the inlet air
Hout The enthalpy of the outlet air
∆Tm Logarithmic mean temperature differences between soil and air
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