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Abstract

Ground surface temperatures and ground temperatures at different depths are required for the design of
Ground-Source Heat Pump (GSHP) systems. The State Meteorological Affairs General Directorate (DMI)
measures the ground temperatures at certain depths at some stations in Turkey. However, these measurements
are valid only for the ground structures and properties at the measurement locations and, therefore, can not be
used for other ground and ground surface properties. In this study, one layer ground temperatures were
calculated numerically using at least 20 years daily mean values of ambient temperature, solar radiation, relative
humidity and wind velocity. The data were taken from DMI for 20 cities selected from different climatic regions
in Turkey. The depths for maximum and minimum temperatures in the soil and yearly constant temperatures at
12 m depth from the soil surface (soil end temperatures) were expressed in equations using the numerically
calculated temperatures. It was found that soil end temperature is mainly dependent on the yearly mean air
temperature. Other parameters that have also influence on the soil end temperature are soil surface absorption
coefficient, evaporation fraction and yearly mean solar radiation. Maximum and minimum temperatures are only
0.48 °C higher and lower than the soil end temperature, respectively.
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1. Introduction

The need for ground temperature distribution has increased in recent years parallel to the
increase in ground source heat pumps (GSHP) applications. The ground temperature is higher
than ambient temperature in winter months and vice-versa in summer months and therefore,
GSHP’s have become attractive. Many numerical and analytical studies were carried out for
the determination of ground temperatures.

Analytical models to predict the ground surface and ground temperature distribution were
developed. The ground surface temperature variation in the form of sine-wave or Fourier
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series was assumed [1]. The data obtained from the model with real long-term measurements
was compared [2]. Ground surface and ground temperatures for bare or grass covered ground
were investigated [3]. Two estimation methods for determining the daily and annual variation
of ground surface temperature were presented [4]. A simple model to estimate ground heat
flux as a function of ground thermal properties and meteorological data was suggested [5]. A
model that can be used to predict monthly ground temperature using monthly meteorological
data was developed [6]. Subsurface ground temperature profiles using two different analytical
approaches were estimated. In the first one an analytical model was examined based on
annual and daily sinusoidal fluctuations of the ground temperature. In the second one, a semi-
empirical model was developed using daily average temperatures [7]. A model to estimate
daily soil temperature at different depths using meteorological parameters in an arid region
was developed [8]. The Artificial Neural Networks (ANN) and Regression Analysis methods
were used in estimating monthly average daily global solar radiation arriving on horizontal
surface with the help of meteorological and geographic data [9].

Some numerical methods to determine ground temperature were developed. A numerical
model of heat conduction to estimate the magnitude of the heat released by freezing during
the winter months was used [10]. A model to predict surface temperatures of the different
grounds using meteorological data was described [11]. A mathematical model for horizontal
type ground heat exchangers was developed [12]. A model that uses meteorological data and
some ground parameters as the inputs of the model was presented. The model can be used to
estimate ground surface heat fluxes, surface and ground temperature change and other
important micrometeorological parameters. The simulated ground temperatures with the
micrometeorological measurements were also compared [13]. A two-dimensional numerical
simulation of ground-heat transfer adjacent to an experimental earth—contact structure was
presented. The numerical and experimental results were compared [14]. A numerical model to
estimate the ground temperatures in dry and wet bare grounds was developed [15].

Because temperature distribution. in the ground can only be calculated accurately using
numerical methods, ground surface temperature and ground temperatures at various depths
were determined with a numerical model developed in this work. In the calculations, daily
mean values of ambient temperature, solar energy, relative humidity and wind velocity were
used for yearly calculations of ground temperature distribution [16-28]. In addition, ground
temperatures for 20 cities selected from four different climatic regions in Turkey were
calculated. In these cities, measurements are undertaken continuously at least 20 years. In this
study saturation pressure of water vapor are determined exactly at each time step using exact
correlation between temperature and saturation pressure of water vapor.

The objective of this work is to describe soil end temperature, soil maximum and soil
minimum temperatures and the depth of maximum and minimum temperatures, which depend
on the climatic data such as yearly mean temperature, yearly mean solar radiation and on the
physical properties of the soil such as surface absorption coefficient and thermal diffusivity.

2. Methodology

Heat transfer in one layer homogeneous ground can be written by one dimensional time depended differential
equation by assuming constant ground physical properties as follows:
GF et (1)
ot ox?
Eq. I can be solved writing two boundary conditions at the ground surface and ground depth,
Locations of two boundary conditions for one layer homogeneous ground are shown in Fig. 1.
The following equation can be written at the surface of the ground [1,3,4]:

x=0 "_k(aa_r)=h(T..—T,)+ﬂ,fi-fim-fi“- @
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Fig. I. Locations of two boundary conditions.

Long-wave radiation heat flux (g, ) can be taken as constant according to [1] and [3]:

G, =63 W I m? (3)
For g, the following equation is used [3]:
4,=0.0168 f h(p,-o¢p,) )

For the calculation of P,,, the exact relationship between surface temperature and P, is used by [16].
For A, the following equation is used by [1]:

h=28+43u (5)

where u is the wind velocity (m/s).

The following equation is valid in the ground depths:

iR (©6)

ox

This condition is satisfied for all soil types, if L is taken as 12 m.

Differential Eq. (1) with the non-linear boundary conditions in Eqs. (2) and (6) was solved iteratively using
finite difference method by [16]. Details of numerical methods and temperature distribution were given in the
mentioned work. An example of the numerical results for the temperature distribution is given in Fig. 2. In this
figure, the maximum, minimum and ground end temperatures are shown.
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Fig. 2. Temperature distribution for a,=0.9, /=0.45, a=0.14 gt m2/s, k=0.52 W/m°C in Adana
for 23 January and 23 July.

3. Results

Ground surface and ground temperatures were calculated for different soil types in this
study. Some thermal properties are given for commonly encountered soil types in Table 1.

Ground surface and ground temperatures for the cities in Table 2 were calculated using at
least 20 years (between 1985 and 2010) daily mean values of ambient temperature, solar
radiation, relative humidity and wind velocity taken from DMI. The depths at which the
maximum and the minimum ground temperatures occur and ground end temperatures were
determined. Relationships for maximum, minimum and ground end temperatures are given.

It was suggested [1] 0.9 for the value of a; in Eq. 2, while [20] recommended a value
between 0.85 and 0.95.
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The value of parameter f depends on ground cover and moisture content of the ground. For
bare ground, f can be estimated as follows [1]:
#=1.0 saturated ground
/=0.6-0.8 humid ground
f=0.4-0.5 dry ground
/=0.1-0.2 arid ground
For grass covered grounds, 70% of the above given f values were recommended by [1].
In this study, the analysis was carried out for /=0.45 when a; was varied between 0.6 to 0.9

and for a;= 0.9 when fwas varied between 0.4 to 0.8.

Table 1. Thermal properties of some soil types

-
Ground Type FI.T:;?S] [WI:I;"C]
Siliceous ground 0.14 ; 0.52
Dry-heavy ground 0.52 0.95
Humid-heavy ground 0.65 1.30
Granite 1.13 2.93

3. 1. Relationship between ground end and mean temperatures

The temperature difference that was defined using ground end temperature, Tena (constant
temperature 12 m depth from the ground surface) and the average value of 20 years daily
mean ambient temperature (Zpean):

Az;nd = dena _Tmean (7)
was determined using the results obtained from the numerical model.

Variation of AT.,q with absorption coefficient (as) and evaporation fraction (f) is discussed
below.

Variation of temperature difference (A7.,s) with absorption coefficient (as) is shown in
Fig. 3 for 20 cities in Turkey (Table 2) and 4 different types of grounds given in Table I.
Calculations showed that, influence of the thermal conductivity of the ground on the results is
insignificant. Therefore, only thermal diffusivity of the ground can be taken as characteristic
physical property of the grounds.

The value of ground surface absorption coefficient (ay) was varied between 0.6 to 0.9 in
the calculations and all other parameters were kept constant. As can be seen from the figure,
AT,,q increases linearly with the increase of ay.
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Fig. 3. Variation of temperature difference with absorption coefficient a; for 20 cities (Table
2) in Turkey (f= 0.45).

Fig. 4 illustrates the variation of temperature difference (A7¢,q) with evaporation fraction
(f) for 20 cities in Turkey (Table 2). It can be seen from the figure that AT,,, decreases with
the increase of f.
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Fig. 4. Variation of temperature difference with evaporation fraction f for 20 cities (Table 2)
in Turkey (a,=0.9).

The temperature differences given in Figs. 3 and 4 can be expressed as follows:
AT, ,=A+Ba, +C f )

A, B and C coefficients that were determined with statistical software are shown in Table
2. Since the difference between A coefficients for the cities considered is not significant, an
arithmetic average value of -3.57 can be used.

A=-3.57 9

Table 2. A, B and C coefficients for 20 cities in Eq. (8)

City Number City A B C

1 Adana -3.64 11.26 -7.01
2 Atyon -3.31 10.78 -6.35
3 Ankara -3.98 10.28 -6.21
4 Antakya -3.38 5.89 -4.12
5 Antalya -2.83 8.44 -6.47
6 Aydin -3.71 11.33 -7.56
7 Erzincan -4.21 12.29 -6.71
8 Erzurum -3.12 10.30 -5.31
9 Isparta -4.19 10.58 -6.24
10 Istanbul -3.00 753 -4.40
11 Izmir =317 7.62 -6.01
12 Kars -3.00 9.560 -4.42
13 Kayseri -3.93 11.37 -6.37
14 Malatya -4.71 12.87 -8.09
15 Mugla -3.80 9.58 -6.10
16 Nigde -2.40 11.06 -7.24
17 Sanlurfa -4.74 11.37 -8.20
18 Tekirdag -3.03 7.42 -4 11
19 Trabzon -3.73 7.35 -4.30
20 Yozgat -3.48 10.05 -5.29

The average value of daily mean values of solar radiation (¢,,,,) for the whole year and

mean ambient temperature (Zyeqn) for 20 years used in the calculations are given in Table 3.
B and C coefficients were determined as a function of ¢,,.., and Zean:

B Bl By T (10)

mean

C.' k: CZ q'mcrm it Ci Tmean (ll)

B
(&4

B, By, B; and C,, C;, C; coefficients were obtained using Statistica software from the B
and C data given in Table 2 for different cities in Turkey. They are given in Table 4. In these
cities §,,,, and Tea values are very different; ¢, varying between 129.6 W/m* and

221.35 W/m? and Tmean between 5.12°C and 19.17°C. Yearly mean temperatures and
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insolation of different cities in USA and Europe are given in Table 5. One can see form the
comparison of Tables 3 and 5 that the temperature and insolation values of the cities selected
in this study cover also nearly all USA and Europe.

Table 3. §,,.,, and T,.q., values used in the calculations for 20 cities

City e, ( W/nf) )
Adana 176.12 19.17
Afyon 182.54 11.30
Ankara 167.65 11.99
Antakya 152.78 18.33
Antalya 196.91 18.29
Aydin 189.66 17.76
Erzincan 172.62 11.02
Erzurum 184.57 5.14
Isparta 156.85 12.18
Istanbul 154.39 14.48
[zmur 187.22 18.02
Kars 171.80 512
Kayseri 169.64 10.61
Malatya 183.50 13.81
Mugla 168.23 15.06
Nigde 221.35 11.18
Sanliurfa 190.08 18.51
Tekirdag 146.48 13.96
Trabzon 129.62 14.01
Yozgat 165.04 9.04

Table 4. B;, B;, B;, C;, C;, C; coefficients for 20 cities in Turkey

B, 3.04
B, 0.05
By -0.12
C 2.72
G -0.04
C: =008

Table 5. Yearly mean temperature and insolation for some cities in USA and Europe

City q"wan (W/m") Toneen (°C)
Chicago (USA) 155 9.46
Houston (USA) 196 19.97
London (UK) 109 9.56
Munich (DE) 124 7.78
Paris (FR) 125 11.00
Bern (CH) 131 9.10
Athens (GR) 190 18.43

Temperature differences (A7.,q) can be predicted by substituting the values of 4. B and C
coefficients which can be calculated from Eqs. 9-11, respectively. Comparison of numerically
calculated and predicted (Eq. 8) values is shown in Fig. 5. It is seen from this figure that, the
numerically calculated and predicted values compare satisfactorily.

Root Mean Square Error between numerically calculated and predicted values was found
to be 0.58 °C.

3. 2. Relationship between ground end and maximum, minimum temperatures

The differences between the maximum (7)) and the minimum (7,;,) temperatures in the
ground and ground end temperatures at 12 m depth (Z,,s) were determined. The following
temperature differences were defined:

ATma.\' = Tmrr.\' = Tend (23 Jamtary) ( l 2)
AT'”“-H = Tend =3 ‘T:m'n (23 ‘july) (13)
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Fig. 5. Comparison of numerically calculated and predicted (Eq. 8) temperature differences.

Variation of maximum temperature difference (A7),,,) with absorption coefficient (a;) and
evaporation fraction (f) is shown in Figs. 6 and 7, respectively. Figs. 8 and 9 demonstrate the
variation of minimum temperature difference (A7,,,) with absorption coefficient (a;) and
evaporation fraction (f) for 20 cities in Turkey, respectively. It is seen from Figs. 6, 7, 8 and 9
that dependency of AT, and AT, on the parameters a, and f can be neglected. As a result,
the following relationships can be written for 7., and T,,.

T;nax = Tend i 0 48 (14)
Tm.‘n = Y:.’nd T 048 (1 5)

Root Mean Square Errors between the values calculated numerically and using the
equations given above for T,uay and T, was found to be 0.06 °C for both.
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Fig. 6. Variation of maximum temperature difference with absorption coefficient a; for 20
cities (Table 2) in Turkey (= 0.45).
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Fig. 7. Variation of maximum temperature difference with evaporation fraction f for 20 cities
(Table 2) in Turkey (as;= 0.9).
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Fig. 8. Variation of minimum temperature dif%erence with absorption coefficient a; for 20
cities (Table 2) in Turkey (f= 0.45).
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Fig. 9. Variation of minimum temperature difference with evaporation fraction f for 20 cities
(Table 2) in Turkey (a,=0.9).

3. 3. Relationship between ground physical properties and the depth of maximum and
minimum femperatures

In this part of the study, the relationship between the ground physical properties and the
depths at which maximum and minimum temperatures occur were investigated. Fig. 10 shows
variation of the depths of maximum and minimum temperatures with thermal diffusivity (a)
of various ground types.

In the calculations, while different thermal conductivity (k) values for one ground type
were used, a value of the ground was kept constant. Results showed that, the depths of
maximum and minimum temperatures do not change with , they changes only with @ value
of the ground. The following equation was obtained for the depth L:

L=244+54310°a - (16)

The depth L changes significantly with thermal diffusivity (a). While L is about 3 m for
siliceous ground, it increases to approximately 8 m for granite. The other two ground types
locate between these two limits.
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Fig. 10. Variation of the depths of maximum and minimum temperatures with thermal
diffusivity of various ground types.
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4. Conclusions

One layer ground temperatures for selected cities in Turkey were calculated and the depths
for maximum and minimum ground temperatures and ground end temperatures were
expressed in equations using the numerically obtained temperatures.

There is a relationship between temperature differences and yearly mean solar radiation
() and yearly mean temperature (Zyeqs) for different ground types. In 23 January, the

maximum temperature in the ground (7,,,y) can be taken 0.48 °C higher than the ground end
temperature. In 23 July, the minimum temperature in the ground (7},;,) can be taken 0.48 °C
lower than the ground end temperature. The depths of maximum and minimum temperatures
do not change with thermal conductivity of ground (k), it is only a function of thermal
diffusivity (a) of the ground.
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Nomenclature
a thermal diffusivity of ground [m%s]
a, absorption coefficient of ground surface
f evaporation fraction
h heat transfer coefficient [W/m’K]
k thermal conductivity of ground [W/mK]
ground depth [m]
Ly ground depth of maximum temperature [m]
Toges ground depth of minimum temperature [m]
Do saturation pressure of water vapor at ambient temperature [Pa]
Dic saturation pressure of water vapor at ground surface temperature [Pa]
q solar radiation heat flux [W/m®]
Gy long wave radiation heat flux [W/m?]
q. heat flux due to the water vapor evaporation, [W/m?]
CrEn mean solar radiation heat flux [W/m?]
t time [day]
T temperature [°C)
7. ambient temperature [°C]

Tond ground temperature at depth L [°C]
Tae maximum temperature [°C]
T mean temperature [*C]
Tt minimum temperature [*C]
1 ground surface temperature ['C]
I wind speed [m/s]
X soil depth [m)
P relative humidity
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