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ABSTRACT  

Thermal performance of Earth Air Tunnel Heat 

Exchanger (EATHE) under transient operating 

conditions depends upon the shape of thermal 

influence zone within the soil domain around the 

buried pipe. A detailed parametric analysis has been 

carried out using experimental and computational fluid 

dynamics (CFD) modeling to investigate the effect of 

time duration of continuous operation and thermal 

conductivity of soil on thermal influence zone under 

transient conditions. Results show that by giving due 

consideration on the thermal influence zone profile, 

excavation and back filling cost of EATHE trench may 

be reduced substantially. Study reveals that while 

laying the multiple pipes of EATHE one should not 

bury them in parallel configuration, rather depending 

upon soil thermal conductivity value and maximum 

duration of continuous operation, centre distance 

between two pipes must gradually decrease along the 

length. Almost  

INTRODUCTION  

An Earth Air Tunnel Heat Exchanger (EATHE) 

consists of a long underground metal or plastic pipe 

through which air is drawn. As air travels through the 

pipe, it gives up or receives some of its heat to/from 

the surrounding soil and enters the room as 

conditioned air during the cooling and heating period. 

Due to the significance of earth tube system, numerous 

research studies have been performed by Krarti et al. 

(1995), Puri (1987) and Kumar et al. (2003). Svec et 

al. (1983) presented numerical model for steady-state, 

transient behaviour of several configurations, and it 

was shown that substantially reduced heat flows were 

obtained when plastic pipe was used. Sensitivity 

analysis for evaluating the performance of various 

passive and hybrid cooling techniques such as EATHE 

was carried out by Agas et al. (1991). Sodha et al. 

(1993) and Tzaferis et al. (1992) investigated the effect 

of length, radius of pipe and air mass flow rate on the 

cooling potential of an underground air pipe system. 

Santamouris et al. (1995) suggested a new integrated 

method, which can be used during the predesign and 

design phase for the dimensioning of the buried pipes 

to increase the cooling potential. Thermo-hydraulic 

performance of the EATHE was analyzed by Paepe 

and Jenssens (2003). Badescu (2007) found that the 

energy delivered by the ground heat exchanger 

depends significantly on different design parameters 

like pipe’s depth, diameter and material. As reported 

by Bansal et al. (2009, 2010 and 2012) not much 

research has been carried out in hot climates because 

of the belief that the cooling potential of EATHE 

system is low due to higher soil temperature in 

summer. As also reported by Bansal et al. (2012) 

EATHE system integrated with evaporative cooling 

could deliver thermal comfort conditions in hot and 

dry climates.  

Most of the studies related to EATHE discussed above 

described the thermal performance of an EATHE 

system under specific assumption of constant pipe wall 

temperature and do not account for  change in 

performance of EATHE with time under continuous 

operation condition. However, variations in soil 

temperature with time should be accounted in order to 

more accurately analyze the thermal behaviour of 

EATHE system. In long durations of usage of an 

EATHE system, pipe surface temperature and soil 

temperature in the pipe vicinity significantly get 

affected with passage of time.  Hence, an accurate 

analysis of thermal influence zone of EATHE system 

should include the sub soil modelling considering 

temperature variation of pipe surface and sub-soil, 

because the assumption of the constant pipe surface 

temperature is not reasonable. Thermal Influence Zone 

is a region in the soil, surrounding the EATHE pipe in 

which the heat transfer to soil causes an appreciable 

change in soil layers temperature (0.5ºC rise/fall from 

undisturbed soil temperature). 

In the present study the effects of variation in soil 

thermal conductivity and time duration of operation 

have been analyzed to predict the temperature of soil 

layers at different radial positions, surrounding the 
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EATHE pipe, so as to ascertain the shape of thermal 

influence zone and thermal performance of EATHE. 

Transient analysis of these parameters has been carried 

out using CFD simulation platform FLUENT 15.  

DESCRIPTION OF CFD MODEL  

CFD simulations have been performed using an 

unstructured grid. The element type and the grid 

density were selected to be variable so that the 

calculation can adapt to the actual situation and reach 

a high level of accuracy. In the present study it has 

been assumed that air is incompressible and the soil is 

homogeneous and isotropic. The fundamental 

equations of fluid flow and heat transfer have been 

used in the analysis. The physical and thermal 

parameters of different materials used in the simulation 

are listed in Table 1.  

Table 1  
Range of parameters used in CFD simulation  

Parameter(s) 

 Material  

Air 

Soil 

sample 

SL1 

Soil  

sample 

SL2 

Soil 

sample 

SL3 

PVC 

Density 

(kg m-3) 
1.225 2050 2050 2050 1380 

Specific heat 

capacity 

(J kg-1 K-1) 

1006 1840 1840 1840 900 

Thermal 

conductivity 

(W m-1 K-1) 

0.0242 0.52 2.0 4.0 1.16 

Flow velocity 

(m/s) 
5 - - - - 

Pipe diameter 

(m) 
- - - - 0.10 

BOUNDARY CONDITIONS  

(a) Inlet boundary: At the inlet of EATHE uniform 

velocity 5ms-1 along the x-axis is used and the 

direction is normal to the opening at inlet.   

(b) Far boundary of the soil: outer surface of the soil 

cylinder (10 times the pipe diameter) surrounding the 

EATHE pipe was assumed to be at constant 

temperature of 300.2 K.   

A trial simulation was carried out on EATHE model 

of 5 m pipe length, 0.1 m pipe diameter and radius of 

soil surrounding the pipe as 20 times the pipe radius. 

It was observed that penetration of heat in radial 

direction at inlet section was not beyond 8 times the 

pipe diameter. Hence, in further simulation on large 

scale model having 60 m pipe length and 0.1 m 

diameter, outer diameter of soil cylinder surrounding 

the EATHE pipe was taken equal to ten times the pipe 

diameter in order to save the iteration time. 

(c) Inlet and exit faces: at inlet and exit faces of 

EATHE, heat flux was taken to be zero. Since the area 

of inlet and exit faces of EATHE are almost negligible 

compared to the lateral area of EATHE pipe through 

which the heat gets transferred into soil domain.  

(d) Soil pipe interface: at soil pipe interface coupled 

heat transfer condition was taken. No-slip conditions 

for velocity and steady temperatures are applied at the 

duct surfaces. In fluid dynamics, the no-slip condition 

for viscous fluids states that at a solid boundary, the 

fluid will have zero velocity relative to the boundary. 

Particles close to a surface do not move along with a 

flow when adhesion is stronger than cohesion.  

SOLUTION TECHNIQUE  

This study used a fully-unstructured finite-volume 

CFD solver, Fluent 15, for simulation. The SIMPLE 

algorithm is applied for the pressure–velocity 

coupling in the segregated solver. A second order 

upwind scheme is adopted for the discretization of the 

governing equations. The convergence criteria for all 

variables was set to be 10-6.  

 

Figure 1 Layout of experimental set up of EATHE system  

DESCRIPTION OF TEST UNIT OF 

EATHE SYSTEM  

The schematic diagram of room integrated EATHE is 

shown in Figure 1. Experimental test set up 

comprises of 60 m long horizontal PVC pipe of inner 

diameter 0.10 m, buried in flat land with dry soil at a 

depth of 3.7 m. Inlet end of EATHE pipe is connected 

through a vertical pipe to a 0.75 kW, single phase, 

variable speed motorized blower (maximum flow 

rate of 0.0945 m3/s and maximum speed of 2800 

RPM).   

Ambient air was forced through the earth air pipe 

system with the help of blower and air flow velocity 

was changed with the help of an auto transformer 

(single phase, 0-270 Volt, 2 A maximum current, with 

a least count of 1Volt). Seven RTD (Pt-100) 

temperature sensors viz. T0 to T6 were mounted at a 
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depth of 0 m, 0.62 m, 1.24 m, 1.86 m, 2.48 m, 3.10 m 

and 3.7 m respectively from the ground surface on inlet 

vertical pipe to measure soil temperatures at different 

depths. 

One additional temperature sensor was inserted at a 

distance of 10 m away from the EATHE system at a 

depth of 3.7m in the ground to measure the 

undisturbed soil temperature. Nine RTD (Pt-100) 

temperature sensors viz. T7 to T15 were also inserted 

at the centre of EATHE pipe along the length  at a 

horizontal distance of 0.2m, 1.7 m, 4.7 m, 9.3 m, 

15.1m, 24.2 m, 34.0 m, 44.4 m and 60.0 m 

respectively from the upstream end to measure air 

temperature. A group of four RTD (Pt-100) 

temperature sensors at axial distance of 6.4 m, 27.4 m 

and 48.8 m from the inlet of EATHE were also 

provided to measure the temperature of pipe- soil 

interface, temperature of soil at a distance of 0.2 m, 

0.4 m and 0.6 m from pipe surface respectively. 

Properly calibrated, digital temperature display 

devices (accuracy of ± 0.1o C and resolution 0.1o C) 

have been used. Dry bulb temperature and relative 

humidity of ambient air were recorded hourly using 

RTD (Pt-100) temperature sensor and capacitive 

transducer mounted on weather station. Air flow 

velocity is measured with the help of a vane probe 

type anemometer (make- Lutron, modelAM-4201, 

range- 0.4 to 30.0 m/s and least count of 0.1m/s). 

Electrical energy consumed by the centrifugal blower 

was measured with the help of calibrated digital 

energy meter. Dimensions of research room are 4.3 m 

X 3.8 m X 3.05 m.   

 

Figure 2 Validation of CFD results with experimental 

results 

VALIDATION OF SIMULATION 

MODEL  

For validation of EATHE model, pipe diameter of 0.1 

m and pipe length of 60 m was prepared and buried in 

soil having thermal conductivity of 0.52 W/mK. 

Comparison of simulated and experimental values of 

temperature of air in the pipe at various points along 

the length is summarized for air velocity of 5 ms-1 as 

shown in Figure 2. In this validation exercise, inlet 

condition of air in CFD simulation was kept same as 

measured at the experimental set-up. It is observed 

from Figure 2 that there is a difference of 3.4 to 8.0% 

between the experimental and simulated data for DBT 

of air at the centre of pipe. Thus, the model was 

considered to be usable to carry our detailed analysis.  

TRANSIENT PERFORMANCE AND 

EFFECT OF SOIL THERMAL 

CONDUCTIVITY ON THERMAL 

INFLUENCE ZONE  
Temperature contours of soil at different sections of 

EATHE pipe having diameter 0.1 m at 5 m/s flow 

velocity for three types of soil after different duration 

of continuous operation as obtained by CFD 

simulations are shown in Figure 3-6.   

From Figure 3-6 it is observed that penetration of heat 

from EATHE pipe to adjacent soil layers is much faster 

for soil with higher thermal conductivity but for soil 

SL1, soil layer at 0.2 m distance from pipe surface does 

not get heated up even after continuous operation for 

initial 6 hours due to poor thermal conductivity of soil.  

For soil with higher thermal conductivity (SL3) 

penetration of heat in radial direction is much faster, 

which results into the presence of soil at much lower 

temperature in the immediate vicinity of pipe surface. 

Figure 3(c)-6(c) reveal that, the radial position up to 

which the temperature of soil changes on account of 

heat transfer, becomes almost stagnant after 24 hours 

of continuous use mounted in soil SL3.  

However, same picture does not appear for EATHE 

system mounted in soil with low thermal conductivity 

(SL1) as shown in Figure 3(a)-6(a). Due to poor 

thermal conductivity, penetration of heat from pipe to 

subsequent soil layers is sluggish and soil in the close 

vicinity of pipe gets heated up to higher temperatures 

compared to soil SL2 and SL3.  

Table 2-4 show the temperature of soil layers situated 

at different radial distances (0.025m, 0.1m and 0.2m) 

from pipe surface after different durations of 

continuous operation of EATHE. It is observed from 

Table 2 that the temperature of soil layer at inlet 

section of EATHE for soil SL1 after 1, 12 and 30 hours 

of continuous operation is 303.1 K, 308.9 K and 310.6 

K respectively. Therefore, the temperature of soil layer 

at 0.025 m away and at inlet section increases from 

undisturbed soil temperature value (300.2 K) to 310.6 

K, due to continuous operation of EATHE for 30 

hours. Hence, the temperature of soil layer (at radial 

distance 0.025 m) at inlet section of EATHE increases 

by 7.5 °C. However, for soil SL2 and SL3, the 

temperature of soil layer at 0.025 m away from pipe 
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surface after 30 hours of operation, increases to 307.7 

K and 305.6 K, showing an increase of temperature by 

4.8 °C and 3.2 °C respectively. 

 

Figure 3 Temperature contours of air and soil at 

EATHE inlet after 1 hour for three soils  

  
Figure 4 Temperature contours of air and soil at 

EATHE inlet after 12 hours for three soils  

  
Figure 5 Temperature contours of air and soil at 

EATHE inlet after 24 hours for three soils  

  
Figure 6 Temperature contours of air and soil at 

EATHE inlet after 30 hours for three soils  

It is interesting to note from Table 2 that at a pipe 

length of 30 m from inlet, temperature of soil layer 

situated at 0.025 m away from pipe surface, after 30 

hours of operation is 304 K, 301.3 K and 300.6 K 

respectively for soil SL1, SL2 and SL3. More 

interesting aspect is that, the soil SL3 dissipates all of 

the heat it receives, to subsequent soil layers within a 

length of 30 m from inlet, thereby giving a constant 

temperature of 300.6 K at 30 m section after 12 and 30 

hours of continuous operation.  

Table 2 reveals that the temperature of soil layer at 

0.025 m away, gets affected even at exit section (i.e. 

60 m from inlet) of EATHE system for soil SL1. The 

temperature of soil layer at outlet section is observed 

to be  300.7 K and 301.3 K after 12 and 30 hours of 

operation, whereas, for soil SL2 and SL3 temperature 

of soil layer at exit section remains constant at 300.3 K 

and 300.2 K respectively.  

Table 5 

Heat transfer through EATHE pipe and surrounding soil 

interface for different soils during EATHE operation 

Soil thermal 

conductivity  
(W m-1 K-1) 

Total heat transfer rate through 

soil-pipe interface after different 

hours of operation (W)  

After 1 

hour 
After 12 

hours 
After 30 

hours 

0.52 (SL1)  857  818  780  

2.00 (SL2)  767  881  881  

4.00 (SL3)  791  890  894  

Table 6 

Heat transfer to soil outer layer at 10 times radial distance 

for different soils during EATHE operation 

Soil thermal 

conductivity  
(W m-1 K-1) 

Total heat transfer rate to outer 

soil layer after different hours of 

operation (W)  

After 1 

hour 
After 12 

hours 
After 30 

hours 

0.52 (SL1)  0  0  0  

2.00 (SL2)  0  68  369  

4.00 (SL3)  0  318  546  

In Table 3, at inlet section, it is clearly revealed that, 

the temperature of soil layer for soil SL1 remains less 

than the temperature for SL2 and SL3, till 12 hours of 

operation, but after that the soil SL1 gets heated up to 

much higher temperatures than soil SL2 and SL3, as is 

observed  by the values of soil temperatures as 303.4 

K and 304.9 K for soil SL1 after 12 and 30 hours, 

compared to these values, the temperature of soil 

layers for SL2 and SL3 is observed to be 303.4 K, 

304.7 K and 302.9, 303.5 K respectively. This can be 

attributed to the fact that larger thermal conductivity of 

soil results into faster heat transfer between adjacent 

soil layers. This faster heat transfer results into the 

larger temperature rise in the subsequent layers for soil 

SL2 and SL3. Hence, due to poor thermal conductivity, 

soil SL1 takes much greater time to dissipate heat to 

subsequent soil layers. However, due to poor thermal 

diffusivity of soil SL1, heat surrendered by air flowing 

through pipe, gets accumulated in soil layers in the 

immediate vicinity of pipe surface (up to 0.025 m). It 

is also observed from Table 3 that the temperature of 

soil layer (0.1 m away) at exit of pipe changes from 

300.2 K to 300.6 K, whereas, for soil SL2 and SL3, 

this temperature remains between 300.2-300.3 K, 

which is almost equal to undisturbed soil temperature 

value. It indicates that the thermal influence on account 

of heat transfer between air and soil does not reach up 

to exit section of EATHE for soil SL2 and SL3.  

It is observed from Table 4 that the soil layer at inlet 

section gets heated up from 300.2 K to 301.8 K within 

30 hours for soil SL1. Temperature of soil layer at exit 

section is marginally increased from 300.2 K to 300.3  

K after 30 hours for soil SL1, whereas, there is no 

…. 
.   

( a) k=0.52 W/mK     ( b) k=2.0 W/mK     ( c) k=4.0 W/mK     

… 
.   

( a) k=0.52 W/mK     ( b) k=2.0 W/mK     ( c) k =4.0   W/mK     

….. 
.   

( a)k=0.52 W/mK     ( b)k=2.0 W/mK     ( c)k=4.0 W/mK     

… 
.   

( a) k=0.52 W/mK     ( b) k=2.0 W/mK     ( c) k=4.0 W/mK     
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change in temperature of soil layer at exit section for 

soil SL2 and SL3, even after 30 hours of continuous 

operation  

 
Figure 7 Isothermal lines of 300.7 K within the soil 

surrounding EATHE pipe having diameter 0.1 m at 5 m/s 

flow velocity during EATHE operation for soil SL1 

 
Figure 8 Isothermal lines of 300.7 K within the soil 

surrounding EATHE pipe having diameter 0.1 m at 5 m/s 

flow velocity during EATHE operation for soil SL3 

RATE OF HEAT TRANSFER IN 

RADIAL DIRECTION  

Variation of total heat transfer rate from EATHE pipe 

to soil (amount of heat which moves across the pipe) 

and pipe surface to outer soil layer for various soils has 

been shown in Table 5 and 6 respectively. It is 

observed from Table 6 that no heat supplied by 

EATHE pipe approaches the outer soil layer for soil 

SL1 even after 30 hours of continuous operation. But, 

for soil SL2 and SL3 this heat transfer value is 369 W 

and 546 W respectively, after 30 hours. Table 5 also 

reveals that for soil SL3, amount of heat which reaches 

the outer surface of soil cylinder increases marginally 

between 12 hours and 30 hours. This shows that 

substantial amount of heat transferred from air to the 

soil is effectively penetrated in the subsequent soil 

layers and therefore, less rise in soil temperature is 

observed for soil layers in the immediate vicinity of 

pipe surface for soil with higher thermal conductivity. 

Due to this, larger temperature difference exists 

between air in the pipe and surrounding soil and faster 

heat transfer takes place between the air and the soil in 

the immediate vicinity of the pipe. It is concluded that 

if thermal conductivity of soil layers in the immediate 

vicinity of pipe surface is higher, thermal performance 

of the EATHE system will be better. Table 5 shows the 

amount of heat which EATHE pipe transfers to soil 

layers at the interface of two. It is observed  for soil 

SL1, that the heat transfer rate at soil pipe interface 

after 1 hour of continuous operation is 857 W, which 

after 12 hours and 30 hours comes down to a value of 

818 W and 780 W respectively. It is also observed that 

for soil SL2 and SL3, the heat transfer rates from 12 

hours to 30 hours remain almost constant. Hence, the 

EATHE system buried in soil having higher thermal 

conductivity results into better heat diffusion between 

soil layers and the soil layer at the pipe –soil interface 

does not get saturated.  

Figure 7 and 8 show isothermal lines of 300.7 K (0.5 

°C more than the undisturbed soil temperature) in the 

soil surrounding the pipe along its length for different 

durations of continuous operation. As shown in Figure 

7 and 8, isothermal line of 300.7 K within the soil 

domain around the EATHE pipe keeps shifting away 

from pipe surface as the duration of operation 

increases. It results into more and more enlarged 

thermal influence zone as the time of continuous 

operation increases. However, the thermal influence 

zone extends up to 0.24 m and 0.37 m (in radial 

direction) at the inlet for soil SL1 and SL3 

respectively, after 12 hours of operation. Figures 9-11 

show the temperature contours and an isotherm of 

300.7 K within the soil domain surrounding the 

EATHE pipe having diameter 0.1 m at 5 ms-1 flow 

velocity, for soil SL1 and SL3 at different sections 

along the length of pipe after different hours of 

operation. Figure 9-11 clearly reveal that the position 

of isotherm of 300.7 K within the soil domain at the 

inlet section is at maximum radial distance from pipe 

surface for both the soils. However, at inlet section 

after 12, 24 and 30 hours of operation, the radial 

distance from the centre of pipe at which the isotherm 

of 300.7 K appears, is greater for soil SL3 than SL1, as 

observed in Figure 9-11. Hence, the thermal 

conductivity of soil governs the radial position from 

centre of pipe, at which isotherm of a temperature 

(300.7 K), very close to undisturbed soil temperature 

(300.2 K) appears.  

It is observed from Figure 8 that the TIZ for soil SL3 

extends up to 30 m length only from inlet. While for 

soil SL1, it extends up to 3 times the pipe radius (0.15 

m) as shown in Figure 7. Figure 8 reveals that the TIZ 

vanishes at a length of 30 m from pipe inlet for soil 

SL3 and more importantly appreciable difference in 

the position of isotherms after 24 and 30 hours of 

continuous operation is not observed. It reveals that as 

far as transient thermal performance of EATHE 

system is concerned only the soil having higher 

thermal conductivity gives satisfactory thermal 

performance. 

PROPOSED LAYOUT OF EATHE 

In order to improve the economics of EATHE system 

pipes should not be buried as per the conventional idea 

Figure  8   
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of laying them parallel, as shown in Figure 12, rather 

they should be buried considering the position (shape) 

of TIZ around the pipe, and the proposed layouts are 

shown in Figures 13 and 14 for low and high soil 

thermal conductivity values. Spacing between the 

pipes should be decreased gradually along the pipe 

length as initial lengths of pipe largely contribute 

towards heat transfer. Overall excavation and back 

filling cost may substantially get reduced and improve 

the overall economics of EATHE system. 

   
(d) at 60 m 

Figure 9 Temperature contours showing 

Isotherm of 300.7 K in the soil SL1 and SL3 at 

different sections along the length of pipe 

having diameter 0.1 m at 5 m/s flow velocity 

after 12 hours 

CONCLUSION  

Present study reveals that the EATHE system buried in 

soil having higher thermal conductivity results into 

better heat diffusion. The TIZ for 0.1m pipe diameter 

at 5m/s flow velocity does not run parallel to the pipe 

surface rather it has a conical shape. For soil SL3 it 

extends up to 30m length only from inlet while for soil 

SL1 TIZ zone at the exit of EATHE extends up to three 

times the pipe radius. 

In order to improve the economics of EATHE system 

spacing between the pipes should be decreased 

gradually along the pipe length as initial lengths of 

pipe largely contribute towards heat transfer. It is 

worth mentioning here that in the present CFD 

simulation constant intake temperature of air has been 

chosen because when the air is supplied to EATHE 

system round the clock at maximum temperature, it is 

likely to produce the maximum deterioration in 

thermal performance of EATHE system in continuous 

run. In real world scenario, since the ambient air 

temperature will acquire the maximum value only for 

a short interval of time, therefore, the thermal 

performance of EATHE system in real world scenario 

having dynamic intake temperatures will always be 

better than that with constant intake temperature. 

    
(d) at 60 m 

Figure 10 Temperature contours showing 

Isotherm of 300.7 K in the soil SL1 and SL3 at 

different sections along the length of pipe 

having diameter 0.1 m at 5 m/s flow velocity 

after 24 hours  

  
(d) at 60 m 

Figure 11 Temperature contours showing 

Isotherm of 300.7 K in the soil SL1 and SL3 at 

different sections along the length of pipe 

having diameter 0.1 m at 5 m/s flow velocity 

after 30 hours 

Soil SL1   Soil SL3   

( ) a   at inlet   

) b (   at 10 m   

c ( )   at 30 m     

Isotherms of 300.7K 
  

Soil SL1   Soil SL3   

( a )   at inlet     

( b )   at 10 m     

( c )   at 30 m     

Isotherms of 300.7K 
  

Soil SL1   Soil SL3   

( a )   at inlet     

) b (   at 10 m     

( c )   at 30 m     

Isotherms of 300.7K 
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Figure 12 Conventional layout of EATHE System  

Figure 13 Proposed layout of EATHE system for low ksoil  

Figure 14 Proposed layout of EATHE system for high ksoil  

Therefore, researchers while designing the EATHE 

system, will be aware of the maximum deterioration 

in thermal performance that may take place and can 

wisely design the system (in terms of selection of pipe 

length, pipe diameter, flow velocity etc.). 
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Table 2  

Soil temperature variation for different soils at 5 ms-1 flow velocity during EATHE operation  

(at a radial distance of 0.025 m from pipe surface) 

Length 

of 

pipe 

(m) 

Temperature under transient condition (K) 

After 1 hour After 12 hours After 30 hours 

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3 

Inlet 303.1 302.9 302.4 308.9 306.6 305 310.6 307.7 305.6 

10 301.8 301.3 301 306.2 303.4 302.2 307.9 304.2 302.6 

20 300.9 300.6 300.5 304 301.7 301.1 305.5 302.4 301.3 

30 300.5 300.4 300.3 302.6 301 300.6 304 301.3 300.6 

40 300.3 300.3 300.3 301.7 300.6 300.3 302.8 300.7 300.4 

50 300.3 300.3 300.3 301.1 300.4 300.3 302 300.4 300.3 

60 300.2 300.2 300.2 300.7 300.3 300.2 301.3 300.3 300.2 

Table 3  

Soil temperature variations for different soils at 5 ms-1 flow velocity during EATHE operation 

(at a radial distance of 0.1m from pipe surface) 

 

Length  

of  

pipe 

(m) 

Temperature under transient condition (K) 

After 1 hour After 12 hours After 30 hours 

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3 

Inlet 300.2 300.5 300.6 302.8 303.4 302.9 304.9 304.7 303.5 

10 300.3 300.4 300.4 302.2 301.8 301.4 303.8 302.6 301.7 

20 300.2 300.3 300.3 301.4 301 300.7 302.7 301.5 300.9 

30 300.2 300.3 300.3 301.0 300.6 300.4 302 300.8 300.4 

40 300.2 300.2 300.2 300.7 300.4 300.3 301.4 300.5 300.3 

50 300.2 300.2 300.2 300.5 300.3 300.2 301 300.3 300.2 

60 300.2 300.2 300.2 300.3 300.2 300.2 300.6 300.3 300.2 

Table 4  

Soil temperature variation for different soils at 5 ms-1 flow velocity during EATHE operation 

(at a radial distance of 0.2 m from pipe surface) 

Length  

of 

 pipe 

(m) 

Temperature under transient condition (K) 

After 1 hour After 12 hours After 30 hours 

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3 

Inlet 300.2 300.2 300.3 300.6 301.5 301.6 301.8 302.6 302.1 

10 300.2 300.2 300.3 300.6 300.9 300.8 301.4 301.4 301 

20 300.2 300.2 300.2 300.3 300.5 300.4 300.8 300.9 300.5 

30 300.2 300.2 300.2 300.3 300.3 300.3 300.6 300.4 300.3 

40 300.2 300.2 300.2 300.3 300.3 300.2 300.5 300.3 300.2 

50 300.2 300.2 300.2 300.2 300.2 300.2 300.3 300.3 300.2 

60 300.2 300.2 300.2 300.2 300.2 300.2 300.3 300.2 300.2 
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