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on CFD analysis. 

 

 

 

Abstract  

Thermal performance of Earth Air Tunnel Heat Exchanger (EATHE) under steady 

operating conditions has been carried out considering in hot and dry region of 

Bangladesh using Computational Fluid Dynamics modeling. Effect of soil thermal 

conductivity and by changing air velocity operation of EATHE on thermal 

performance has been evaluated for different pipe length of EATHE using 

experimentally validated CFD. Simulation Results show that the steady thermal 

performance of EATHE is significantly dependent on thermal conductivity of the 

soil and velocity of air. Results show that the increase in flow velocity leads to 

change in thermal behavior of the pipe. 

The effect of soil thermal conductivity of EATHE on thermal performance has been 

also carried out for different pipe length of EATHE using experimentally validated 

CFD simulation. Maximum air temperature drop of 15.6, 17.0 and 17.3 K are 

observed for soil thermal conductivities of 0.52, 2 and 4 W m1 K1 respectively for 

60 meter pipe. The thickness of the soil annulus beyond which no significant rise in 

temperature of soil observed is equal to the pipe diameter. 

Mainly in this paper, the effect soil thermal conductivity has been compared with 

different pipe length considering also the change in velocity of air. The optimization 

of pipe length has been also carried out from the experimental analysis based on 

validated CFD analysis. 
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Introduction 

By evaluating the energy crisis over the world and the importance of energy for the 

existence of our society, it is urgent to save energy and improve overall energy 

efficiency. Passive heating and cooling systems are known for their advantage of 

consuming no or very less energy as compared to active heating and cooling systems. 

Earth–Air–Tunnel Heat Exchanger (EATHE) is one of the various passive heating 

and cooling systems, having the relative advantage over most passive systems due 

to its ability to provide both the effects: heating in cold months and cooling during 

warm months. Earth behaves as a huge -storage medium for heat and can be used as 

daily or seasonal thermal storage medium. Ground possesses many advantages due 

to its high heat capacity as well as its insulation potential. Similarly the thermal 

capacity of the earth is such that the diurnal variations of the surface temperature do 

not penetrate much deeper than 0.5 m, and seasonal variations beyond a depth of 

about 3 m. Below this depth, the earth’s temperature, therefore, remains constant 

and the value of this temperature is usually equivalent to the annual mean of the sol 

air temperature of its surface. Therefore, at a sufficient depth, the ground 

temperature is always higher than that of the outside air in winter and is lower in 

summer. The earth’s thermal potential can be exploited using Earth Air Tunnel 

Exchanger system (EATHE) as shown in. Over the decades many researchers 

concentrated on the development of EATHEs to improve and enhance its thermal 

performance. Most of the research has been carried out using various experimental, 

analytical, numerical, and hybrid models to estimate the heat transfer in and around 

EATHE pipes.  

The utilization of geothermal energy to reduce heating and heating needs in 

buildings has received increasing attention during the last several years considering 

the installation cost and the use of renewable energy. An Earth Air Tunnel Heat 

Exchanger (EATHE) consists of a long underground metal or plastic pipe through 

which air is drawn with the help of blower. 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. Thermal performance of the  
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EATHE is evaluated as the temperature drop of air obtained due to steady heat 

transfer between the air and the soil surrounding the EATHE pipe based on CFD 

analysis. Effect of thermal conductivity of soil on the thermal performance of 

EATHE system has also been studied by varying the thermal conductivity of soil. 

Effect of pipe length, pipe diameter, and pipe design are also obtained by changing 

the geometry of the EATHE. Results of the CFD model analysis can be used to 

predict the steady temperature of the air outlet flowing through the pipe and soil 

surrounding it. 

 

 

 

 

At a sufficient depth, the ground temperature is always lower in summer. The earth’s 

thermal potential can be exploited using Earth Air Tunnel Heat Exchanger system 

(EATHE).  
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Nomenclature 

 EATHE= Earth Air Tunnel Heat Exchanger 

 PVC= Poly Vinyl Chloride 

 RPM= Revolutions per Minute 

 CFD =Computational Fluid Dynamics 
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A brief scenario of EAHE systems in the world 

A ground-coupled heat exchanger is an underground heat exchanger that can capture 

heat from and/or dissipate heat to the ground. They use earth’s temperature which is 

generally low due to water layer, they utilize this low temperature for transferring 

heat from air to soil. Air from buildings is blown through the heat exchanger for heat 

recovery ventilation, they are called earth tubes (also known as earth cooling tubes 

or earth warming tubes) in Europe or earth–air heat exchangers (EAHE or 

EAHX) in North America. Earth tubes are often a viable and economical alternative 

or supplement to conventional central heating or air conditioning systems since there 

are no compressors, chemicals or burners and only blowers are required to move the 

air. These are used for either partial or full cooling and/or heating of facility 

ventilation air.  

The idea of using earth as a heat sink was known in ancient times. In about 3000 

B.C., Iranian architects used wind towers and underground air tunnels for passive 

cooling. Earth–air heat exchangers have been used in agricultural facilities (animal 

buildings) and horticultural facilities (greenhouses) in the United 

States over the past several decades and have been used in conjunction with solar 

chimneys in hot arid areas for thousands of years, probably beginning in the Persian 

Empire. Underground air tunnel (UAT) systems, nowadays also known as earth to 

air heat exchangers (EAHEs), have been in use for years in developed countries due 

to their higher energy utilization efficiencies compared to the conventional heating 

and cooling systems. Implementation of these systems in Austria, Denmark, 

Germany, and India has become fairly common since the mid-1990s, and is 

slowly being adopted in North America. Earth–air heat exchangers are one of the 

fastest growing applications of renewable energy in the world, with an annual 

increase in the number of installations with 10% in about 30 countries over the last 

10 years. With the exception of Sweden and Switzerland, the market throughout 

Europe but is likely to grow with further improvements in the technology and the 

increasing need for energy savings. From the middle of the 20th century, a number 

of investigators have studied the cooling potential of buried pipes. Since that time, a 

number of experimental and analytical studies of this 

technique have appeared in the literature. Till 2001, about 1000 passive house units 

have been built in Germany and this amount sensibly doubles every year. In Europe, 

already more than 5000 passive house units have been successfully built and 

completed 
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Physical model 

According to research paper, the 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 V, 2 A maximum current, with 

a least count of 1 V). Seven RTD (Pt-100) temperature sensors viz. T0–T6 were 

mounted at a 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 3.7 m in the ground 

to measure the undisturbed soil temperature. Nine RTD (Pt-100) temperature sensors 

viz. T7–T15 were also inserted at the center of EATHE pipe along the length at a 

horizontal distance of 0.2 m, 1.7 m, 4.7 m, 9.3 m, 15.1 m, 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 ±0.1 C and resolution 0.1 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. Temperature and relative humidity of air inside the test room 

were also measured accurately with the help of calibrated thermo hygrometer (make 

– Fluke-971, temperature accuracy of ±0.1 C, temperature resolution of 0.1 C and 

relative humidity resolution of 0.1%). Air flow velocity is measured with 
the help of a vane probe type anemometer (make – Lutron, model-AM-4201, range 

0.4 to 30.0 m/s and least count of 0.1 m/s). Electrical energy consumed by the 

centrifugal blower was measured with the help of calibrated digital energy meter 

(make – Power tech measurement system, type – PTS-01, least count of 

0.1 kWh and an accuracy of ±0.1 kWh). dimensions of research room is 4.3 m  3.8 

m  3.05 m, having two windows (1.52 m  1.22 m each, located on east and north 
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facing walls respectively) and a door (1.82 m  0.91 m, located on west facing 

wall. 

 

Description of the simulation model 

 In this investigation a three-dimensional numerical simulation of heat transfer is 

conducted using the ANSYS FLUENT 16. It uses finite volume method to convert 

the governing equations into numerically solvable algebraic equations.  

To predict the turbulence inside the pipe Realizable k-ɛ model with standard wall 

treatment was used. The numerical investigation was based on the assumption that 

thermo-physical properties of solids and fluids remain constant over the range of soil 

and air temperature during operation. It has also been assumed that air is 

incompressible and soil is homogeneous. Fluid zone-soil interface in the CFD 

simulation has been considered as a coupled boundary so that heat can be transferred 

from air to the soil through pipe. The outer surface of soil cylinder has been treated 

as an adiabatic wall. Pipe inlet was given the ‘velocity-inlet’ boundary condition and 

outlet as ‘pressure outlet’. The SIMPLE pressure-velocity coupling algorithm, the 

standard pressure, and the second order upwind discretization scheme for 

momentum, energy, turbulent kinetic energy and dissipation energy are employed in 

the model. The convergence criterion of 10-3 is chosen for all calculated parameters 

except for the energy where a value of 10-6 is used. 

 

 

 

 

 

 

Geometry: The model of EATHE bend pipe were designed in SolidWorks and 

later imported on Ansys 16. We used three different pipe of length 60 meter, 

50meter, and 40 meter. The dimension of PVC pipe as follow: inner diameter 0.10 

meter, outer diameter 0.12 meter. Following some previous researches no heat 
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dissipation occur after radius of four time of inner diameter of pipe. So the soil layer 

were taken of diameter 0.4 meter. 

 

 

 

Fig: 40 meter long bend pipe 

 

The diameter of pipe and soil layer were same for all three pipe of different lengh. 

The soil layer were considered as wall and the layer between PVC pipe and soil were 

coupled thermally. 

 

 

 

 

 



12 | P a g e  
 

 

Fig: Face view of PVC pipe, Soil layer and air inlet. 

 

Meshing: After completion of Geometry the next preprocess step is generation of 

Mesh. Good quality of meshing is important for getting desired result and it depends 

on edge sizing, inflation and size of element. The tetrahedral meshing were used for 

all three pipes with different edge sizing of 25 for 60 m long pipe, 20 for 50 m long 

pipe and 18 for 40 m long pipe. No of node and elements were 745584 and 712353 

respectively for 60 m pipe where for 50 m and 40 m pipe, node 585995 elements 

3391134 and node 465455 elements 2693764 respectively were found. 
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Fig: Meshing of the EATHE model. 

 

 

Some characteristics shows the quality of meshing like Orthogonal quality which 

ranges from 0 to 1 and the value close to 0 correspond to low quality, Ortho skew 

which ranges from 0 to 1 where the value close to 1 correspond to low quality. In 

this setup minimum orthogonal quality were 6.66268e-02 and maximum ortho 

skew were 9.33373e-01. Maximum aspect ratio were 4.26286e+01. 
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Fig: Meshing of the EATHE model. 

 

 

The generation of mesh ere done after selecting the Relevance 0, Relevance Centre 

to coarse, Medium smoothing and Slow transition. The minimum element size and 

maximum element size both are set to 5.34 mm and 683.85 mm respectively. 

Solution setup: Generation of mesh were done on CFD for setting up the data to 

run the calculation. Single precision and pressure based calculation were solved 

while the time set was steady. Model for the CFD solver is K-epsilon (standard). 

The physical properties were chosen from table below and for three different 

sample of soil CFD analysis were done after defining the materials. 
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Material Density 

(kg/m3) 

Specific heat 

(J/kgK) 

Thermal 

conductivity 

(W/mK) 

Air 1.225 1006.43 0.0242 

Soil 1 2050 1840 0.52 

Soil 2 2050 1840 2 

Soil 2 2050 1840 4 

PVC 1380 900 1.16 

 

Table: Physical properties of materials 

 

 

The model constants value for the simulation has been taken as values which are as 

inbuilt in the set up file. 

 

 

 

 

 

BOUNDARY CONDITIONS 

 

Inlet boundary 

As for the boundary values of this set up ,the inlet air is taken as velocity inlet .The 

velocity of inlet has been varied from 3ms^-1 to 5ms^-1 to acquire the best results. 

The direction is normal to the opening at inlet.  
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Outlet boundary 

The outlet boundary region was considered as pressure outlet .The pressure was 

acted in the vertical direction of soil face. Heat flux is considered as zero. 

 

 

Far boundary of the soil 

Outer surface of the soil cylinder (4 times the pipe diameter) surrounding the 

EATHE pipe was assumed to be at constant temperature of 300K. A trial simulation 

was carried out on EATHE model of 60 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 4 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 four times the pipe diameter in order to save the iteration 

time. 

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. 

 

 

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. 
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Governing equations 

The following set of governing equations is used to perform simulation in 

FLUENT software to describe the heat and mass transfer and flow of fluid within 

any systems.  

. 

Law of mass conservation:  

The equation for mass conservation law or continuity equation is written as: 

∂u/∂x+∂v/∂y+∂w/∂z=0∂u/∂x+∂v/∂y+∂w/∂z=0 

(1) 

Law of energy conservation: 

 The first law of thermodynamics or law of energy conservation stated as neither 

the energy can be created nor destroyed, it only changes its form in nature. The 

equation can be written as follows: 

u∂T∂x+v∂T∂y+w∂T∂z=α[∂2T/∂x2+∂2T/∂y2+∂2T/∂z2]u∂T/∂x+v∂T/∂y+w∂T/∂z=α[

∂2T/∂x2+∂2T/∂y2+∂2T/∂z2] 

(2) 

Law of momentum conservation (Navier–Stokes equation, also known as 

Newton’s second law): 

 The equation for momentum conservation is as follows: 

X-momentum equation: 

U∂u/∂x+v∂u/∂y+w∂u/∂z=−1ρ∂p∂x+ϑ[∂2u∂x2+∂2u∂y2+∂2u∂z2]u∂u∂x+v∂u∂y+w∂

u∂z=−1ρ∂p∂x+ϑ[∂2u∂x2+∂2u∂y2+∂2u∂z2] 

(3a) 

Y-momentum equation: 

u∂v∂x+v∂v∂y+w∂v∂z=−1/ρ(∂p/∂y)+ϑ[∂2v/∂x2+∂2v/∂y2+∂2v/∂z2]u∂v/∂x+v∂v/∂y+

w∂v/∂z=−1/ρ(∂p/∂y)+ϑ[∂2v/∂x2+∂2v/∂y2+∂2v/∂z2] 

(3b) 

Z-momentum equation: 

u∂w/∂x +v∂w/∂y+w/∂w                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

∂z=−1/ρ(∂p/∂z)+ϑ[∂2w/∂x2+∂2w/∂y2+∂2w/∂z2]u∂w/∂x+v∂w/∂y+w∂w/∂z=−1/(ρ∂

p/∂z)+ϑ[∂2w/∂x2+∂2w/∂y2+∂2w/∂z2] 

(3c) 

In the above Eqs. (1–3), u, v, and w are the velocity components in x-, y-, and z-

directions, and T and p are the temperature and pressure of the flowing air, 

respectively. 

 

https://link.springer.com/article/10.1186/s40517-018-0097-0#Equ1
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Turbulence model description: 

In the simulation, the pressure-based Navier–Stokes algorithm has been adopted and 

SIMPLE scheme was selected for solving pressure–velocity coupling. The pressure 

gradients are solved by second order and LSCB (least square cell-based), 

respectively. Second-order upwind for the kinetic energy of turbulence and second-

order upwind for turbulent momentum were taken. During simulation, the far-field 

boundaries were treated as an adiabatic wall, and EATHE pipe wall and surrounding 

soil temperatures were initialized at 27 °C as the average sub-soil temperature (at 3–

4 m depth) remains 27 °C throughout the year in Ajmer, India. Air is treated as an 

incompressible ideal gas and the viscous k-epsilon (k-ε) realizable turbulence model 

with standard wall function is applied. The constants in the viscous model are as 

follows: C1∈C1∈ = 1.44; C2C2 = 1.9; σkσk = 1.0; σ∈σ∈ = 1.2, and Prwalland 

Prenergy are 0.85. The viscosity of air was kept constant as 1.78 e−05 kg/m-sec. 
 

 

 

 

 

 

 

Result analysis 

As the topic is based on optimization of pipe length of EATHE, this paper 

has been designed based on the characteristics of obtaining the lowest 

temperature at the outlet corresponding to the pipe length. 

As from the graphical analysis, it has been seen that almost 18 degree 

Celsius (ΔT=17.986) temperature difference has been found from 60 

meter pipe length for air velocity=5 ms^-1 and soil thermal conductivity 
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k=4wk^-1m^-1.But the same temperature drop (ΔT=17.915) can be 

obtained from 50 meter pipe also. To obtain this result .the air velocity 

should be minimized to V=4ms^-1 for k=4wk^-1m^-1. And almost same 

temperature (ΔT= 17.872) can be obtained from 40 m pipe. 

For K=2 wk^-1m^-1 maximum temperature drop is found ΔT=17.960 

when the air inlet velocity was V=3 ms^-1 in 60 meter long pipe. Close 

to this result were also found for 50 meter long pipe (ΔT=17.913) for same 

condition where for 40 meter long pipe it has been found ΔT=17.773 

When the K=0.52 and V=3 maximum temperature drop was ΔT=17.096 

for 60 meter long pipe and the same result ΔT=17.014 were found for 50 

meter long pipe. 

 

 

 Pipe length  Temperature Drop ΔT 

 Thermal conductivity of soil, k=0.52 

 Velocity=3 m/s Velocity=4m/s Velocity=5m/s 

40m ΔT= 16.185 ΔT= 15.753 ΔT= 14.112 

50m ΔT= 17.014 ΔT= 16.217 ΔT= 15.411 

60m ΔT= 17.096 ΔT= 16.784 ΔT= 16.112 

    

 Thermal conductivity of soil, k=2 

 Velocity=3 m/s Velocity=4m/s Velocity=5m/s 

40m ΔT= 17.737 ΔT= 17.534 ΔT= 17.205 

50m ΔT= 17.913 ΔT= 17.794 ΔT= 17.645 

60m ΔT= 17.96 ΔT= 17.898 ΔT= 17.807 

    

 Thermal conductivity of soil, k=4 

 Velocity=3 m/s Velocity=4m/s Velocity=5m/s 

40m ΔT= 17.872 ΔT= 17.623 ΔT= 17.587 

50m ΔT= 17.965 ΔT= 17.915 ΔT= 17.852 

60m ΔT= 17.986 ΔT= 17.962 ΔT= 17.926 
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Result  

Total 27 Simulation were conducted at different condition of varying in velocity of 

inlet air, the thermal conductivity of soil for three different length of pipe. The 

analysis of result were represented graphically. The temperature difference were 

calculated with respect to inlet air and outlet air. It has been found that air 

temperature were converged earlier than outlet. Later the results were represented in 

Microsoft excel 2013. 

 

 

Graphical Animation of Result 
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As the topic is based on optimization of pipe length of EATHE, this paper has been 

designed based on the characteristics of obtaining the lowest temperature at the 

outlet corresponding to the pipe length. 

 

Graph presenting Temperature drop vs. Pipe length 
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Conclusions 

 

At a depth of about 1.5 to 2 m the temperature of ground remains almost constant. 

This constant temperature is called earth’s undisturbed temperature. The earth’s 

undisturbed temperature remains always higher than that of ambient air 

temperature in winter and vice versa in summer. To utilize efficiently the heat 

capacity of earth EAHE system is to be designed. The outlet of EAHEs can be 

connected to conventional air-conditioning unit, if cooling or heating achieved is not 

sufficient. The use of green and clean energy in order to minimize CFC 

emissions and to minimize conventional energy consumption is in prime focus 

everywhere. The EAHE systems can play a vital role in minimizing energy 

consumption by preheating air for heating of different types of buildings in winter 

and vice versa in summer. Therefore, design optimization, modeling and testing of 

EAHE systems is very essential. In the literature several calculation models are 

found to simulate the thermo-physical behavior of earth–air heat exchangers. A well 

designed EAHE can reduce electricity consumption of a typical house by 30%. 

EAHE systems offer reductions in heating/cooling load of buildings, power 

consumption, CFC and HCFC consumption and greenhouse gas emissions, and have 

been extensively used for years. Commonly, the thermal performance of EAHE 

system increases with increase in length and depth of burial of pipe 

while the decline in performance is observed with increase in pipe diameter and air 

velocity. United States and Europe are world leaders in the use of EAHE 

systems. The hybrid systems of EAHE and renewable energy sources like solar and 

wind energy can further improve performance of EAHE system. It may be concluded 

that efficient use of EAHE systems in combination with sustainable energy sources 

and latest technology will play an important role in saving energy consumption and 

environment not only in India but at world level. In this view, it is anticipated by 

authors that this review paper will be very useful to researchers and scientists 

working in the field of passive heating/cooling of buildings mainly with the use of 

EAHE systems 
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