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ABSTRACT

In this paper an attempt has been made to study annual thermal performance of an adobe
structure with an effective area of 53 m? located at solar energy park at Indian Institute of

Technology Delhi, New Delhi (28° 35 N,77° 12 E), India. Such houses are suitable for rural

areas for various reasons e.g. storage of grains, low energy consumption, thermal comfort, made
by local materials and environmental friendly. Experiments have been conducted during June
2004-May 2005 to measure hourly variation of room air temperature of room with an earth-air
heat exchanger, untreated room and room with cross ventilation. Hourly variation of solar
intensity, ambient temperature, inlet-outlet temperature of an earth-air heat exchanger has been
measured. Analysis has been done by calculating average and maximum\minimum temperature
of each room in each month. It has been found that room equipped with an earth-air heat
exchanger gives best comfort among all other. It is seen that temperature of room with an earth-
air heat exchanger is 6.5 °C more and 3.0 °C less than temperature of untreated room in
December and May month. Experimental uncertainties for December and May for room with an
earth-air heat exchanger have been found out 11.9 and 3.0 % respectively.
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1. INTRODUCTION

The adobe structure is constructed by using low energy intensive materials like adobe, soil and
sand etc. Houses made from soil-based materials have been called by various names; adobe and
cob are terms often used to describe sun dried clay materials (Bansal, 1994). Adobe is a Spanish
word derived from the Arabic “atob”, which literally means sun dried bricks. Adobe is one of
man’s first building materials. Tassinari et. al. (2007) has carried out detailed study on rural built
environment. According to the United Nations an estimated 30 % of the world population still
lives in houses constructed using unbaked bricks (Alva, 2001). The mass of adobe walls will
absorb heat and radiates it back out into the house at night. In the summer the converse is true.
Thus the swing in temperature inside the house is very mild. Adobe construction in combination
with good passive solar design and techniques makes for an effective energy-saving solution in
cold winter and hot summer areas. Luisa and Batty (2006) have carried out a detailed study
which has shown effect of various factors on the thermal performance of adobe construction. The
effect of wall thickness, thermal conductivity, and heat capacity has been studied by Givoni and
Katz (1985).
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In the last few decades the use of energy stored in the ground for heating/cooling of buildings
and greenhouses has been received an increasing importance (Fahriye, 1976, Desmukh, 1991,
Sodha et al., 1993, Jacovides et al., 1996, Swahney and Mahajan, 1996, Ghosal et. al., 2008).
The use of energy stored in ground requires knowledge of the ground temperature profile
(Khatry et al., 1978, Mihalakakou et al., 1997). An integrated method has been developed
(Santamouris et al., 1995) to calculate the contribution of an earth-air heat exchanger to reduce
the cooling load of the buildings. The soil can be used for heating/cooling of building in two
ways; (i) direct method (by partial or total placing of building envelope in direct contact with the
soil) and (ii) indirect method (by the use of buried pipe through which air from indoor or outdoor
of building is circulated) (Thanu et al., 2001). The use of an earth-air heat exchanger in modern
architecture for space heating/cooling has been reported frequently (Koronakis et al., 1989,
Tombazis et al., 1990, Shukla et al., 2006). The conditioning of air as it flows through buried
pipes has been studied by various researchers (Claeson and Dunanad, 1983, Bau, 1984, Arimilli
et al., 1986, Sodha et al., 1994). The ground can be used as natural sink for round the year use.
Thus the earth provides low cost alternative source of energy for heating and cooling purpose. In
the present study the indirect method has been used for the use of energy stored in the ground. A
detail analysis for the thermal performance of adobe structure has been divided in three sections:

Q) room with an earth-air heat exchanger,

(i) untreated room and

(iii)) ~ room with cross ventilation, has been carried out.
No such work is reported so far which can give exact knowledge of thermal performance of
adobe structure coupled with an earth-air heat exchanger and its comparison with untreated and
cross-ventilated room. It has been found that use of an earth-air heat exchanger increases and
decreases temperature of room significantly with comparison to untreated room during winter
and summer vice versa. Thus integration of an earth-air heat exchanger is very useful for creating
thermal comfort.

2. WORKING PRINCIPLE

The high thermal mass of adobe walls of house will absorb heat and radiates it back, out into the
house at night. In the summer the converse is true. Thus the swing in temperature inside the
house is very mild. One room of adobe structure is coupled with an earth-air heat exchanger. The
energy stored in earth is used for either heating or cooling of living room by the use of an earth-
air heat exchanger. Energy exchange between the earth around buried pipes and blowing air take
place resulting in increased and decreased outlet temperature in winters and summers
respectively. The velocity, density and specific heat of air have been considered as 13 m/s, 1.17
kg/m?® and 1007 J/kg °C respectively.

3. EXPERIMENTAL SET-UP

The roofing system of the adobe house is spanned by nubian vaults. The adobe house consists of
three-vault type structure. Figure la shows the photograph and schematic diagram of adobe
house. The length, breadth and central height of vault structure are 6.0 m, 2.9 m and 3.65 m. In
the first vault structure an earth-air heat exchanger is coupled, whereas, middle vault structure is
with cross ventilation and third vault structure is untreated. Various design parameters have been
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given in Table 1.In north side of adobe house land area of 12mx 7m is used for burying the PVC
pipes at 1.5 m depth. Initially three lanes of 11mx 0.6m have been digged up to 1.5 m. Distance
between two consecutive lanes is 2.6m and distance between two pipes in a lane is 0.3m. After
this PVC pipe of length 78m and 0.06m diameter is buried in three lanes (Fig. 2a). Soil having
density 2050 kg/m?®, specific heat 1840 J/kg °C, thermal conductivity 0.52 W/m °C is being filled
up to surface of earth. Two ends of pipe are opened inside adobe house for suction and delivery
of air (Fig. 2b). Proper insulation is made for pipe which is exposed in air to avoid heat transfer
between flowing air in pipes and ambient. Experimental setup consists of blower, computer with
data logger and thermocouples.

Figure 1a. Photograph of adobe house.

1. oo with an earth-ade heat exchasngoey
2. Untreated room
3. Foow with eross wentilation

Figure 1b. Schematic diagram of adobe house.
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Table 1. The following specifications have been used for various components of the building

Foundation: Plain cement concrete (1:5:10) with brick bats as coarse aggregate

Plinth: Burnt brick masonry with 1:4 cement mortar

Damp roof: 2.5 cm thick plain cement concrete with 0.25 cm dia coarse aggregate

Walls: stabilized soil block (1 cement: 6 sand: 25 soil) masonry with soil cement
mortar (1 cement: 6 sand: 20 soil)

Vault: Abode (1 cement: 8 sand: 32 soil) masonry with mud mortar (1 cement: 8
sand: 30 soil)

Exterior finish: mud-cow dung mortar (1 sand: 1 soil: 1 cow dung)

Interior finish: white wash with slaked lime

Figure 2a. Construction view of an earth-air heat exchanger
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Figure 2b. Schematic diagram of adobe house integrated with an earth-air heat exchanger

4. EXPERIMENTAL PROCEDURE

4.1 The Measurements

Experimental work consists of the measurement of room air temperature and humidity of room
with an earth-air heat exchanger, untreated room and room with cross ventilation and ambient
temperature have also been measured. Monthly averages values of these measurements are given
in Table 2 and 3.

4.2 Instrumentation

Measurement of temperature is done by T type of thermocouples (least count 0.1°C.). All
thermocouples are calibrated by standard zeal thermometer. These thermocouples are attached to
data logger and we get display in computer. A portable digital anemometer (least count 0.1 m /s.)
has been used to measure the velocity.
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Table 2. Hourly average values of ambient temperature during June 2004 —May 05

Time Jan Feb Mar Apr May June Jul  Aug Sep Oct Nov Dec
01:00 120 170 21.0 260 280 320 295 305 283 291 169 110
0200 112 160 205 260 270 310 294 300 280 293 160 10.0
03:00 112 155 200 250 270 300 293 295 280 291 157 100
0400 110 150 200 250 260 300 293 292 280 288 155 100
0500 11.0 150 195 245 260 295 288 292 280 287 154 09.0
06:00 105 145 195 240 260 293 286 292 280 286 145 09.0
0700 107 140 192 240 260 295 284 299 284 286 150 10.0
08:00 100 155 21.0 270 300 280 275 295 286 266 150 12.0
09:00 120 160 21.0 300 31.0 285 289 298 290 273 175 16.0
10:00 130 165 225 300 315 291 291 300 295 292 195 180
11:00 135 175 240 31.0 330 340 289 313 308 295 200 19.0
12:00 145 185 250 330 340 350 320 316 315 300 205 200
1300 145 190 260 330 350 360 340 320 320 305 210 200
1400 155 195 265 330 350 360 340 320 328 305 217 200
15:00 155 200 260 350 350 37.0 340 325 340 300 219 190
16:00 155 200 265 350 350 37.0 340 322 336 297 215 19.0
17:00 148 195 255 340 345 370 330 316 336 295 202 150
1800 140 185 250 320 340 37.0 320 313 320 291 190 140
19:00 140 180 245 300 320 350 300 311 320 285 190 140
2000 135 180 235 290 310 350 296 310 293 284 183 140
21:.00 130 175 225 290 300 340 295 310 290 291 181 135
2200 130 175 225 280 290 340 297 310 286 292 175 130
2300 122 175 22v 270 290 320 297 308 285 293 172 130
2400 120 170 215 27.0 280 320 296 308 285 291 17.0 095

Table 3.1 Hourly variation of room air temperature of room with cross ventilation June 2004 —
May 05

Time Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec
01:00 09.1 14.0 17.6 22.0 28.0 27.9 28.5 27.1 27.9 20.5 12.4 11.2
02:00 08.6 13.0 16.9 215 27.8 27.7 28.0 27.0 27.3 20.5 12.3 10.1
03:00 08.5 12.9 16.7 21.0 27.2 27.4 28.0 26.5 26.9 20.5 12.0 10.1
04:00 08.5 12.5 16.5 20.0 26.7 27.4 27.0 26.3 26.2 20.0 12.0 09.1
05:00 07.5 12.2 16.2 20.0 26.6 27.2 27.0 26.1 26.1 195 11.9 08.2
06:00 07.5 11.2 16.0 21.0 27.9 27.5 27.2 26.1 25.7 20.0 12.0 08.6
07:00 07.5 10.5 16.5 21.0 27.7 27.8 275 26.5 25.6 21.0 125 10.4
08:00 07.2 125 19.2 26.0 29.0 201 29.0 26.3 245 23.7 135 115
09:00 08.5 13.0 21.0 31.0 30.6 30.9 30.0 27.6 25.8 25.7 16.5 15.3
10:00 115 155 23.0 34.0 30.7 32.0 31.0 28.0 27.1 27.6 18.8 17.9
11:00 12.0 18.4 24.5 35.0 33.1 34.8 325 29.0 29.0 29.0 21.0 19.8
12:00 155 19.3 26.8 36.0 35.3 38.2 34.2 29.6 30.3 29.9 24.0 21.5
13:00 16.2 19.7 27.5 37.0 38.0 40.3 36.0 30.3 32.3 31.0 23.6 23.4
14:00 17.2 20.3 27.7 38.0 40.3 41.5 35.7 31.3 34.9 313 24.0 23.1
15:00 17.1 21.0 29.0 375 41.5 41.5 35.0 31.9 331 30.2 23.3 23.0
16:00 15.9 21.0 29.0 37.0 40.4 40.6 35.0 315 32.6 29.7 225 22.6
17:00 14.6 20.0 29.5 35.0 39.7 40.0 33.9 30.6 31.7 28.0 20.8 19.6
18:00 135 18.5 25.5 35.0 37.8 37.2 33.0 295 31.9 26.1 17.9 16.2
19:00 12.4 17.5 23.7 34.0 35.2 34.7 32.2 28.9 31.6 25.0 15.6 14.2
20:00 12.0 16.3 21.0 32.0 33.5 32.2 30.5 28.1 30.4 23.5 14.6 14.1
21:00 115 15.6 20.0 29.0 32.7 30.5 29.5 28.0 29.9 22.4 13.8 13.2
22:00 10.7 15.7 19.0 26.0 30.4 29.3 29.2 28.0 29.9 21.8 13.3 13.2
23:00 10.5 14.7 19.2 25.0 29.9 28.7 29.0 27.4 29.0 215 12.9 12.7
24:00 09.8 145 18.5 23.0 29.2 28.1 28.5 27.6 28.3 20.7 12.7 12.5
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Table 3.2 Hourly variation of room air temperature (°C) of ordinary room June 2004 —May 05

Time Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec
01:00 140 190 250 330 335 340 340 320 300 302 195 140
0200 140 19.0 247 330 335 340 340 320 295 307 195 120
03:00 140 19.0 245 330 335 340 340 320 295 305 195 120
0400 140 182 240 330 335 340 330 320 295 303 182 120
0500 135 175 240 325 330 330 330 320 290 302 175 120
06:00 13.0 175 240 320 330 330 330 320 290 300 175 120
0700 13.0 175 237 320 330 340 330 315 290 298 180 120
08:00 125 175 230 31.0 320 330 320 305 290 273 185 120
09:00 12,7 172 235 315 320 330 330 305 300 280 190 140
10:00 135 175 235 320 330 330 330 305 300 283 195 140
11:00 137 180 235 320 330 335 335 315 310 289 195 155
1200 140 182 245 330 330 335 335 3225 320 292 200 16.7
13:00 142 185 255 33.0 340 340 335 325 325 295 205 173
1400 147 187 262 340 350 340 335 330 342 298 210 178
15:00 150 195 270 340 350 350 340 333 337 302 215 182
16:00 155 195 280 340 350 355 340 333 335 305 21.0 182
17:00 155 195 275 340 360 360 340 330 335 308 205 180
1800 150 195 265 340 350 360 345 329 328 301 200 160
19:00 150 195 262 340 350 360 345 329 310 300 200 150
2000 145 195 260 340 350 360 345 325 308 298 200 150
21:00 145 195 255 335 350 355 340 325 302 305 200 150
2200 145 195 250 335 350 355 340 325 302 304 200 140
2300 145 195 250 330 340 355 340 325 300 303 200 140
2400 145 192 250 33.0 335 345 340 320 300 303 200 140

Table 3.3 Hourly variation of room air temperature (°C) of room with an earth-air heat exchanger
during June 2004 —May 05

Time Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec
01:00 180 21.0 260 320 330 340 315 306 293 280 222 185
0200 18.0 207 257 320 330 338 310 305 290 280 222 185
03:00 18.0 205 252 320 325 336 310 300 288 280 222 185
0400 17.0 205 250 315 325 333 310 300 288 275 220 185
0500 17.0 205 250 315 325 263 310 300 285 275 210 17.0
06:00 16.0 205 250 31.0 320 296 31.0 300 287 274 210 170
0700 160 202 250 310 320 332 310 304 287 278 210 170
08:00 135 175 230 310 305 326 320 295 289 260 190 120
09:00 147 180 235 31.0 315 327 320 299 290 260 195 150
10:00 155 185 237 315 320 327 320 302 290 270 200 150
11:00 160 192 245 320 325 331 325 308 305 270 21.0 160
12:00 162 195 247 320 330 331 325 313 310 280 21.0 180
13:00 167 200 252 325 325 336 325 315 315 285 220 200
1400 167 200 255 325 325 337 325 320 323 29v 220 210
1500 170 202 260 325 320 340 330 322 330 290 220 210
16:00 178 207 267 325 340 341 330 315 330 295 230 210
17:00 180 207 27.0 322 340 344 325 315 330 298 229 210
1800 180 21.0 265 325 350 348 325 315 300 296 223 200
19:00 17.8 207 265 325 340 346 320 315 299 294 222 190
2000 17.7 21.0 262 320 340 344 320 316 296 290 225 190
21:00 177 21.0 262 320 340 343 320 315 296 290 225 190
2200 17.7 210 260 320 335 343 320 314 294 290 225 190
23:00 180 210 260 320 335 343 320 313 294 290 222 180
2400 180 210 260 320 330 343 315 307 293 284 222 185
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5. MATHEMATICAL FORMULATION

5.1 Heating/Cooling Potential of an Earth-Air Heat Exchanger
A quasi steady state mathematical model (Shukla et al., 2006) has been used for prediction of

outlet air temperature and heating/cooling potential of an earth-air heat exchanger.
The out let temperature at x = ; where | is the length of pipe of earth-air heat exchanger.

_27rrhC| _27rrhC|
Th —To[le MeCa ]+Tfi e MG (1)
Heating/cooling potential for an earth-air heat exchanger is given by:
Qg =xm,C, (Tfo —T )At )
5.2 Internal and External Uncertainty

The estimation of internal uncertainty (Nakra and Chaudhary , 1991) has been carried out for the
experiment. Following expression has been used for estimation of internal uncertainty:

\/012 o, +toy
N
where o is the standard deviation and is given as

> (x - XY
NO
where X — X is deviation of observation from the mean.
N & N, are number of sets and number of observations in each set.
The per cent uncertainty is given by the following expression:
Y, %100 @)
Average of total number of observation

External uncertainty has been evaluated by considering the chances of error that have
been occurred in measurement of radiation, temperature and velocity of air .It is based on least
count of the instruments used for measuring these parameters. Total percent experimental
uncertainty is therefore sum of internal and external uncertainty.

U, ©)

O =

% Uncertainty =

5.3 The Confidence Level (CL)
CL=100x (1 - alpha)% (5)
or in other words, an alpha of 0.05 indicates a 95 percent confidence level. Where, the “alpha’ is

the significance level (SL) used to compute the confidence level. The significance level has been
considered to be the least count of instrument in the present work.
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5.4 Confidence Interval (CI)

If we assume alpha equals 0.05, we need to calculate the area under the standard normal curve
that equals (1 - alpha), or 95 percent. This value is = 1.96. The confidence interval is therefore:

Cl = Yil.%(%j (6)

The confidence interval is a range on either side of a sample mean. Confidence interval is
magnitude of the effect and interval within which the true values almost certainly lies.

5.5 Degrees of Freedom

The deviations of observations (n) from their sample average must sum to zero. This
requirement, that Z(y—y):o, (here yis sample observation andyis sample average),

constitutes a linear constraint on the deviations. It implies that any n—1of them completely
determine the other. The n residuals y—y (and hence their sum of squares Z(y— 7)2 and the

—\2
sample variance Z(y_ y) (n _1) ) are said to have n—21degrees of freedom. Thus degrees of

freedom denote the extent of independence (freedom) enjoyed by a given set of observed
frequencies. If we are given a set of n observed frequencies, which are subjected to k
independent constraints, then n-k will be the degree of freedom for the given set of frequencies.

6. RESULTS AND DISCUSSION

The temperature of room with cross ventilation is directly influenced by ambient air temperature.
Comparison of observations for room with an earth-air heat exchanger, untreated room and room
with cross ventilation are shown in Figs. 3. In the summers the maximum value of temperature
difference between room with an earth-air heat exchanger and untreated room occurs during day
time whereas in winters maximum difference during night time. The temperature of room with
an earth-air heat exchanger is 3.0 °C less during May month and 6.5 °C more than untreated
room during December. The values of temperature reduction in March, April, May, June, July,
August, September and October have been found by 1.3, 1.8, 2.5, 1.6, 1.5, 1.8, 1.9 and 1.9 °C. It
is seen that maximum increase and decrease in temperature is due to use of earth-air heat
exchanger occurs in December and May month (Figs. 3) due to high value of useful thermal
energy from an earth-air heat exchanger. The maximum difference in temperature of room with
an earth-air heat exchanger and cross ventilated room has been found in December (8.5 °C) and
May (6.5 °C) month. It is quite interesting that temperature of room with cross ventilation is less
in summers during night time and high during peak sunshine hours in winters in comparison with
room with an earth- air heat exchanger and untreated room (Figs. 3). This is due to decrease in
ambient temperature during night time in summers and increase in ambient temperature during
peak sunshine hours in winters. Thus cross ventilation can also be a good option for heating in
winters and cooling in summers.
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Heating/cooling potential of an earth-air heat exchanger (Fig. 4) has been calculated by use of
Equation 2. It is seen that heating potential is maximum (411 MJ) in December month where as
cooling potential is maximum in May (391 MJ). Detailed statistical analysis has been carried out
for the analysis of collected data (Table 4).

Table 4 Statistical analysis

Parameter Value
December May
With EAHE  Untreated  Cross With Untreated  Cross
vent. EAHE vent.
Degrees of freedom 23
Significance Level (SL) 0.05 0.05 0.05 0.05 0.05 0.05
Confidence Level (CL) 95 % 95 % %B% 95% 9B5% 95 %
Confidence Interval (CI) 1.0 1.16 2.7 0.34 0.36 1.23
Experimental uncertainty 11.9% 151% 299% 3.0% 3.1% 10.8 %
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Figure 3a. Hourly variation of experimental temperature for, room with an earth-air heat
exchanger, untreated room, room with cross ventilation and ambient temperature for December,

2004.
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Figure 3b. Hourly variation of experimental temperature for, room with an earth-air heat
exchanger, untreated room, room with cross ventilation and ambient temperature for May, 2005.

In the room with an earth-air heat exchanger, for significance level of 0.05 and confidence level
of 95.0 %, the value of confidence interval for range of collected experimental data is 1.0 and
0.34 during May and December month respectively. The experimental uncertainty is also in the
acceptable range, for room with an earth-air heat exchanger experimental uncertainty for
December and May month is 11.9 % and 3.0 % respectively. In the Table 5 the average and
maximum/minimum value of temperature for room with an earth-air heat exchanger, room with
cross ventilation and untreated room has been given for the year 2004-05. For the room with an
earth-air heat exchanger the average temperature during December month is 18.2 °C, which is
4.2 °C and 3.6 °C more than average temperature of room with cross ventilation and untreated
room. The maximum value of temperature in room with earth-air heat exchanger is 21.0 °C.
Where this value is 20.0 °C and 18.2 °C in room with cross ventilation and untreated room.
Similarly during summer months the temperature of room with earth-air heat exchanger is less
than temperature of room with cross ventilation and untreated room.
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Figure 4. Monthly values of heating/cooling potential of an earth-air heat exchanger.

Table 5. Average, maximum and minimum temperature during June 2004 —May 2005

Month of the year Room with an Room with Ordinary room
EAHE ventilation
Temperature (°C) Temperature (°C) Temperature (°C)
Tav Tmax Tmin Tav  Tmax Tmin Tav Tmax Tmin

January 169 180 135 128 155 100 141 155 125
February 202 207 175 172 200 140 186 195 17.2
March 254 27.0 23.0 227 265 192 250 280 23.0
April 319 325 310 290 350 240 330 340 31.0
May 328 350 305 305 350 260 339 360 320
June 332 348 263 328 370 280 343 36.0 330
July 319 330 310 303 340 275 336 345 320
August 30,8 322 295 307 325 292 321 333 305
September 300 330 285 300 336 280 308 342 29.0
October 282 298 260 290 305 273 298 308 273
November 216 230 190 180 219 145 196 215 175
December 182 210 120 140 200 09.0 146 182 120

12
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7. CONCLUSIONS

On the basis of present study, following conclusions can be made:

Q) Use of an earth-air heat exchanger for heating and cooling of passive house is more
effective in cold winter and hot summer conditions.

(i) Temperature of room with an earth-air heat exchanger increases significantly (6.5 °C)
in comparison with untreated room during December month.

(iii)  During May the temperature of room with earth-air heat exchanger is 3.0 °C less than
temperature of untreated room due to useful thermal energy input from an earth-air
heat exchanger.

(iv)  During off sunshine hours in summers and during peak sunshine hours in winters,
temperature of room with cross ventilation is significantly low in comparison with
other rooms, so cross ventilation might be good option for heating/cooling of room.
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9. NOMNENCLATURE

specific heat, J/kg °C

heat transfer coefficient, W/m?°C
length of pipe, m

mass flow rate, kg /s

heating or cooling potential, MJ
radius of pipe, m

temperature, °C

temperature above the pipe, °C
time period, hour

uncertainty, dimensionless
ubscripts

air

convective

outlet air

inlet air
% heating or cooling

Ce A4 03~50

w

- =~ O D
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