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ABESTRACT 

In Egypt, rice crop occupies the first rank in area cultivated as the main 

food.Percentage of moisture in grain is up to 24% with mechanical 

harvesting of rice crop. For safe storage of rice seeds, it is required to 

reduce the humidity to 14%. Due to weather changes it is difficult to dry 

by the sun. Therefore, the main objective of this study is the use of 

thermal energy lost with the exhaust gases of diesel engines in drying rice 

seed. The suggested drying unit is simple made from local raw materials, 

comprising: a fan to generate air stream carry the heat, heat exchanger 

for the exhaust gases installed behind the fan, a drying container. Drying 

tests were conducted using the Sakha 101, whereas the average weight of 

each sample in drying process was 25 kg, the average humidity was 

20.4%, the average temperature of air was 24.6 
o
C and the average 

relative humidity of the air was 65.7%. The experiments have shown the 

following results: The highest temperature of input drying air was 42.2 
o
C, energy received by drying air was 9.62 MJ/h and capacity of drying 

unit was 0.074 ton/h achieved with drying air flow rate o7.65 m
3
/min.  

INTRODUCTION 

any researchers and reports mentioned that roughly 30% 

energy of the burnt fuel is lost though the exhaust system and 

roughly 30% is lost through the cooling system of the internal 

combustion engine. These waste energies could be used for drying of 

agricultural products. An attempt was made for the utilization of engine-

waste heat for grain drying with a small dryer bed area and grain depth. 

Soemangat et al., (1973). They concluded that the energy requirement 

for grain drying can be minimized with the use of a large bed area, low 

air temperature and low air velocity.  
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Michael and Ojha (1978) revealed that drying is the universal method of 

conditioning grain by removing moisture to level that is in equilibrium 

with normal atmospheric air in order to preserve its quality and nutritive 

value as food and its viability for seeds. Also, they reported that there are 

three methods of drying grain with the use of air. (a) Unheated or natural 

air-drying; (b) unheated air drying with supplemental heat; and (c) heated 

air-drying.  

Brooker et al. (1978) stated that several parameters influence the time 

required to reduce the product to the desired moisture content for a 

particular grain. These include air temperature, air relative humidity, 

airflow, original moisture content, and final moisture content. These 

parameters are considered in the design of the equipment and are 

manipulated in its operation to dry the grain within the time limit 

selected.  Also, they mentioned that the operator better controls drying 

operations are when heated air is used for drying.  

Li and Morey (1984) developed an equation to determine thin - layer 

drying rates for yellow dent corn as affected by drying air temperature, 

air flow rate, initial moisture content, and relative humidity. They found 

that drying air temperature had the greatest effect on drying rates. Initial 

moisture content also influences drying rates. Air flow and relative 

humidity had smaller effects.   

Abe et al. (1992) carried out preliminary study on the utilization of 

engine-waste heat for grain drying with a dryer capacity of 140 kg of 

rough rice. They conducted a single test and less kernel breakage was 

found than rice dried in the sun or dried too rapidly with high 

temperature air. They used a separate power source (electric motor) to 

drive the dryer fan which was a serious drawback of their work. This 

forced them to cover the whole engine with extra housing which is 

difficult to make and handle and, therefore, impractical.  

Basunia et al. (1996a, 1997) reported the simulation result of the engine-

waste heated rough rice dryer for a shallow depth of grain beds (10 - 40 

cm) and validated the accuracy of the partial differential equation model 

(PDE) in low temperature drying of rough rice using engine waste heat. 

This time fan was directly coupled with the engine camshaft without any 

extra covering for the whole engine.  
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Basunia and Abe (1996b) also reported the energy saving in intermittent 

drying of shallow depth (10 - 40 cm) of grain bed using engine waste 

heat. They concluded that further study should be carried out with a 

greater depth of rough rice.  

Ojha and Michael (1996) mentioned that slow drying is recommended 

to preserve the viability and wholeness of the grain. A heated air 

temperature of 43°C is recommended for drying paddy. High drying air 

temperature will not only expose the grain to high temperature but also 

dry the outer surface of the grain faster than the moisture can move from 

the core to the grain surface. This uneven dryness of the grain results in 

internal stresses that cause the grain crack. The same is true when water 

is poured on a dry grain as rain on grain during sun drying. These cracks 

on the grain are not externally visible but manifest during milling as low 

grain recovery and high percentage of breakage. About 30% of heat 

produced by combustion of fuel in a diesel engine is carried away by 

exhaust gases. This waste heat can be utilized in mechanical drying of 

crops which offers the advantage of timeliness in drying reducing 

handling losses, maintaining grain quality, and better control over the 

drying process. Many attempts had been made to utilize engine cooling 

waste heat for grain drying.  

Soemangat et al. (1973) made an attempt for the utilization of engine 

cooling waste heat for grain drying with different bed area dryers and 

grain depth. They concluded that the energy requirement for grain drying 

can be minimized with the use of a large bed area, low air temperature 

and low air velocity. That research was used to minimize post-harvest 

losses and for effective utilization of energy resources for crop drying. It 

had also been demonstrated that, compared to other drying methods, near 

ambient drying by raising the drying air temperature few degrees above 

ambient is potentially the most energy efficient drying technique. 

Basunia et al.(1997) reported the utilization of engine cooling waste heat 

of petrol engine for grain drying with comparatively larger bed area. A 

fan was directly coupled with the engine crankshaft to supply the engine 

waste heat to the dryer. They found that the heat required for drying per 

kg of grain was 3.26 kJ/h with continuous supply of about 93% of the 

waste heat of engine cooling system to the drying air. They also reported 



PROCESS ENGINEERING  

Misr. J. Ag. Eng., October 2011 - 1043 - 

that the waste heat was sufficient to increase the temperature of the 

ambient air from 7˚C to 12˚C at an air flow rate of 5.7 to 8.8 m
3
/min. 

Akhter et al. (2007) found that a maximum exhaust gases temperature of 

the engine was obtained as 110
0
C at a speed of 1500 r.p.m. and load of 

6.5 kg. The flow rate of exhaust gases at this condition was about 7.7x 

10
-4

m
3
/sec. Under the above engine running conditions, the temperatures 

of exhaust gases at inlet and outlet of heat exchanger were 110
0
C and 

100
0
C respectively and those of atmospheric air were 27

0
 C and 50

0
 C 

respectively. During 1 hour drying, the average MC of paddy along 

different horizontal layers decreased to 12-18% from initial MC of 

26.1%. The average MC of paddy along different vertical layers was 

almost equal at any particular time of drying and reduced to about 15% 

from 26.1% for 1 hour continuous drying. Average MC of paddy for 1 

hour continuous drying by hot air heated in a heat exchanger by the 

diesel engine exhaust gases was determined as 15% from initial MC of 

26.1%.The dried paddy volume with the MC of 15% may be stored for a 

long time.  

Basunia and Abe (2008) found that the engine-waste heat was sufficient 

to increase the drying air temperature 7 to 22
0
C at an air flow rate of 12.6 

to 1.2 kg/min with the average ambient temperature and relative humidity 

were 26.7 and 71.1%. However, the result has shown promise for this 

type of grain drying unit, especially in major rice growing regions, where 

the same engines are used for pumping irrigation water and rice milling 

purposes.  

The present study was conducted with the following objectives:  

- To estimate the availability of engine-waste heat which can be 

utilized for drying seeds at variables of engine speed and air flow 

rate of fan. 

- To study the performance of drying unit at variables of engine 

speed, air flow rate and depth of seed bed of rice seeds. 

MATERIAL AND METHODS 

Materials: 

All drying processes were carried out using rice crop variety of (Sakha 

101) at moisture content 20.4 % and atmospheric air temperature 24.6 
o
C 

with the waste – exhaust gases heat from diesel engine by using a simple 
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drying unit That fabricated and tested at a private workshop in Mansoura 

City, Dakahliea Governorate during two seasons 2009/2010.  

The drying unit consisted of the following parts:  

a. The fan:  

A fan with four blades was fixed in front of heat exchanger. It was 

powered from the engine camshaft through coupled wheel with a 

diameter of 12.5 cm, while the fan wheel diameter was 17.5 cm. The total 

fan width was 25 cm and diameter was 25 cm.  

b. Heat exchanger: 

Heat exchanger transfers the heat from exhaust gases to air stream with 

fan. In fig.2, schematic view shows the components of heat exchanger. 

Two cases were fabricated from galvanized steel with thickness of 2 mm, 

width of 5 cm, length of 12 cm, and height of 15 cm. The cases was 

linked by four copper pipes at length of 10.5 cm and diameter of 2.25 cm. 

In addition to six aluminum plates at dimensions of 20 × 15 cm
2
 as length 

and width and thickness of 3 mm. These plates were fixed on the tubes at 

equal distance to increase the heat transfer area and efficiency.  

c. The drying bin: 

The drying bin is shown in fig.1; schematic prototype of a drying unit. It 

was fabricated from galvanized steel with thickness of 1mm, base area of 

25×`50 cm, and height of 25 cm, inside the bin five shelves were fixed 

upon five drying plates of a rectangular shape having width of 20 cm, 

length of 45 cm and height of 10 cm. The base of plate was fabricated 

from wire screen to prevent force on the seeds and allow hot air to pass 

through the grains. The bin was supported by mild steel rod frame with a 

diameter 5 mm. All sides were fabricated from galvanized sheet with 

height of 10 cm. All interior surfaces of drying bin were stuffed by glass 

wool to insulate heat inside bin and prevent heat losses by conveying or 

radiation.   

Waste-exhaust heat source: 

The waste-exhaust heat was generated from a diesel engine, air cooled, 

four-stroke cycle, having a horse power from 5.76 to 6.72 kW at from 

1500 to 1750 r.p.m, respectively was used for this study.   
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Fig.1: Prototype of the drying unit. 

 

 
Fig.2: The heat exchanger. 

Methods: 

All experiments were performed with the following procedures:  average 

sample mass of rough rice was 25 kg was dried by waste - exhaust heat to 

reduce the moisture content of grains from 20.4% w.b. to approximately 

13.6 % w.b. The exhaust gasses temperature generated with engine was 

measured under different engine speeds from 750 to 1550 r.p.m.by using 

a temperature meter model (ERO, Electronic. MemocalR 81) connected 

to an iron – constant a thermocouple type (T) to measure air and grain 

temperatures for the drying systems. The urgent measuring check points 

for the drying systems were in the air passing through the exchanger heat 

system (just before the entrance of the drying bin seeds). Also air stream 

velocity generated by the fan was measured by the anemometer; which 

was made in Japan by Satake Co., Speed measurement ranged from 0 to 

50 m/s. The moisture content of rice seeds was measured by using 

electronic moisture meter (GANN Hydromel G 86), made in Western 
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Germany and confirmed by the oven drying method, according to the 

standard procedure of the Japanese Society of Agricultural Machinery.  

Waste-exhaust heat:   

Diesel internal combustion engines are of about 30% efficiency. From the 

energy derived from burnt fuel, another 30% is lost through the exhaust, 

radiation. Friction accounts for 10%, and the remaining 30% is lost 

through the cooling system. The heat energy required to heat up the 

drying air is mostly derived from the engine exhaust system heat. The 

exhausting load Wc of the engine at any given r.p.m. can be determined by 

the following equation. (Basunia and Abe 2008) 

Pc bffCW C

   ,,,,,,,,,,,,,,,,,,,,,,, (1) 

Where: 

ηc = is the exhausting system efficiency, %. 

Wc= is the waste heat energy released from the engine exhausting  

        system to the drying air, MJ/h 

β = is the specific fuel consumption, kg/(kW·h) 

Cf  = is the calorific value of fuel, (10000 MJ/kg) 

ηf  = is the fuel exhaust efficiency, 30%. 

Pb = is the break power of the engine at any r.p.m. kW. 

Substitution of the values of the different parameters in equation (1) for 

the engine used in this experiment led to the following equation  : 

pw bC
5006.3 ,,,,,,,,,,,,,,,,,,,,,,  (2) 

The total heat energy Wr, to be utilized to heat the drying air at any given 

r.p.m. of the engine was calculated from the following equation   

).(...06.0 ttw adr
cQ   ,,,,,,,,,,,,,,,,,  (3) 

Where: 

Wr = is the amount of heat energy received by the drying air, MJ/h  

0.06 = is the units conversion factor.  

Q = is the volume flow rate of drying air, m
3
/min. 

c = is the specific heat of drying air, (1.006 kJ/ (kg-
o
C·)  

          = is the density of drying air, (1.184 kg/m
3
). 

 td and ta =  are the temperatures of drying air and ambient air, 

respectively. 
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RESULTS AND DISCUSSION 

Engine performance: 

Data in figs. 3 and 4 shows that increasing in engine speed increased the 

drying air velocity and flow rate from 1.56 to 4.25 m/s and from 2.81 to 

7.65 m
3
/min with increasing of engine speed from 750 to 1550 r.p.m. 

respectively. Therefore, the highest value of air drying velocity of 4.25 

m/s and air drying flow rate of 7.65 m
3
/min were achieved with engine 

speed of 1550 r.p.m.  

0

1

2

3

4

5

7
5

0

8
5

0

9
5

0

1
0

5
0

1
1

5
0

1
2

5
0

1
3

5
0

1
4

5
0

1
5

5
0

 Engine speed, R.P.M

D
ry

in
g

 a
ir

 v
el

o
ci

ty
, 

m
/s

 
Fig.3: Effect of engine speed on 

drying air velocity.  
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Fig.4: Effect of engine speed on 

drying air flow rate. 

Effect of air flow rate on the performance of the drying unit: 

At steady of engine speed and air flow rate, the average of temperatures 

measured at back of exchanger heat is assumed as the drying air 

temperature for the energy calculation. Data in fig.5 show that increasing 

air flow increased the temperature at input and output of drying air with 

varying degrees. The inlet drying air temperature increased from 32.6 to 

42.2 
o
C at increasing air flow rate from 2.81 to 7.65 m

3
/min. Also the rise 

of inlet drying air temperature had the same trends under the same 

previous conditions. The inlet drying air temperature increased from 8.0 

to 17.6 
o
C when increasing air flow rate from 2.81 to 7.65 m

3
/min. On the 

other side, the outlet drying air temperature values tend to increase from 

30.97 to 37.56 
o
C the increase of air flow rate from 2.81 to 7.65 m

3
/min. 

Also the rise of outlet drying air temperature increased from 6.37 to 12.96 
o
C at increasing of air flow rate from 2.81 to 7.65 m

3
/min. Therefore, the 

highest values of the input and output drying air temperature and the rise 

of air drying temperature were (42.2 and 37.56 
o
C) and (17.6 and 12.96

 

o
C) respectively achieved with air flow rate of 7.65m

3
/min. Meanwhile, 

the lowest values of the inlet and outlet drying air temperature and the rise 

of air drying temperature were (32.6 and 30.97 
o
C) and (8.0 and 6.37

 o
C) 

respectively, achieved with air flow rate of 2.81m
3
/min. The energy 
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released as waste heat from the exhaust gases were estimated as measured 

heat energy received by drying air under different air flow rates from 2.81 

to 7.65 m
3
/s, and average ambient temperature of 24.6 

o
C and relative 

humidity 65.7%.  
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Fig.5: Effect of different air flow rates on temperature 

of drying air. 

Data in figs.6 and 7 showed the effect of air flow rate on the energy 

received and efficiency by drying air. The results indicated that the value 

of energy received by drying air increased from 1.61 to 9.62 MJ/h with 

increasing of air flow rate from 2.81 to 7.65 m
3
/s. Also the efficiency of 

energy received by drying air increased from 29.5 to 83.93% under the 

same previous conditions. Therefore, the highest value and efficiency of 

energy received by drying air were 9.62 MJ/h and 83.93% achieved with 

air flow rate of 7.65m
3
/min. Meanwhile the lowest value and efficiency of 

energy received by drying air were 1.61 MJ/h and 29.5% achieved with 

air flow rate of 2.81m
3
/min. 
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Fig.6: Effect of air flow rate on 

energy received by drying air. 

 
Fig.7: Effect of air flow rate on 

energy received efficiency by 

drying air. 
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Time and energy consumed in the drying process: 

The data in figs.8 and 9 indicated the effect of different air flow rates on 

the drying time and capacity of drying unit. The results indicated that the 

drying time decreased from 50.83 to 13.46 h/ton with increasing of air 

flow rate from 2.81 to 7.65 m
3
/min. Meanwhile the capacity of drying 

unit increased from 0.020 to 0.074 ton/h with increasing of air flow rate 

from 2.81 to 7.65 m
3
/min. Therefore, the highest value of drying time and 

capacity of drying unit were 50.83 h/ton and 0.074 ton/h achieved with air 

flow rates of 2.81 and 7.65 m
3
/min. Meanwhile the lowest values were 

13.46 h/ton and 0.020 ton/h achieved with air flow rate of 7.65 and 2.81 

m
3
/min respectively. 
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Fig.8: Effect of different air flow 

          rates on drying time. 
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Fig.9: Effect of different air flow 

      rates on capacity of drying unit. 

CONCLUSIONS 

- The highest value of the inlet and outlet drying air temperatures and 

the rise of air drying temperature were (42.2 and 37.56 
o
C) and (17.6 

and 12.96
 o

C) respectively, achieved with air flow rate of 

7.65m
3
/min. Meanwhile the lowest values of the inlet and outlet 

drying air temperature and the rise of drying air temperature were 

(32.6 and 30.97 
o
C) and (8.0 and 6.37

 o
C) respectively, achieved with 

air flow rate of 2.81m
3
/min. 

- The highest value and efficiency of energy received by drying air 

were 9.62 MJ/h and 83.93%, achieved with air flow rate of 

7.65m
3
/min. Meanwhile the lowest value and efficiency of energy 

received by drying air were 1.61 MJ/h and 29.5% achieved with air 

flow rate of 2.81m
3
/min. 
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- The highest value of drying time and capacity of drying unit were 

50.83 h/ton and 0.074 ton/h, achieved with air flow rates of 2.81 and 

7.65 m
3
/min. Meanwhile the lowest values were 13.46 h/ton and 

0.020 ton/h, achieved with air flow rate of 7.65 and 2.81 m
3
/min 

respectively. 

Recommendations: 

The best weighted rate of drying was about 74 kg/h at average ambient 

temperature of 24.6 
o
C and relative humidity 65.7%, to reduce the 

moisture content level of rice seeds from 20.4% w.b. to approximately 

13.6 % w.b. at drying air flow rate of 7.65 m
3
/min. 
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 الملخص العربي

 الأرز  حبىبتجفيف  في محركاث الذيسل   عادمغازاث استخذام 

محمذ أحمذ السيذ شتيىي
1

أبى النجا مخيمره محمذ حمس              
2

 

مغررا   الإَٔٞرخٗ اىَسرب خ اىَْصزةرخ اىَسرجرخ الأٗىرٚ ٍرِ  ٞر  فٜ ٍصرس ٝزصدز ٍحص٘ه الأزش

ىَحصرر٘ه  اىحصرب  اٟىررٜ اسررزاداًٍر   ثسأمفرر %24ىيحجرر٘ة  اىسط٘ثرخ رجير  ّسررجخ ٞرر   , زئٞسرٜ

ٗأُ اىطسٝقرخ % 44سط٘ثخ اىرٚاى ّسجخخفط ٝزطيت الأزش  ىحج٘ةاىزاصِٝ اٍِٟ ثَب أُ ٗ .الأزش

ظررسال ىعردً اسررزقساز ّٗ .اىَزجعرخ فرٚ ريفٞررح اىحجر٘ة ىردٙ اىفررى  اىَصرسٙ ٕررٚ اىزيفٞرح اى َسرٜ

 الأزش  صرب ٍ٘سرٌ  هخى ٗاّافبض  زجخ  سازح اىي٘ الأٍطبزسق٘ط اىظسٗف اىي٘ٝخ ٗرصاٍِ 

 فرٜاىٖردف اىسئٞسرٜ ىزيرل اىدزاسرخ  رَثروٗةيٞرٔ  .اسزاداً ٕرٓ اىطسٝقخ ٍَب  ٝؤ ٙ اىٚ صع٘ثخ فٚ

ث٘اسطخ عب ً ىَحسمبد اىدٝصه فٜ ةَيٞخ اىزيفٞح غبشاد اى اىحسازٝخ اىَفق٘ ح ٍِاسزاداً اىطبقخ 

 ذاد أزثرر  زٝرر  ٍسٗ ررخ ٍررِ: اى٘ رردح ُٗرزنرر٘ .ٗ رردح ريفٞررح ثسررٞطخ صررْعذ ٍررِ خبٍرربد ٍحيٞررخ

 .ٗةب  اىزيفٞحٍٗثجذ خيح اىَسٗ خ   سازٙ ىغبشاد اىعب ًٍجده ٗ ٍِ اىٖ٘ا ىز٘ىٞد رٞبز 

ّسرجخ ٍز٘سرظ ٗ مج 22يعْٞخ ٗشُ ىَز٘سظ ث  404اىصْح ساب  ةيٚ أجسٝذ اخزجبزاد اىزيفٞحٗ

سط٘ثرخ ٍز٘سرظ اىٍئ٘ٝرخ ٗ 24.6 زجخ  سازح اىٖ٘ا  اىي٘ٛ اىَحٞظ ٍز٘سظ ٗ%  20.4سط٘ثخ اى

 :ٗقد أظٖسد ّزبئج اىزيبزة ٍبٝيٚ % 62.7ْسجٞخ ىيٖ٘ا  اى

                                                 
1
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 77.26ٕٗ٘ا  اىزيفٞح اىاربز   42.2 سازح ٕ٘ا  اىزيفٞح اىداخو دزجخ ى أةيٚ ٍقداز -

 زجخ ٍئ٘ٝرخ ٗأةيرٚ ٍقرداز ىيفرس  فرٜ  زجرخ  رسازح ٕر٘ا  اىزيفٞرح اىرداخو ةرِ اىٖر٘ا  

ٍعده سرسٝبُ ٕر٘ا   رحقق ذىل ٍ  ,  زجخ ٍئ٘ٝخ 42.66ٗىيٖ٘ا  اىابز   47.6اىَحٞظ 

ً 7.62اىزيفٞح ثَقداز 
7

 / قٞقخ.

ٍٞيبج٘ه/سربةخ ٗمفرب ح 6.62اىحسازٝخ اىَحَيخ ةيٚ ٕر٘ا  اىزيفٞرح  خأةيٚ ٍقداز ىيطبق -

رحقق ذىل ٍ  ٍعده سسٝبُ ٕ٘ا  اىزيفٞح ثَقداز , %  37.67ىيطبقخ اىحسازٝخ  اىزحَٞو

7.62 ً
7

 / قٞقخ.

سبةخ/طِ ٗأةيٚ ٍقداز ىيسعخ الإّزبجٞخ  47.46فٜ اىزيفٞح  أقو ٍقداز ىيصٍِ اىَسزادً -

رحقق ذىل ٍ  ٍعرده سرسٝبُ ٕر٘ا  اىزيفٞرح ثَقرداز , طِ/سبةخ  0,074ى٘ دح اىزيفٞح 

7.62 ً
7

 / قٞقخ.

ةْد  زجخ  سازح مج /سبةخ  74ٍعده ىيزيفٞح اى٘شّٚ فضو أاىز٘صٞخ  ةيٞٔ رضَِ جبّتٗ

 7ً 7.62سٝبُ ىٖ٘ا  اىزيفٞح ٍٗعده اىس٪ 62.7ٗزط٘ثخ ّسجٞخ    زجخ ٍئ٘ٝخ 24.6  فخاىغس

  إىٚ 20.4الأزش ٍِ  حج٘ةى ز٘ٙ اىسط٘ثخحىافط ٍ  ىفخ/ قٞقخ4220/ قٞقخ )ةْد سسةخ ٍحسك 

47.6  ٪.  


