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Abstract— For manufacturing Industries, energy accounted 

for up to 38% of costs. Hence better energy management 

and greater efficiency in manufacturing are therefore going 

to have significant positive environmental and cost saving 

impacts. Recycling of Heat is one way to mitigate the loss of 

resources viz. electricity, fuel, raw materials etc. A case 

study was undertaken at a company   viz. HEG Ltd. where 

carbon rods are produced from graphite powder. These 

graphite powders are dried by flowing dry & moisture free 

air over them for pneumatic conveying the powder from one 

process to another. The flow of high pressure air from 

compressor is generally hot. This heat is used to heat up the 

cold air from the separator by introducing an additional air 

to air Heat Exchanger.  Thus the modified system heat up 

the dry air for pneumatic conveying the graphite powder. 

Thus the system efficiency is improved. 
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I. INTRODUCTION 

The goal is to cool down the hot incoming air by the cold 

outgoing air thus reducing the size of the compressor 

required for drying the air. At the same time the increase in 

the temperature of outgoing air prevents re-condensation. 

Both these functions are achieved by introducing an 

additional Heat Exchanger. 

A. Heat Exchanger 

Heat exchangers are devices designed to transfer heat from 

one fluid to another, without the fluids coming into contact. 

There are a wide variety of applications for heat exchangers, 

for example: radiators, air conditioning and power plants. 

 
Fig. 1: Principle of Air-to-Air Heat Exchanger 

B. Types of Heat Exchangers 

Heat exchangers are mainly classified by their flow 

arrangements. There are two basic types of heat 

exchangers: Parallel flow and Cross flow. In addition so-

called regenerative heat exchangers are used in some 

industries. 

C. In Line Exchanger: 

In in line exchangers, the hot and cold fluids move parallel 

to each other. Heat exchangers where the fluids move in the 

same direction are referred to as parallel flow or co-current, 

exchangers where fluids move in the opposite direction are 

referred to as counter flow or counter-current. 

 
Fig. 2: Parallel Flow Heat Exchanger 

In Parallel flow heat exchangers, the outlet 

temperature of the "cold" fluid can never exceed the outlet 

temperature of the "hot" fluid. The exchanger is performing 

at its best when the outlet temperatures are equal. 

 
Fig. 3: Counter Flow Heat Exchangers 

Counter flow heat exchangers are inherently more 

efficient than parallel flow heat exchangers because they 

create a more uniform temperature difference between the 

fluids, over the entire length of the fluid path. Counter flow 

heat exchangers can allow the "cold" fluid to exit with a 

higher temperature than the exiting "hot" fluid. However 

many industrial heat exchangers are more complex. To save 

space, fluids may go to the end of a unit then go back again, 

perhaps several times. Each time a fluid moves through the 

length is known as a pass. For example, one fluid may make 

2 passes, the other 4 passes. Thus parts of the heat 

exchanger may be co-current, others counter-current, and 

calculations must take this into account. 

D. Cross flow Heat Exchanger 

In cross flow exchangers, the hot and cold fluids move 

perpendicular to each other. This is often a convenient way 

to physically locate the inlet and outlet ports in a small 

package, however, it is less thermally efficient than a purely 

counter flow design. Thermodynamically the effectiveness 

of cross flow heat exchanger is fall in between that for 

counter flow and parallel flow heat exchangers. Logarithmic 
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mean temperature difference (LMTD) will always be greater 

for counter flow compare to parallel flow heat exchanger. 

For a given flow rate and at given inlet, outlet temperatures, 

a parallel flow heat exchanger requires maximum flow area 

whereas a counter flow heat exchanger requires minimum 

flow area and a cross flow heat exchanger area lies between 

two extreme limit. For this reason parallel flow heat 

exchanger not used in practice and counter flow 

arrangement is preferred. However, cross flow arrangement 

is commonly used because it is easier to provide inlet and 

outlet header connections with cross flow rather than 

counter flow. Cross flow heat exchanger provide compact 

design of heat exchanger. Multi-pass cross flow heat 

exchanger can be easily manufactured compare to parallel 

and counter flow heat exchanger. 

 
Fig. 4: Cross flow heat Exchanger 

E. Regenerative Heat Exchangers 

Regenerative heat exchangers store heat and release it later. 

They contain a large mass of material which does not leave 

the exchanger but heats up (or in some cases, melts, 

absorbing latent heat) as hot fluid is passed through. Thus 

heat from one batch operation can be used to warm up the 

next one. Alternatively, they can be used in pairs (or more) 

with one absorbing heat from a hot stream while the other is 

discharging it to a cold stream. In some designs the bed of 

heat absorbing material moves to carry heat from one stream 

to another. 

The term regenerative heat exchanger is also used 

for counter-flow exchangers in which one side is fluid 

entering the process and the other side fluid leaving the 

process. 

F. Logarithmic Mean Temperature Difference 

The logarithmic mean temperature difference (also known 

as log mean temperature difference or simply by 

its initialize LMTD) is used to determine the temperature 

driving force for heat transfer in flow systems, most notably 

in heat exchangers. 

 
Fig. 5: Logarithmic Mean Temperature Difference 

The LMTD is a logarithmic average of the 

temperature difference between the hot and cold feeds at 

each end of the double pipe exchanger. The larger the 

LMTD, the more heat is transferred. The use of the LMTD 

arises straightforwardly from the analysis of a heat 

exchanger with constant flow rate and fluid thermal 

properties. 

G. Heat Exchanger Sizing and LMTD 

One thing to consider when sizing a heat exchanger is the 

temperature difference of the fluids we wish to use.  While 

heat exchangers do a great job at transferring energy, they 

are limited by the heat source or heat sink we provide 

them.  No matter how large a heat exchanger is made for our 

process, it cannot exceed the cooling or heating provided by 

the utility. 

 
Fig. 6:  Heat Exchanger Sizing and LMTD 

The above chart is a common temperature-location 

curve for a counter-current (Cross flow) heat exchanger. The 

hot fluid would enter on the "left" end of the exchanger at its 

highest temperature, and cool down as it reaches the Cold 

Side Inlet. The cold fluid enters from the "right" and heats 

up as it exchanges its energy with a temperature increasing 

hot source, approaching the highest temperature of the Hot 

Side Inlet. If the two fluids ever reached an equal 

temperature then the heat transfer would cease from that 

point on. Counter-current designs prevent a temperature 

pinch as well as reduce the size of the heat exchanger. 

The equation for the heat load "Q" (Btu/hr) done by 

a system is Q = U*A*LMTD.  "U" would be the overall heat 

transfer coefficient for the process, “A" would be the surface 

area, and "LMTD" is the log mean temperature difference. 

The easiest way to look at the LMTD is as a comparison of 

the two fluid's temperatures throughout the 

exchanger.  Since most exchangers are counter-current, 

comparing either end of the exchanger gives a simplified 

example of the LMTD. This would be the hot outlet and 

cold inlet, or the cold outlet and hot inlet. If a process has a 

large LMTD (meaning your recently cooled HOT side is 

still at a much higher temperature than our recently 

heated COLD side), the heat is transferred more easily and 

the surface area for our required heat load is reduced.  If we 

are running a tight process and needed to cool very close to 

our utility temperature, the LMTD would be very small and 

thus require a large amount of surface area to achieve the 

desired heat transfer. 

1) Compressed Air Dryer: 

It is used for removing water vapor from compressed air. 

Compressed air dryers are commonly found in a wide range 

of industrial and commercial facilities.  The process of air 

compression concentrates atmospheric contaminants, 

including water vapor. This raises the dew point of the 

https://en.wikipedia.org/wiki/Acronym_and_initialism
https://en.wikipedia.org/wiki/Heat_transfer
https://en.wikipedia.org/wiki/Heat_exchanger
https://en.wikipedia.org/wiki/Logarithmic_average
https://en.wikipedia.org/wiki/Water_vapor
https://en.wikipedia.org/wiki/Dew_point
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compressed air relative to free atmospheric air and leads to 

condensation within pipes as the compressed air cools 

downstream of the compressor. 

Excessive water in compressed air, in either the 

liquid or vapor phase, can cause a variety of operational 

problems for users of compressed air. These include 

freezing of outdoor air lines, corrosion in piping and 

equipment, malfunctioning of pneumatic process control 

instruments, fouling of processes and products, and more. 

There are various types of compressed air dryers. 

Their performance characteristics are typically defined by 

the dew point. 

2) Usage of Dry Air: 

Use in commercial or industrial processes that demand dry 

air in the following areas-: 

1) Telecom Industry 

2) Painting & Printing industry 

3) Electronic industry 

4) Automobile industry 

5) Food & Beverage industry 

6) Glass industry 

7) Footwear & Leather industry 

8) Pharmaceutical industry 

9) Pneumatic tools & control systems 

10) Textile manufacturing 

3) Flow Diagram of the Proposed Cycle: 

 
Fig. 7: Flow diagram of the proposed Cycle 

II. OBJECTIVE OF WORK 

1) Re-using the waste heat from the hot compressed air in 

heating the cold dry air from the refrigerator. 

2) An air–to-air heat exchanger is used to exchange the 

heat from the compressed air to the cold dry air coming 

out from the refrigerator and increase its temperature. 

3) The heat of the air from the compressor unit would have 

otherwise wasted in the atmosphere, or would have 

otherwise acted as an additional load on the inlet of 

refrigeration unit. 

4) The heating of the cold dry air also ensures that no 

condensation takes place in the pneumatic pipe line 

while conveying the graphite powder. 

A. Effect of Moist Air in Absence of Dry Air 

Moisture in compressed air used in a manufacturing plant 

causes problems in the operation of pneumatic systems, 

solenoid valves and air motors and can adversely affect the 

process or product being manufactured. For many years, 

problems from moisture in compressed air lines were simply 

tolerated as unavoidable moisture: 

 Causes rust and increased wear of moving parts in 

production equipment as it washes away lubrication. 

 Can adversely affect the color, adherence, and finish of 

paint applied by compressed air. 

 Can create problem to process industries where many 

operations are dependent upon the proper functioning of 

pneumatic controls. The malfunctioning of these 

controls due to rust, scale, and clogged orifices can 

result in damage to product or in costly shutdowns. 

 Can freeze in control lines in cold weather, which may 

cause faulty operation of controls. 

 Causes corrosion of air or gas operated instruments, 

giving false readings, interrupting or shutting down 

plant processes. 

B. Plant Air 

In almost every operation, clean, dry compressed air will 

result in lower operating costs. Dirt, water and oil entrained 

in the air will be deposited on the inner surfaces of pipes and 

fittings, causing an increase in pressure drop in the line 

which results in a loss of performance efficiency. 

Liquid water accelerates corrosion and shortens the 

useful life of equipment and carry- over of corrosion 

particles can plug valves, fittings and instrument control 

lines. When water freezes in these components, similar 

plugging will occur. 

C. Existing System 

In the earlier system the compressed air which is hot and 

wet is allowed to pass through the Evaporator of a normal 

‘Vapour Compression Cycle’ refrigeration system. This is 

done by a Shell and Tube Heat Exchanger, in which the 

refrigerant passes through the copper tube and the hot & wet 

compressed air passes through the shell over the copper 

tube. Here heat of the compressed air is absorbed by the 

cold refrigerant and lowers the air temperature below the 

dew point as a result the moisture present in the hot wet air 

turns into water droplets and collects at the bottom of the 

separating tank or vessel. This water is flashed out by a 

manually operated valve. Thus the air after releasing the 

water content or moisture in it becomes dry but remains cold 

which is fed into industrial use for drying purpose. It is to be 

noted that for drying purpose we need only dry air and not 

cold air which is a kind of wastage. 

D. Design of Modified System 

In order to recycle the low temperature of the outlet air from 

the evaporator heat exchanger, the cold air is passed through 

the tube of an another heat exchanger where hot compressed 

air is allowed to pass surround it. Here air to air heat 
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exchange takes place from incoming hot wet air to outgoing 

dry cold air. Thus we can obtain two advantages: 

1) The temperature of the incoming hot compressed air is 

lowered before entering into the evaporator. It reduces 

the load on it hence the size of the Compressor can be 

reduced. 

2) By increasing the temperature of outgoing air re-

condensation can be prevented at the terminal use. 

E. Comparison of Existing V/S Modified System 

Sl 

no. 
Existing System Modified System 

1. 
Temp of the compressed air at the entry to the 

Evaporator is higher. 

Temp of the compressed air at the entry to the Evaporator 

is much lower. 

2. Size of the Compressor is bigger. Size of the Compressor is smaller. 

3. Temp of the outgoing air is lower at Evaporator temp. Temp of the outgoing air is higher after Heat exchange. 

4. 
There is a possibility of re-condensation in the outgoing 

air in end use. 

No Possibility of re-condensation in the outgoing air in 

end use. 

5. Initial cost is low as there is no additional H Exchanger. Initial cost is high for installation of H Exchanger. 

F. Equipments with Specification: 

Equipment Type / Material Specification / Capacity Manufacturer 

Compressor 
Industrial type, 

Hermatically Sealed 

20 TR 

Suction Pr. – 25 to 40 psi 

Discharge Pr – 230 to 240 psi 

Supply Voltage – 440 AC, Frequency -50 Hz. 

Danfoss make 

Refrigerent R 132 A   

Condesor Water Cooled   

G. Effectiveness of Heat Exchanger 

A heat exchanger can be designed by the LMTD 

(logarithmic mean temperature difference) when inlet and 

outlet conditions are specified. However when the problem 

is to determine the inlet or exit temperature for a particular 

heat Exchanger, the analysis is performed more easily, by 

using a method based on effectiveness of the heat exchanger 

(concept first proposed by Nusselt) and number of transfer 

units (NTU). 

The heat exchanger effectiveness (ἐ) is defined as 

the ratio of actual heat transfer to the maximum possible 

heat transfer. Thus 

 
The actual heat transfer rate Q can be determined 

by writing an energy balance over either side of the heat 

exchanger. 

Q = mh cph (th1 – th2) = mc cpc (tc1 – tc2) 

The product of mass flow rate and the specific heat, as a 

matter of convenience, is defined as the fluid capacity rate 

C: 

mh cph =Ch = Hot fluid capacity rate 

mc cpc = Cc = Cold fluid capacity rate 

Cmin = The minimum fluid capacity rate (Ch or Cc) 

Cmax = The maximum fluid capacity rate (Ch or Cc) 

The maximum rate of heat transfer for parallel flow 

or counter-flow heat exchangers would occur if the outlet 

temperature of the fluid with smaller value of Ch  or Cc  i.e. 

Cmin were to be equal to the inlet temperature of the other 

fluid. The maximum possible temperature change can be 

achieved by only one of fluids, depending upon their heat 

capacity rates. This maximum change cannot be obtained by 

both the fluids except in the very special case of equal heat 

capacity rates. Thus: 

Qmax = Ch (th1 - tc1) or Cc (th1 - tc1) 

Qmax is the minimum of these two values i.e., 

Qmax = Cmin (th1 - tc1) 

ἐ = {Ch(th1 – th2)} / {Cmin (th1  - tc1)} 

ἐ = {Cc(tc2 – tc1)} / {Cmin (th1  - tc1)} 

Once the effectiveness is known, the heat transfer 

rate can be very easily calculated by using the equation: 

Q = ἐ.{Cmin (th1  - tc1)} 

III. RESULTS DISCUSSION & ANALYSIS 

A. Experimentation 

Experiments are conducted by taking readings as follows: 

Temp of Hot moist Air entering in to the Evaporator directly 

from Compressor plant (TH ) and the Temp of Cold Dry Air 

coming out from the Evaporator (TC ) is measured by digital 

thermometer in a set of observation is noted before the 

introduction of the Addl. Heat Exchanger.  Similar sets of 

Temperature readings / Observations were taken after the 

introduction of the Addl. Heat Exchanger (after 

modification). 

B. Data Collected by Introducing the Modification 

I.  Temp.  taken at Dry Cold Air-flow side of the Heat Exchanger 

Observation  No. 1 2 3 4 5 6 7 8 9 10 

Temp of the Cold Outgoing Air after the Heat 

Exchanger 
150C 160C 140C 130C 150C 130C 140C 150C 140C 130C 

Tc2 = Average Temp of the Dry Outgoing Air leaving the Heat Exchanger     =  14.20C 
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Temp of the Cold  Air entering  the Heat 

Exchanger 
70C 80C 80C 100C 100C 120C 100C 90C 120C 100C 

Tc1 =  Average Temp of the Cold Dry Air entering the Heat Exchanger     = 9.6 0C 

Table 1: Temp. Taken at Dry Cold Air-flow side of the Heat Exchanger 

Hence, ∆Tc = (Tc2– Tc1) = (14.2– 9.6) 0C = 4.60C 

II. Temp.  taken at Moist- Hot Air-flow side of the  Heat Exchanger 

Observation  No. 1 2 3 4 5 6 7 8 9 10 

Temp of the Hot Air entering  the Heat 

Exchanger 
450C 470C 460C 470C 480C 480C 490C 500C 500C 470C 

Th1 = Average Temp of the Moist- Hot Air entering the Heat Exchanger     = 47.70C 

Temp of the Hot  Air leaving  the Heat 

Exchanger 
350C 360C 370C 380C 390C 400C 370C 350C 420C 410C 

Th2 =  Average Temp of the Moist- Hot  Air leaving the Heat Exchanger     = 38 0C 

Table 2: Temp. Taken at Moist- Hot Air-flow side of the Heat Exchanger 

Hence,   ∆Th = (Th1 – Th2) = (47.7 – 38) 0C = 9.7 0C 

C. Calculation for Rate of Heat Recovery 

Heat released by the Hot moist Air = Heat absorbed by the 

Cold dry Air 

Heat Recovery Achieved, Q = Heat absorbed by the Cold 

dry Air. 

Given Data, 

Volume of Air Circulated = 5000 CFM at 150 C 

1(One) Cu. Ft. per Min = 1.69 Cu. M per Hr.  (M3 / Hr) 

Density of Air at 150 C = 1.225 Kg/m3 

So, m = Mass of Air Circulated / Hr = (5000 X 1.69 X 

1.225) Kg / Hr 

= (5000 X 1.69 X 1.225) / 60 X 60 Kg / Sec = 2.88 Kg / Sec

 Specific Heat of Air = Cp = 1.005 KJ / Kg. K 

Initial Temp of Cold Air = 9.6 0 C = Tc1 

Final Temp of Warm Air = 14.2 0 C = Tc2 

∆Tc = (Tc2 - Tc1) = (14.2 – 9.6) 0C = 4.6 0C 

Q = m x Cp x ∆Tc = 2.88 X 1.005 X 4.6 KJ/ Sec 

Q = 13.31 KJ/sec = 13.31 KW 

D. Calculation for Effectiveness of the Heat Exchanger 

The heat exchanger effectiveness (ἐ) is defined as the ratio 

of actual heat transfer to the maximum possible heat 

transfer. Thus 

 
The actual heat transfer rate Q can be determined by using 

the equation of the heat transfer. 

Q = m cp (tc2 – tc1)   ----- from article 4.3 above 

Qmax  = Maximum of  m cp (tc2 – tc1)   or m cp (th1 – th2) 

(tc2 – tc1) = 4.60C   and   (th1 – th2) = 9.70C -- from the table in 

article 4.2 above 

Here, (th1 – th2) >   (tc2 – tc1). 

Hence,    Qmax = m cp (th1 – th2) 

Effectiveness, 

 
= 4.6 / 9.7 

= 0.474 

= 47.4% 

E. Calculation of the LMTD of the Heat Exchanger 

T1 in = Average Temp of the Moist- Hot Air entering the 

Heat Exchanger     = 47.7 0C 

T1 out = Average Temp of the Moist- Hot Air leaving the Heat 

Exchanger     = 38 0C 

T2 out = Average Temp of the Dry Outgoing Air leaving the 

Heat Exchanger     = 14.2 0C 

T 2 in = Average Temp of the Cold Dry Air entering the Heat 

Exchanger     = 9.6 0C 

∆1 = T1 in - T2 out = 47.70C - 14.20C = 33.5 0C 

∆2 = T1 out - T 2 in = 38 0C - 9.6 0C = 28.4 0C 

LMTD = (∆1-∆2) / ln (∆1/∆2) 

LMTD= (33.5 - 28.4) / ln (33.5/28.4) 

= 5.1/0.165 

= 30.91 

IV. RESULT DISCUSSION 

After accomplishment of the proposed modification and 

introduction of the Heat exchanger, the air temperatures at 

the following points are to be noted:- 

1) Incoming moist air (Compressed Air) temp to the Drier 

plant Heat exchanger. 

2) Outgoing moist air (Compressed Air) temperature from 

the Drier plant Heat exchanger, i.e. the temp at the 

Entry of the Evaporator/ freezer unit. 

3) Outgoing cold & dry air (Air) temp from the Separator 

Tank i.e. the temp at the entry of the Heat exchanger 

unit (air to air HE). 

4) Temp of the Dry air coming out of the Air to air Heat 

Exchanger unit. 

5) The amount of air flow is measured in Kg/hr or Cu. m/ 

hr by the gauge fitted on line for this purpose. 

All the above said temperatures are noted 

separately after bypassing the air to air Heat Exchanger. 

The above outcome was analyzed after obtaining 

the actual experimental data and the Temp readings. 

V. CONCLUSION 

“Heat recycling in a Refrigeration System” is an efficient 

tool to conserve available energy. An attempt is made to 

recover the waste heat from air compressor plant used in 

industrial purpose. As indicated in this paper, recovered heat 

can be utilized in heating the cold dry air for pneumatic 

conveying, so one can save lot of energy. The study 

provides the following conclusions: 
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1) Suitable heat recovery system can be designed and 

developed for every such industrial refrigerator. 

2) The experimentation has shown that such a system is 

practically feasible. 

3) Technical analysis has shown that it is economically 

viable and energy efficient. 

4) The additional cost for the Heat Exchanger can be 

recovered by using the recycling system in the long run. 

5) Thus it leads to energy conservation. 

6) The system prevents condensation in air in the 

pneumatic pipe line. 

VI. FUTURE SCOPE 

It is expected that knowing the above parameters & 

readings, we can calculate the two sets of Results. For 

further improvement in the quality of the output air we may 

implement some more modifications as follows: 

For better exchange of heat from hot incoming air 

to the cold dry air we may replace the material of the inner 

tubes of the Heat exchanger with Copper tubes which is 

better conductor of heat. 

For enhancing heat exchange we may also increase 

the surface area of the heat exchanger. To achieve that we 

may increase the number of inner tubes for complete 

transfer of heat. 

In case the situation demands there is a possibility 

that the output air can be reheated by passing it through an 

air-heater. 
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