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Generally, the utilisation of waste heat technologies is
pasically kn wown for man v engineering applications. The
absorption chilling cycle is one that operates on several heat
scurces and is thus ideal for heat recovery applications and is

not only increased itg efficiency but its ablity to recover
exhaust heat directly with the aid of a waste steamn boiler {3].

The feasibility of vehicle air conditioning by exhaust gas
ope i@@ open cvele absorption cooling system at full loag has
been studied and shown that the cooling potential in the
e ﬁ st Wn W mmax greater than the required for cooling of the
Licles interior space [4]. It was demonstrated that an open-
&EM@ mwm TM cooling unit can be integrated with the engine

and the operati ;v 8@” was almost negligible. The feasibility of
an exhaust gas actuated closed cycle absorption refrigeration
systemm for a low temperature application by using the
ammoma-water combination has also been demonstrated and it
can be conchuded that for low temperature application the
system can be suitably installed and successfully operated [5].

recent years, there ?m been increased interest in
systoms for combined heat and powes, [0],

TMOWD 25 COgSaers Mcﬁ vhich may be defined as a
em that producss olectrical and heat energy
wsly from a single source of fuel, [7]. The idea to be

were 18 based @mmmm&mmw on the fact that, the
es from Diesel engines represent an appreciable

o the environment. Therefore, it is possible that
Wm waste energy could be v ¥ for charge air cooling

as well as improving ihe thermal efficiency of the Diesel

Combined cooling and power (CCP), which is defined as
a theymal system that m&amomm external %@% and heat based
n@mmmm mmn ot simuoltancousiy from a single source of fuel. It is

T

appiication of waste heat energy recovery that utilizes hot
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wasie gases 10 imiprove plant efficiency and power output,
n

usually without increasing fuel consumption or exhangst
cmisstons. Recent M@nrﬁ@wommomm advances have made CCF
systenas more efficient and less expensive,

This paper explores the theoretical performance of four
different configurations of a turbocharged Diesel engine and
absorption refrigeration unit mowﬁwwfmmoﬁ when operating in a
high ambicnt day temperature of 35-40 °C. The resuifs w
compared and the most suitable configuration cycle wasg
chosen. Consideration has been given to the coefficient of
performance of the unit and heat exchangers efficiency, the

exhaust temperature, mass flow, the amount of cooling capacity
mﬁm ble in the exhaust gases, and the cooling capacity of the
absorplion unit for the different configuration studied,

ﬁ

SYSTEM DESCRIPTION
The Caterpillar Diesel engine used in this work oaﬁmzcm four
major components, namely, a acﬁmﬁmm@w an inter-cooler, a
Diesel unit, and a turbine. A decreass in the intake Smmwfmm.gx,
gecrezees the mass flow thro umm the compressor. In additio
the pressure 1atio is decreased, and, as a result, less energy wmep
be added by combustion to this w 258 dense charge to produce a
given t .@m > inlet temperaturs, wwﬁ.@“awﬁ 0 overcome the
above, a moog i 5:@@ to the system wlen the

e g
ambient temperature is 35°C or é%?

ipe

A schematic view of the Diesel- mwwﬂcwmm on gystem is shown in
Figs (1), (2). (3), and (4). The engine is provided with chilled

‘water irom the absorption unit in the confi gurations shov.

The configurations examined were:
[-Pre-inter cooler engine, Fig {(H

2-Inter cooled combination engine, Fig (),
3-A pre cooled engine _smau Fig (3},
4-Non-cooled engine, Fig (4),
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The thermal energy i mw@ exhaust gases was transferred

through = heat exchanger to the water circulated via the
evaporator of the m@woﬂmm n upiit. The charge a W ternperature al

= .

@Nﬁ of both the inter cooler and pra cooler was 10 °C being
cooled using chilled water that was circnlated in the absorption
unit. The gy rstem stiralation procedure consisied of interfacing
ihe SPICE program, [7] with the ¢ 8 :
cooler, ex haust gas heat exchanger and coolant [o0n, absorption
unit and chilled water-cocling circuit. An option within the
SPICE programme allowed sn inter co0

engine simulation. A schematic diagram ow the computational

model is shown in Fig. Gv It can he seen that the SPICE forms
the major component of the qoﬁmw&:e pal model apd 1t 18
£ag £

comnected to subs 9%59 %& determing the periormance of I8
gbsorption unit and the additional heat exchan m;
in SPICE. SPICE uses an iterative techmaque to
aperating point of the Diesel engine from a set @m input file
gata. The presence of ihe wm?mmow@ m\wmmm the 1inlet
conditions of the turbocharger compressor and exhaust gas heat
exchangers effect the turbine pressure 1a 8 and hence the
matching point of the compressor and t ?Z@. I is necessary to
introduce a second iterative loo op OF ttside the SPICE programme
._www defines ithe omu@wmmmm onditions of the heat ex wwmmm@mw and
sorption unit and recreates the SPICE data input file for a

m@m@@ammﬁ exccution of SPIC

THERMAL ANALYSIS

The purpose of the thermal analysis s to analyse the
energy flow in the combined cycle to determine from the
Diesel engine simulation the energy available in the exhaust
gases for driving the absorption cycle, the cooling capacity
overall from the exhaust gases. The Diesel cycle simulation
provides an analysis for different configuration of Diesel
engine ie., non cooled, pre cooler, inter cooler, pre-intet
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cooler, thus the result from this part of fhe sirnulation are vsed
as an input o the mrmo%mom cyele, Tt is thus o mam&@ tG

£

determine the aoqmmﬁ,mz@m of the combined cycle that would
be most appropriate for a particular combination of cooling
requirement and shafl work,

To determine the performance of the waste heat powerad
refrigeration system, the mass flow rate and the exhoust
temperature of the engine must be known. The exhaust
temperature of the engine at different ambient temperature is
calculated using the procedures described in the previous
chapter. The following section gives details of the analysis
perforn to assess the performed of the combined cycle:

Cooling Capacity Avaifable in the Exboysé Goses:

It is mporiant to first estimate the maximnum og;ma
capacily available in the exhaust gases. For a given speed
computer program caleulates the m\yrmmﬁ mass flow mmm
teraperature. The basic eguation to calculate the available
chilled water from Ev hot gas § streain 18 calculated by, [97:

O, =mxc, (T oo ~ T \wy@.@q e (D)

“8X P : 131,83
Where
is the mags flow rate kg/sec.
is the average specific heat,
Thex  i8ths mmmw * gas teraperature fo the heat exchanger.
out, ex 18 the outlet gas temperature from

R
bl ;
ot

the heat mx&&mmmw.
0.97 15 the {ransmission losses (duct work).

Cooling Capacity for Charge Air Cooling:

The amount of ooommm capacity required for charge air
cooling (pre and/or inter cooler) is very much dependent on the
temperature reduction of the char ge air due to cooling process
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o

and the effectivencss of the heat exchanger incorporated in the

systerm. Th m.,cmm the energy transfer from the charge  air is:

Qilp=mexc¢, {To-T1)

%

eoling Capacity of Abserption Unii:

Applying the sbove formulae for caleulating the cooling
capacity available in the exhaust gases for different cycle
configurations. Tables 1 & 2 shows (ke cooling capacity for the
foregoing cycles. It can be seen that, there is a sufficient
amount of energy in the exhaust gas for the cooling purposes.
This energy can be introduced to an absorption unit and by
considering the efficiency of heat exchangers and ihe
coefficient yperformance of the absorption refrigeration
machine, the amount of cooling capacity available in the
exhaust gases can be used for charge air (pre and inter cooler)
or air conditioning or both.

=
Q
o
b
[¢}

When the waste heat i3 onverted and used 1o
produce chilled water, the amount of energy v the form of hes
delivered 3 % “_L@ﬁ,«m 1 nnit 18

wt
-

Goool is the cooing produced, kW
coP is the performance of coefficient of the
absorption unit.
Cooling Capacity for air-conditioning
The surplus cooling capacity produced by the absorptior
unit that is not used in the charge cooling will be available fos

environmental air conditioning. The cycles examined in thi
section are as follows:
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Non-cooled engine;

For non-cooled turbocharger Diesel engine, the amount
of cooling capacity for air conditioning is equal to the
amount of cooling capacity available from the combined cycle.
Therefore;

Qair-cond = Qeger vovveennannns (53

Fater-copled engine;

For turbocharger engine with inter cooling, the amount
of cooling capacity for air conditioning is cqual to the
difference between the amount of cooling capacity available
from the combined cycle, and the amount of cooling is used for
inter cooling. Cooling capacity for inter cooler is depend on the
temperature difference and the roass flow rate:

Qair-cond = Qo1 - Qinter cooler ... ... {6}

Pre-cooled engine;

For turbocharger engine with pre-cooling, the amount of
cooling capacity for air conditioning is equal to the difference
between the amount of cooling capacity available from the
combined cycle, and the amount of cooling is used for pre
cooling;

Qair-cond ={ cool - Qpre cocler ....... e (7

Pre-futer cooled engine;

For turbocharger engine with pre and inter cooling, the
amount of cooling capacity for sir conditioning is equal to the
difference between the amount of cooling capacity available
from the combined cycle, and the amount of cooling is used for
pre and inter cooling. The amount of cooling capacity required
for pre and inter cooling is directly related to temperature of the
charge air due to the cooling process and the efficiency of the
heat exchangers that have been used:

Q air-cond =Q copl - Q pre cooler - § inter cooler ... (8)




Since there are two usable energy oufputs from a CCH
system, defining overall mw\mﬁwg efficiency is more comples
than ﬁww stimple systems. The system can be viewed as twe

18, mfw power m%mmw«mu which is 2n @mmﬁm and the hea

GVery &\ tem, which ig an absorption refrigeration cycle
;&m g w.xu zncy of the oversll system resulis from an inferactior
setween the individual efficiencics of the cocling and powe

The overall efficiency of the cycle is defined as the
cooling capacity of the absorption cycle (EW y  divided by
the mw@w? input 16 the engine from the fucl plus the thermal
efficiency of the engine:

noverall = { Qab /Qin yrnth ............. (B

Qab is the cooling capacity of the absorption cycle
Tt s the thermeal efficiency of the engine.
(O is the energy input to the cycle

DESCUSSION AND RESULTS

Heat for mwmow@ﬁ@w cooling is recovered from a Diesel
engine and used i proce a@ommm or to reduce the temperature
of the mmbw nt in order to increase the efficiency of the engine.
Cooling of the inlet mm‘ of a Diesel engine in high ambient
operation makes the air more dense, giving the machine =
higher mass flow, This results 1w an increase in the engine
output and ifs owmﬁ@mmﬁ The SPICE programme is used on
four different configuration cycles. The nfluences of cycle
configurations on the engine performance are clearly noticed; i
was showed that decreasing the inlet temperature entering to

the gysiem would increase the mass flow,

The resulis of the cycle sumulation are shown in Tables (1) and
(2). Table (1) relates to the output from the SPICE programme

[ ——
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" and the operational parameters of the absorption unit are shown
in Table {2}. The performance of the Diesel engine as predicted
by the simulation is broadly as expected. The air consumption
increases with charge air cooling ss does the power and
efficiency. The exhaust gas temperature and BSFC both
decreascs with increased charge air-cooling. The resulis
relating to the absorption unit are more interesting. If the need
for air conditioning is greater than that for shaft power then a
minimum of charge air-cooling is required consistent with
maintaining the thennal loading of the engine within accepted
bounds. The high exhaust temperatures resuiting from the high
charge inlet femperatures of the cycles with no or a small
amount of charge air cooling produces a high cooling capacity
in the absorption unit that off seils to some extent the lower
brake thermal efficiency of the Diesel engine. An inherent
disadvantage of a single effect absorption cycle, however, is its
low coetficient of performance as seen. This will effect the
capacity of the absorption unit. As the charge air-cooling is
increased, the Diesel cycle efficiency increases at the expense
of lowering the exhaust temperature at inlet to the absorption
unit. This reduces the cooling capacityavailable at the exhauat
heat exchanger. Furthermore, it reduces the capacity of the
absorption unit, which can result in the overall efficiency of the
combined cycle as shown in Table (2) being reduced.

CONCLUSTON

With the aim of reducing energy consumption a
~combined cooling and power system was the maik idea of this
paper. It will not only produce power but also provide a certain
amount of cooling. An absorption refrigeration unit interfaced
'with a Caterpillar Diesel engine has been used for cooling the
charge air prior to ingestion to the engine cylinder or for other
cooling purposes such as air conditioning and it was
demonstrated that a Diesel-absorption unit combination is a
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practical possibility.

The investigation is conducted with regard to i
feasibility to enhance the efficiency and capacity for coolin
applications. Operating parameters and the heat duties are als
studied. The study of these resulis shows that it is quit obviou
that much has been achicved in the combined cycles. It ha

been shown that a Diesel absorption combined cycle with pre
inter cooling will have a higher power cuiput and a therms
etficiency than the other configurations. On the other hand th

overall efficiency of a pre-inter cooled cycle is lower

than that of the inter cooler. Clearly there is a
requirement for further analysis cousidering other aspects such
as economic analysis that have not been considered in this
DADEF.

Table (1) Performance of the different confisurations

Eugine speed {RPM] 2000 2000 2000 2006

Inlet mznifeld temp. 434 414 1734 195

) 34 ; 3

Power [KW) 154.8 159.6 165 167.4

Exhaust temy. [K] 1060 951 850 860

BSFC fgmIuW hy] 214 2074 2007 1982

Al emteving systest g o019c 000807 0.09834 0.1023

fke/s]

Alr Jeaving 0.0958 5101 0.103 0.107

system[hkg/s]

Brake thermal 3851 39.25 40.56 410

efficiency

foe]

mmsﬁ to exhaust 38.35 38.48 36.49 34.05
a1

Energy to coslant - 1815 17.37 14.96 14.71




i

EFFECTIVE UFILIZATION OF DIESEL ENGINT EXHAUST ...

Table (2) Performance of the combined coele

With

Engine configuration No charge  With pre irter With pre
R0 Y

air cooling  cooler only cooler and inter

cooler
Engine speed [RPM] 2000 2000 26000 2000
Thermal power in exhaust gases [KW)] 52.97 5094 4615 44.93
Cooling capacity of absorption unit [kW] 3549 341307 309 30.102
Cooling capacity of charge air cealing 0.0 0.57 356 4,157
kWi
Cooling capacity of air conditioning [kW] 35.49 3316 2734 2595
Overall cycle efficiency [%] 5821 5833 6061 57381
NOTATION
Cy Specific heat at constant prossure
C Compressor

CCP Combined cooling and power

CHP  Combined heat and power

COP  Coefficient of performance

SFC  Specific fuel consumption

SPICE  Simulation Programme for Intemal Combustion Engines
"EHX  Exhaust heat exchanger

HE Heat exchanger

M Mass flow raie [kg/s]

Q Heat quantity [kW]

T Turbine, Temperature [K]

WHE  Heat Exchanger effcctiveness

TR
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