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Second law concepts
The second law of thermodynamicsis a
conceptwell understoodand acceptedby all
mechanical engineering practitioners. The
Kelvin-Planck statementof the secondlaw
tells us that no systemwhoseworkingfluid
undergoesa cycle can receiveheatfrom one
source and producework without rejecting
heat to a lower temperaturesink. The inter
pretationis that if a thermodynamicengineis
constructedto convert"heat energy"to shaft
mechanicalenergy,someof theinputenergy
must be "wasted" or rejectedto a relatively
low-temperaturesink. TheClausiusstatement
of the secondlaw paraphrasedstatesthat no
refrigeration machine whose working fluid
undergoesa cycle canreceiveheatfroma low-
temperaturesourceandreject heat to a higher
temperaturereceiver unless some external
energy from a level higher than thereceiver
temperatureis provided into the machine.

Another well-understood concept by all
mechanicalengineersand other studentsof
thermodynamics is the statement of the
Carnot principle, which sets,in terms of the
sourceandsink temperatures,the maximum
effectivenessof eitherthe heatengineor the
refrigerating machine. For the heat engine,
the efficiency i is definedas theshaftwork
output divided by the heat input from the
high-temperaturesource. The maximum or
Carnotefficiency, in turn, is:

77cTh Ts/Th

where Th is the absolutetemperatureof the
higher temperaturesourceand T5 is the abso
lute temperatureof the lower temperature
sink seeFig. 27-1.

The effectivenessof the refrigeratingma
chine is generallyexpressedas a coefficientof
performanceCOP, definedas the refrigera
tion effect heat absorbed from the low-
temperaturesourcedivided by the external
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Fig. 27-1. Heat engine.

energy input. If T and Ti are the absolute
temperaturesof the higher temperaturere
ceiverand lower temperaturesource,respec
tively Fig. 27-2, the Carnot, or maximum,
coefficient of performanceis:

COPE Ti/T, - Ti.
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Fig. 27-2. Refrigerating machine.
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For engineers,the major use of theseCar-
not values has been as guidelines in design
development.If we wantmoreshaftpowerper
unit of input energy into the heatengine, it
becomesimmediately evident that we can
achievethis by increasingthe sourcetempera
ture, reducingthe sink temperature,or both.
Similarly, with the refrigeratingmachine, to
reducethe shaftor externalenergyinput, we
can raise the sourcetemperature,lower the
sink temperature,or both.

Anotheruseis in evaluatingthesuccessof a
design by comparingits effectivenessto the
ultimate or Carnotvalue.Suchacomparative
analysisis developedin Chapter60.

Studentsof thermodynamicshave, how
ever, identified someadditional rather inter
estingaspectsof thesecondlawnotcommonly
recognizedby engineeringpractitioners.One
of theseis that a unit of thermal energyat a
high-temperaturelevel canreadilybe demon
strated to havemore potential for heatat a
lower level than the heat containedin the
high-temperaturesubstance.As an example,
considera flame, resulting from combustion
of a fuel, at an averagetemperatureof say
2000 F; it can be demonstratedthrough a
simple secondlaw analysisthat many times
more than the heating value of the fuel is
theoreticallyavailable!

Referring to Fig. 27-3 therearethreetem
perature levels, all expressedas absolute
temperatures.Th is the highesttemperature
source,T isasinklessthanT11,and Tiisalow
temperaturesourcelowerthan T5. BetweenT,
and 1’ is anideal or CarnotengineENG that
receivesheatQh from thehigh-temperature
source, rejects heat to the medium-tempera
ture sink, and produces shaft work W.
Between 7’, and Ti is a Carnot refrigerating
machine REF that receives heat in the
amount Qi from the low-temperaturesource,
motivatedby the shaftwork W producedby
the engine,and rejects heatto the medium-
temperaturesink.

If the thermodynamic"system" is defined
by the dashedboundaryin Fig. 27-3, it is seen
that thereare two inputs, Qh and Qi, and two
outputs.By combiningthe abovetwo equa
tions for CarnotefficiencyandCarnotcoeffi
cient of performance,we can readilydevelop

an expressionfor the coefficient of perfor
manceof therefrigeratingmachinein termsof
the threetemperaturelevels:

COPc=- .
This may be recognizedas the common

form of the ideal COPfor absorptionrefrig
erationmachinery.

A first law balanceon the "system"readily
revealsthat therejectedheatto I’S is identical
to the sum of Qh and Qi. Since COP is
describedas therefrigerationeffectdividedby
high-levelenergy input, then:

COP = Qi/Qh.

The heatto themedium-temperaturesink,

Q,, is then:

or
Qs = Qi, + Qh COP

QssQt[l +iJTIT5
-
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Fig. 27-3. Thermal cycle.
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Cite common example

Considera relativelycommonsituation: Th is
acombustionflameat anaveragetemperature
of 2000 F; Ti is the outdoorambienttempera
ture of say 20 F; T5 is an indoor space
temperatureof say 70 F; and Qh is thehigher
heating value of the fuel. Substituting the
absolutetemperaturevalues into the above
equationreveals:

Heatto space= HHV X 8.53.

Thus, if thefuel is naturalgaswith a higher
heating value of 1000 Btu per cu ft, the
theoreticalmaximumamountof heatthat the
fuel could provide to the spaceunder the
conditionscited would be not 1000 Btu, but

8530 Btu-all with no wizardry or sleight of
hand.This highervaluecould bereferredto as
the thermalavailability. Further,if this fuel is
burnedat whatwould normallybeconsidered
80 percentefficiency first law basis,the 800
Btu obtainedwould representonly 9.4percent
of the energy theoreticallyavailablethrough
secondlaw conversion!

Theseconceptsweregenerallydevelopedin
the nineteenthcenturybut havebeendusted
off andreexaminedin recentyears.Becauseof
technologicalproblemsrelating to materials,
economics, fluids, and the thermal loads
themselves,it is recognizedas totally imprac
tical to evenapproachthe secondlaw avail
ability value of the heat. But if the conceptis
kept off theshelf, it mayhelpin moreeffective
utilization of energy resources.


