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Abstract
Environmental concerns involving conservation aérgy issues gained increasing prominence during and

immediately after the OPEC oil embargo of 1973adidition, global population growth has led to acréasing
demand for energy. Although the use of energy baglted in great benefits, the environmental andarnhealth
impact of this energy use has become a concernofthe keys to reducing and/or eliminating thistgem will be

achieved through what has come to be referred toeamingful energy conservation.

One of the areas where the aforementioned meaniegéugy conservation measures can be realized is i
the design and specification of process (operatingjlitions for heat exchangers. This can be lestraplished by
the inclusion of second law principles in the asalyThe quantity of heat recovered in an exchaisgeot alone in

influencing size and cost.

The law of conservation of energy is defined by ynas the first law of thermodynamics. Its applioati
allows calculations of energy relationships asdediavith various processes. Both a qualitative guehtitative
review of entropy and the second law are presentdds paper. This is followed by a section titldthe Heat
Exchanger Dilemma” that examines the interrelatigm®f entropy with heat exchanger design and dgttion. The

paper concludes with four lllustrative Examples.

It is concluded that from a “conservation of enénggrspective, second law considerations mandste it
inclusion in heat exchanger applications with appaie economic considerations. Both the cost efetkchanger and
the economic factors associated with the “qualitithe recovered energy must be included in anyningéul

optimization study and/or analysis.

Introduction
This paper describes the results of a recent ieynmamic study conducted by chemical engineering

students at Manhattan College. During the studysthdents learned about the interrelationship datviwo



principal subject areas of chemical engineeringrrtftodynamics and heat transfer. The educationabmé of this
research project provided the students with a betiderstanding of how the two disciples simultarsbp affect
design applications. These concepts can be used tlvbestudent is given a task to design an appédadat

exchanger in the work field or an academic envirentn

The law of conservation of energy is defined by ynas the first law of thermodynamics. Its applioati
allows calculations of energy relationships asdediavith various processes. The second law of thdymamics is
referred to as the “limiting law.” Historically, ¢hstudy of the second law was developed by indalglauch as
Carnot, Clausius, and Kelvin in the middle of tlmeteenth century. This development was made porely
macroscopic scale and is referred to as the “dakapproach” to the second law. More recenth tw has been

integrated into heat transfer analysis and hedtanger design.

Qualitative Review of the Second Law

The first law of thermodynamics is a conservatea concerned with energy transformations. Regasdtd
the types of energy involved in process — thermachanical, electrical, elastic, magnetic, ethie-¢change in the
energy of a system is equal to the difference betvenergy input and energy output. The first laso @llows free
convertibility from one form of energy to anothas, long the overall quantity is conserved. Thus,ldw places no

restriction on the conversion of work into heatparits counterpart — the conversion of heat inbokw

The unrestricted conversion of work into heat &l\known to most technical individuals. Frictioredfects
are frequently associated with mechanical formaadk which result in a temperature rise of the lbedif contact.
However, the transformation of heat into work iggoater concern. In nations with a partially depeld or
developing technological society, the ability toguce energy in the form of work takes on primeangnce. Work
transformations are necessary to transport peoplegaods, drive machinery, pump liquids, compreseg, and
provide energy input to so many other processdsatieataken for granted in highly developed soegetMuch of the
work input in such societies is available in thenfaf electrical energy which can then be convettetational
mechanical work. Although some of this electrica¢igy is produced by hydroelectric power plantsfanthe
greatest part of it is obtained from the combustbfossil fuels or nuclear fuels. These fuels\wllhe engineer to

produce a relatively high-temperature gas or licgtidam that acts as a thermal (heat) source dégoribduction of



work. Hence, the study of conversion of heat tolkwsrextremely important — especially in light awloping
shortages and increasing cost of fossil and nufless, along with the accompanying environmentabfems,
particularly with global warming. The brief discims of energy conversion above leads to an impbaacond-law
consideration - energy has “quality” as well asrjitg. Because work is 100% convertible to heat rehs the
reverse situation is not true, work is a more vale@dorm of energy than heat. Although it is nobasious, it can
also be shown through second law arguments thalemahas “quality” in terms of its temperatureydich it may
be discharged from a system). The higher the temtyey, the greater the possible energy transfoomatio work.
Thus, thermal energy stored at high temperatunesrgdly is more useful to society than that avadadi lower
temperatures. This implies, as noted above, tlairthl energy loses some of its “quality” or is delgrd when it is
transferred by means of heat transfer from one ¢eatpre to a lower one. Other forms of energy d#sgian include
energy transformations due to frictional effectd atectrical resistance. Such effects are hightjesirable if the use

of energy for practical purposes is to be maximiZéd

The second law provides some means of measuiim@ilergy degradation through a thermodynamic term
referred to as entropy, and it is the second ldwh@modynamics) that serves to define this imgarproperty. It is
normally designated as S with units of energy jpsohite temperature, e.g., BTU/°R or cal/K. Fumhere, entropy

calculations can provide quantitative informatiantbe “quality” of energy and energy degradaffor.

There are a number of other phenomena which cdrmekplained by the law of conservation of eneligy.
is the second law of thermodynamics that provigesralerstanding and analysis of these diversetsffelowever,
among these considerations, it is the second latwcn produce the means of measuring the aforemnendt

“quality” of energy, including its effect on thesign and performance of heat exchangers.

Exergy is another term that is closely relateddth entropy and the second law. Exergy is defasethe
maximum amount of work that may be produced bystesy as it comes into equilibrium with a reference
environment. It may also be viewed as “qualityéegy and available energy. It is destroyed duang real process
as a result of the second law. Exergy destrudtiairectly proportional to entropy generation. &dtproperly
applied, exergy analysis provides useful insigbtsdw efficient a process may potentially becomeeurdeal

conditions'?.



Quantitative Review of the Second Law
Key equations pertinent to entropy calculationd heat exchanger design receive treatment in #a§@®.

Each is treated separately below.

If AS,,. andAS,  represented the entropy change of a system aralsuaiings, respectively, it can be

syst surr

shown that for a particular process (and as a cpresee of the second law), the total entropy chai§e, is given

by:

ASy =AS,, +AS,, 20 1)

surr —

In effect the second law requires that for a reatesses, the total entropy change is positiveptigexception is if

the process is reversible (the driving force foathteansfer is at all times zero) and then:

(S )., =0 )
INSULATION INSULATION
Air Mixture
75 °F 783 °F
1atm 1.04 atm
STEAM
1500 °F
50 atm
(A) (B)

Figure 1: Entropy Analysis

To reexamine the aforementioned concept of “quatitergy, consider the insulated space picturdelgare 1 (A)-
(B) above. Space (A) contains air and steam tleas@parated; space (B) contains the resulting neixttnen both

components are mixed. Both spaces are insulate@)(i@<his closed system with no work term (W=@) tlsat one
can conclude from the first law (Q+WU ) that:
AU =0

U, =U;;U =internalenergy 3)



Although the energy levels are the same, one b&system (A) has the capability of doing usefatk (because of
the high-temperature high-pressure steam) whileesy¢B) does not. If an entropy analysis is perieinisee
lllustrative Example) on both systems (A) and (@)e would deduce that (as noted earlier):

S, <SS, 4)
In effect, the entropy level has increased forstysem that has lost its ability to do useful wdde to the irreversible
nature of the mixing process. It is in this mantheat the concept of entropy can be used to determigystem’s
ability to either do useful work or lose its ahjlib do useful work. Thus, the second law leadfi¢oconclusion that
the greater the irreversibility of a process, theater the (rate of) entropy increase and the greélae amount of

energy that becomes unavailable for doing usefukwo

Consider now the entropy change for gaBles.entropy change of an ideal gas undergoingagghof state
from pressure Ro P, at a constant temperature T is given by:
P
AS; =RIn| =+ (5)
P2
where R is the ideal gas law constant in consisteits. The entropy change of a liquid or an idge undergoing a
change of state from,To T, at a constant pressure is given by:
T.
AS, =C,In| =% (6)
Tl
where G is the heat capacity at constant pressure in stamgiunits. The entropy change for an ideal gaengoing
a change from ®Ty) to (P, T,) with constant gcan be obtained by the Compatibility Equation:
TdS =dh - vdP ©)
Integration leads to the following equation forteoge in entropy.S- S:
P, T
AS=RIn| =+ |[+C,In| = (8)
PZ Tl
If Q represents the rate of heat transfer betwewmst and cold fluid flowing in a heat exchangemplagation of the

conservation law for energy gives

QH =My Cp (THI _THO) 9)



And

Q¢ =Mc Cp (Teo = Tar) (10)

Where the subscripts H and C refer to the hot atdiftuids, respectively, | and O refer to the flunlet and outlet

temperature, respectivelyn represents the mass flow rate arrdsdonce again the heat capacity at constant piessu

(assumed constant). In addition, if there is nd hest from the exchanger to the surroundings,

Qn =Qc (11)

The following important equation relat€g to the average temperature difference betweehdhand cold

fluids,

Q =UAAT,,, (12)
This is often referred to as the heat exchangagdesjuation. The terms U, A, andylrepresent the overall heat
transfer coefficient ( a function of the resistatmdeat transfer), the area for heat transfer th@dog mean

temperature difference driving force (TDDF), redpety. For some exchangers, the latter termvegiby

AT, - AT,

AT,, =TDDF = —2 — 1.
t In(AT, /AT,)

(13)

Where AT, and AT, represents the temperature difference betweehahand cold fluid at each end of the

exchanger, respectively. XT, = AT, = AT , thenAT,,, = AT . For purposes of the analysis to follow, Equation

11 is rearranged in the form

Q =A (14)
UAT,,

Heat Exchanger - Entropy Applications “®

One of the areas where the aforementioned meaniegérgy conservation measures can be realized is
the design and specification of process (operatingfitions for heat exchangers. This can bedssimplished by

the inclusion of second law principles in the asaly The quantity of heat recovered in an exchaisgeot alone in



influencing size and cost. As the temperaturesdiifice driving force (TDDF) in the exchanger apphes zero, the

“guality” heat recovered increases.

Most heat exchangers are designed with the regeines/specification that the temperature difference
between the hot and cold fluid be at all times tpgesiand be at least 20 °F. This temperature diffee or driving
force is referred to by some as the approach teatyrer However, and as it will be demonstrateahinllustrated
Example to follow, the corresponding entropy chaisgelated to the driving force, with large termgiere difference

driving forces resulting in large irreversibilitaad the associated large entropy changes.

The individual designing a heat exchanger is faritll two choices. He/she may decide to desigh wit
large TDDF which results in both a more compacta(en area) design (see Equation (13)) and a leng@py
increase that is accompanied by the loss of “qiaihergy. Alternately, a design with a small dniy force results in

a larger heat exchanger and a smaller entropy eflanger recovery of “quality” energy.

Regarding the cooling medium for a given heatdf@nduty, the design engineer has the option of
circulating a large quantity with a small temperatochange or a small quantity with a large tempeeathange. The
temperature change (or range) of the coolant afféset TDDF. If a large coolant quantity is usée, TDDF is larger
and less heat transfer area A is required as & dghe large TDDF. Although this will reduceetloriginal
investment and fixed charges (capital and operatiosgs), the amount of “quality” energy recoverell also be
smaller, owing to the greater quantity of coolamptoyed. It is therefore apparent that an optinmuost exist
between the two choices: too much coolant, smallgiace, and the recovery of less “quality” enevgyoo little
coolant, larger surface, and the recovery of maodity energy. In the limit, as the TDB¥) the area requirement
A—, the entropy changeS—0 and the aforementioned recovered “quality” enéngyeases. Clearly, cost must be
minimized, but just as clearly, the “quality” engmgcovered must be included in the analysis. @ihésnma is

addressed in the illustrative example to follow.



[llustrative Examples

Illustrative Example 1.

Stacey Shaefer, a recent graduate from Manhatthegéts prestigious chemical engineering progrars giaen the
assignment to design the most cost-effective hadtanger to recover energy from a hot flue gaat’. The
design was to be based on pre-heating 100 °F imgpair (to be employed in the boiler) to a tempaeathat would
result in the maximum annual profit to the utilifyline diagram of the proposed countercurrent argjer is

provided in Figure 2.

Tw=500 °F

Hot Stream
T=120 °F

To=100 °F
Cold Stream

Figure 2: Proposed Countercurrent Heat Exchanger

Having completed a heat transfer and thermodynamicse, Stacey realized that there are two chats t
need to be considered:
1. The heat exchanger employed for energy recoved;, an

2. The “quality’ (from entropy perspective) of the oered energy.

She notes that the higher the outlet temperatutieectfieated air, t, the smaller will be the tempeeadifference
driving force, and the higher the area requirenoétite exchanger (and the higher the equipmenj.céstaddition,
with a higher t, the “quality” of the recovered emeis higher, thus leading to an increase in “uezed” profits (by

reducing fuel costs).



Based on a similar system design, JinFang Ni, Aikalova and Mary Minnucci of JAM associates havevided
the following annual economic models
Recovered energy profit: A} A=$/yre°F

Exchanger cost: B/(Ft); B=$/yre°F

For the above system, JAM suggests values forab#icients in the model to be set at:
A=10

B=100,000

Employing the above information, Stacey has bekadit calculate a “t” that will
1. provide breakeven (BE) operation, and

2. maximize profits (MP).

She is also required to perform the calculatios=10, B=400 and A=10, B=400,000.

Finally, an analysis of the results is requested.

Solution:

Since there are two contributing factors to the coasdel, one may write the following equation foe tprofit, P:
P=A{t-% —B/(Ty—1t); Ty =500 andt= 100

For breakeven operation, set P = 0, so that
t-t) (Th—t) =B/IA

This may be rewritten as
- (Ty+t)t+ (BIA+ Tit) =0

The solution to this quadratic equation for A =gk@ B = 100,000 is

600+ /6007 - (4)(1)(10,000+ 50,000
2

_ 600342
2

=473 °F, 127 °F for BE operation



To maximize the profit, obtain the first derivatiobP with respect to “t” and set it equal to zere,,

E = A—L = O
dt (T, —1)?
Solving,
B
(T, -t)* = A =10,000
(T,, —t) =100
t =500-100

= 400°F for MP
However, it is the second derivative that proviodgrmation on whether the above value for “t” repents a
maximum or minimum. If the second derivative islerated at the above “t” and a positive value tssitlrepresents

a minimum; alternatively, a negative value indisadtds a maximum. For the second derivative,

d’P _ 2B
dt? (T, -t)°
For t =400
d?P _
>~ = —humber
dt

Therefore, operating at t = 400 °F does indeedesagnt the “maximum” profit.

Similarly, one can show that for A = 10, B = 400
t =499, 101 for BE
And

t =480 for MP

For A =10, B = 400,000
t = 300 for BE
And

t = 300 for MP
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In terms of analyses, the graphical results ofath@ve three calculations are provide in Figurel8vbe

B=400

B=400,000

100 500

FiguBeProfit-Discharge Temperature Plot

lllustrative Example 2.

A plant has three streams to be heated (see Tabledlthree streams to be cooled (see Table 2)lifgovater (90°F
supply, 155°F return) and steam (saturated at 8&) pre available. Note that saturated stearb@pgia has a
temperature of 401°F. Calculate the heating amtiripduties, and indicate what utility (or utié8) should be
employed. Devise a network of heat exchangerswfhtiatake full use of heating and cooling streamgginst each

other, using utilities only if necessary.

Solution: The sensible heating duties for all streams asé dalculated. The results are shown in Table 3.

Table 1 Streams to be Heated in lllustrative Example 2
Stream Flow rate (Ib/h) G [Btu/(Ib-°F)] Tin °F) Tout (°F)
1 50,000 0.65 70 300
2 60,000 0.58 120 310
3 80,000 0.78 90 250

1



Table 2 Streams to be Cooled in lllustrative Example 2

Stream Flow rate (Ib/h) ¢ [Btu/(Ib-°F)] Tin °F) Tout (°F)
4 60,000 0.70 420 120
5 40,000 0.52 300 100
6 35,000 0.60 240 90
Table 3 Duty Requirements in lllustrative Example 2
Stream Duty, Btu/h
1 7,,745,000
2 6,612,000
3 9,984,000
4 12,600,000
5 4,160,000
6 3,150,000

The total heating and cooling duties can now bepamed.

Heating: 7,745,000 + 6,612,000 + 9,984,000 =24,300 Btu/h

Cooling: 12,600,000 + 4,160,000 + 3,150,000 910,000 Btu/h

Heating — Cooling = 24,341,000 — 19,910,000 =@,300 Btu/h
As a minimum, 4,431,000 Btu/h will have to be suigglby steam or another hot medium.

The reader should note that this is an open-endgzgm. The below figure represents a system af he
exchangers that will transfer heat from the haastrs to the cold ones in the amounts desired. ittportant to note
that this is one of many possible schemes. Thienopt system would require a trial-and-error procedbat would
examine a host of different schemes. Obviouslygettanomics including the equipment and quality gneffects

discussed in the previous example would come it&p. p
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Figure 4: Flow Diagram ftustrative Example 2

Conclusion

As noted in the two lllustrative Examples, frorfcanservation of energy” perspective, second law
considerations mandate its inclusion in heat exgbaapplications with appropriate economic consitiens. Both
the cost of the exchanger and the economic faessciated with the “quality” of the recovered giyenust be
included for any meaningful optimization study ardinalysis. In addition, the students participgin the study
were provided with a real-world environmental pizadtapplication of engineering. The students haldi their
purpose of understanding the interrelationshipooé chemical engineering disciplines, which wasesrely valuable

to their learning experience.
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