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Ecological performance optimization of a generalized irreversible thermoacoustic heat engine with heat resistance, heat leakage, thermal
relaxation and internal dissipation, in which heat transfer between the working fluid and heat reservoirs obeys a complex generalized heat
transfer law@ o« A(T)™ -wheren is a complex-, is investigated in this paper. Both the real part and the imaginary part of the complex
heat transfer exponent change the optimal ecological function versus efficiency relationship, quantitatively. The analytical formulas about
the ecological function and thermal efficiency of the thermoacoustic heat engine are derived. Furthermore, the comparative analysis of the
influences of various factors on optimal performance of the generalized irreversible thermoacoustic heat engine is carried out by detailed
numerical examples. The optimal zone on the performance of the thermoacoustic heat engine is obtained by numerical analysis. The results
obtained herein can provide some theoretical guidelines for the design of real thermoacoustic engines.

Keywords:Thermoacoustic heat engine; complex heat transfer exponent; ecological optimization; finite-time thermodynamics.

En este aitulo se investigan la optimizam del desemge ecobgico de un motor termoéstico irreversible generalizado con resistencia
térmica, fugas de calor, relajaci ttrmica y disipadn interna, en el que la transferencia de calor entre el fluido de trabajo y el reservorio
(recipiente) de calor obedece a una ley de tranferencia de calor compleja generalizada [], donde n es complejo. La parte imaginaria y la
parte real del exponenente complejo de la transferencia de calor cambian cuantitativamente anatabgicadoptima vs la relaéin de

eficiencia. Se obtienen laérinulas anaticas de la fundn ecobgica y la eficiencia@rmica del motor termodstico. Asimismo, se hace

un aralisis comparativo de la influencia de varios factores cuando el deferdpémotor termodsstico irreversible generalizado @gtimo

con ejemplos nugricos detallados. Se obtine la zaatima del desemi® del motor termodscstico por aalisis nunérico. Los resultados
obtenidos proveen gas téricas para el dis® de motores termoésticos.

Descriptores:Motor termico termoacustico; exponente complejo de transferencia de calor; optioniegobgica; termodiamica de tiempo
finito.

PACS: 05.70.Ln; 07.20.Pe; 05.07.-a

1. Introduction variable-cost minimization. Alternatively, Angulo-Brovet

al. [31] proposed the ecological criteridil = P/ — T, for
Thermoacoustic engines (including prime mover and refrigfinite-time Carnot heat engines, whefg is the temperature
erator) [1-4] are inherently simple, reliable and reasonablyof the cold heat reservoif; is the power output and is the
efficient, because of not having any moving parts or fewentropy generation rate. Yan [32] showed that it might be
moving parts and because they work with environmentallymore reasonable to usef = P’ — T, ¢’ if the cold-reservoir
friendly fluids and materials. These advantages can meegmperaturel;, is not equal to the environment temperature
well those requirements of the international ban on the pro7;, from the point of view of exergy analysis. The opti-
duction of CFC’s, and of the discovery of high supercon-  mization of the ecological function represents a compromise
ductors, and the development of high speed and high densityetween the power outp#’ and the loss poweF,s’, which
electronic circuits for active cryogenic cooling systems withis produced by entropy generation in the system and its sur-
sufficient availability, reliability, efficiency and feasibility for roundings. Furthermore, based on the point of view of exergy
the environment. With this great potential, more and moreanalysis, Cheet al. [33-36] provided a unified exergy-based
engineers in the power and cryogenic engineering have beeastological optimization objective for all of thermodynamic
investigating the thermoacoustic engine. cycles, thatif? = A/7—TyAS/T = A/T7—Tyo, whereA is

Recently, Wu et al. [5-7] have studied the performance the exergy output of the cyclé&j is the environment temper-

of generalized irreversible thermoacoustic engine (or coolerqiture of the cycleAS is the entropy generation of the cycle,
cycle using the finite-time thermodynamics (FTT) [8-30]. 7 is the cycle period, and is the entropy generation rate of
Most of the previous works in the FTT have concentratedhe cycle. It represents the best compromise between the ex-
on power optimization, or the minimization of fixed cost ergy output rate and the exergy loss rate (entropy generation
for a heat engine. Another criterion for heat engines is theate) of the thermodynamic cycle. The ecological optimiza-
thermal-efficiency optimization that can be considered as th&ion has been carried out for endoreversible and irreversible
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FIGURE 1. Energy flows in a thermoacoustic heat engine.

Carnot, Braysson, Brayton, Stirling and Ericsson heat en-
gines, refrigerators, and heat pumps [37-54].

In the analysis of many papers assessing the influence
of the heat transfer law on the ecological performance op-
timization of irreversible Carnot heat engines [45,46], the
heat transfer exponent is assumed to be a real. But for ther-
moacoustic heat engines, the stack and two adjacent heat ex-
changers are the principle parts. While the acoustic wave
carrying the working gas back and forth within these compo-
nents, a longitudinal pressure oscillating in the sound channel
induces a temperature oscillation in time with the angular fre-
guencyw. In these circumstances, the gas temperature can be
taken as complex. It results in a time-averaged heat exchange
with complex exponent between the gas and the environment
by hot and cold-side heat exchangers.

In this paper, the optimal ecological performance of a
generalized irreversible thermoacoustic heat engine, with the
losses of: heat resistance, heat leakage and internal irre-
versibility, in which the heat transfer between the working
fluid and the heat reservoirs obeys a generalized heat trans-
fer law @ oc A (T™*"2%), where n is a complex, is derived
by taking an ecological optimization criterion as the objec-
tive. Numerical examples are provided to show the effects
of complex heat transfer exponent, heat leakage and internal
irreversibility on the optimal performance of the generalized
irreversible thermoacoustic heat engine.

2. The model of thermoacoustic heat engine

3)

The energy flow in a thermoacoustic heat engine is schemat-
ically illustrated in Fig. 1, wheré¥’;,, andW,,, are the flow

of power inside the acoustic channel. To simulate the perfor-
mance of a real thermoacoustic engine more realistically, the
following assumptions are made for this model.

(1) External irreversibility is caused by heat-transfers in
the hot and cold-side of heat exchangers between the
engine and its surrounding heat reservoirs. Because of
the heat-transfers, the time average temperatlig (

andT'o) of the working fluid are different from the  (4)

heat- reservoir temperaturegg and7;). The second
law of thermodynamics requirésy >Tgo>Tro>TL.

387

As a result of thermoacoustic oscillation, the tempera-
tures 'y andT¢) of the working fluid can be ex-
pressed as complexes:

Tuc = Tho + Tie™" 1)
Tre = Tro + Toe™" 2

whereT andT; are the first-order acoustic quantities,
and: = /—1. Here the reservoir temperaturesy(
andT7,) are assumed as real constants.

Consider that the heat transfer between the en-
gine and its surroundings follows a generalized law
Q x A(T™), then

Qe = ki FiI(Tf — The)sgn(ny) 3)
Qe = k2 Fa(Tfc — T7)sgr(na) (4)
with sign function

ny >0
ny <0

sgr(n1) :{ - ()
wheren = ny + nqi is a complex heat transfer expo-
nent,k; is the generalized overall heat transfer coeffi-
cient andF; is the total heat transfer surface area of the
hot-side heat exchanget; is the generalized overall
heat transfer coefficient anfl, is the total heat trans-
fer surface area of the cold-side heat exchanger. Here
the imaginary parh, of n indicates the relaxation of

a heat transfer process. DefiniGg;c = <QHC>t and

QLo = (Q)0): as the time average 6f}; andQ’, .,
respectively, Egs. (3) and (4) can be rewritten as

Quc = (T = Thosarm) (@
Que = 2@, - 1p)sern) @)

wheref = Fy/F| andFr = F; + F5. Here, the total
heat transfer surface aréa of the two heat exchang-
ers is assumed to be a constant.

There is a constant rate of heat leakagef(om the
heat source at the temperatdrg to heat sink afl’,
such that

Qu = Quc +4q 8
Qr=Qrc +q )

whereQy and Q. are the rates of total heat-transfer
absorbed from the heat source and released to the heat
sink.

Other than irreversibilies due to heat resistance be-
tween the working substance and the heat reservoirs,
as well as the heat leakage between the heat reservoirs,
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there are more irreversibilities such as friction, turbu-wherex = Tro/Tho (T /Ty < x < 1) is the temperature
lence, and non-equilibrium activities inside the engine.ratio of the working fluid.

Thus the power output produced by the irreversible Combining Egs. (6)-(12) yields

thermoacoustic heat engine is less than that of the en-

doreversible thermoacoustic engine with the same heat
9 fey foaTl + ko T

input. In other words, the rate of heat floW){¢) TR = (13)
from the cold working fluid to the heat sink for the koa™ + krzfé
irreversible thermoacoustic heat engine is larger than . kyfFr(z"Th —1T7)
that of () the endoreversible thermoacoustic heat HC =1+ @™+ dafky [ka) sgr(n1) (14)
engine with the same heat input. A constant coefficient ko f (2T — TP
(¢) is introduced in the following expression to charac- Qre = LT\ T H L) sgn(n,) (15)
terize the additional miscellaneous irreversible effects: (L4 f)(@m + gz frr/ks)

¢=Qrc/Qrc >1 (10)

The first law of thermodynamics gives that the power out-
The thermoacoustic heat engine being satisfied withput, the efficiency and the entropy generation rate of the ther-
above assumptions is called the generalized irreversible themoacoustic heat engine are, respectively
moacoustic heat engine with a complex heat transfer expo-

nent. P'=Qn - QrL=Quc —Qrc (16)

3. Optimal characteristics w =P /Qu = (QHc - Qw)/ (Quc+q) (A7)

For an endoreversible thermoacoustic heat engine, the second o' = AS/7 = Q1 /T — Qu/TH
law of thermodynamics requires

Qre/Tro = Que/Tro (11)
Combining Egs. (10) and (11) gives

= (Qrc +9)/Tr — (Que +4q)/Tw (18)

. ) From Eqgs. (14)-(18), one can obtain the complex power
QLo = ¢xQuc 12) output ¢’), the complex efficiencyr{) and the complex en-
|  tropy generation rates() of the engine

kifFr(1 — ¢x)[Ty — (Tr/x)"]

P=Qno = Que = == s fain)

sgn(n1) (19)

, kifFr(1 — ¢x)[Ty — (Tr/x)"]

T ) (98 fat )+ By [T — (1 Jay] 9™ €0
’_ ki fFr[Th — (T /z)"]
o' = (0n/Te = 1/Ti) (i g farm S9Tm) =4 (1/Te = 1/Ta) (22)
whered = k1 /ks.
Substituting Egs. (17) and (19) into ecological functish= P’ — To’ yields
B = (14 To/Tia) — éw (1 + Toy 7)) L = T/ gy g (370 — To/T2) 22)

(1+ f)A+¢dfat—m)
From Egs. (20) and (22), one can obtain the real parts of the efficiency and ecological function that are, respectively

(1 —¢x) [A1 (A1 + B1) + A2(A2 + By)]

R = 23
U (') (A, 1 B2+ (Ay & By)? (23)
B N A [1+ fepdz! ™ cos(na Inz)] — Ag fdz! ™ sin(ng In )]
E=R.(E) = 1+ 26¢fxl=m1 cos(ng Inz) + f252¢222(1—m1)
S Fr (U4 To/Tw) — e 14+ To/Tu)] (To/ Ty — To/T1) (24)

1+ f
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where

q (1+ f) ¢ fol=m sin(ng Inx)
ki fFr ’

Ay = Re[Ty — (Ty /)" |sgr(na),

andAs = I, [T — (T /z)"] sgn(n1 ), whereR, () andl,, () indicate the real and imaginary parts of the complex number.
Maximizingn and E with respect tof by settingdn/df = 0 or dE/df = 0in Egs. (23) and (24) yields the same optimal
ratio of heat-exchanger aref,f;)

0.5
1 1[1 2 by — d
= fopr = —(b— 2 _ B _ 2 _ -7 -
f=fopr = 70— By T8 —4c) + 3 | § (b V8y +b 4c) 4ly Ve (25)
where
05 /3 5105 /3
e e\2 2\*? e e\2 2\* c
= —_— — — —_ _— — _— —_ 2
A o-@] T s o-@) ) e
2A11‘n1_1
b Az cos(ng Inx) — Agsin(ne Inx) 27)
B 241222 cos(ng Inx) + Aypda™ 1 B g2l B 2211 cos(ng In ) (28)
‘T % [A1 cos(ngInz) — Agsin(ngInz)]  (¢6)? )
d=—22""172/(¢5)> (29)
3 2, 2012 dny—4
e Ajer N (30)
2 108  2[Ajcos(nglnz) — Agsin(ngInx)]”  2(4d)
3n1—3
e — Are (31)

(¢6)% [A; cos(ny Inx) — Ay sin(ng In z)]

Substituting Eqg. (25) into Egs. (23) and (24), respectively, yields the optimal thermal efficiency and ecological function in
the following forms:

_ ) (A —9x)[A1 (A1 + By) + Ax(As + By)]
n= 5 (32)
(At Bu)"+ (A + Bo)? F=font
B Ay [1+ fopedpda =™ cos(nz Inx)| — A foppda ~™ sin(ny In z)]
B 1+ 206 fopex! = cos(ng Inx) + f2,02¢2220-m)
o FLop Fr[(L+T0/Twr) — ¢ (1 + To/Tr)] o (To)Tot — To/T) (33)

1+ fopt

The parameter equation defined by Egs. (32) and (33) gives the fundamental relationship between the optimal ecological
function versus thermal efficiency consisting of the interim variable.

Maximizing £ with respect tar by settingdE£/dx = 0 in Eq. (33) can yield the optimal temperature ratig,and the
maximum ecological functiot,,, ., of the thermoacoustic heat engine. The corresponding efficigpagan be obtained by
substituting the optimal temperature ratio into Eq. (32).

Rev. Mex. . 56 (5) (2010) 386-393



390 LINGEN CHEN, XUXIAN KA, FENGRUI SUN, FENG WU, AND FANGZHONG GUO
4. Discussions

If ¢ =1andq # 0, Egs. (32) and (33) become:

_J U —2)[A (AL + B1) + 45(4s + By)] (34)
(A1 + B1)? + (A2 + Bs)? F=Fopt

Ay [1 + foptdzt 7™ cos(nz In :13)] — As foptdzt =™ sin(ng In z)]

E =
1+ 26 fopea’ =™ cos(ng Inz) + f2,6222(1-n1)

y kv fope Fr (L + To/Th) — 2 (14 To/Ty)]
1 + fopt

Equations (34) and (35) are the relationship between the efficiency and the ecological function of the irreversible thermoa-
coustic heat engine with heat resistances and heat leakage losses.
If ¢ > 1andqg = 0, Egs. (32) and (33) become:

= { (1 —¢x) [A1 (A1 + By) + Az(As + Bo)] } (36)
f=fopt,q=0

+q(To/Ty —To/TL) (35)

(A1 + B1)” + (A2 + By)?

Ay [1+ fopedpda! =™ cos(nz Inx)| — A foprpda ~™ sin(ny In z)]

E =
1+ 200 foprt=m1 cos(ng Inz) + f2,,02¢22(1-n1)

o Fufopt Pr [(1 4 To/Tw) — ¢ (1+ To/T)]
1+ fopt

Equations (36) and (37) are the relationship between the efficiency and the ecological function of the irreversible thermoa-
coustic heat engine with heat resistance and internal irreversibility losses.
If ¢ =1andq = 0, Egs. (32) and (33) become:

n = {(1—93) [Ay (A1+B1)+142(A2+32)]} (38)
f=Ffopt,q=0

(37)

(A1 + B1)” + (Ay + By)?

Ay [1 + foptdzt ™™ cos(nz In m)] — As foprdxt ™™ sin(ng Inz))

E =
14 20 foprzt =1 cos(ng Inz) + f2,,6222(1-m)

y ki fopt Fr [(1+ To/Tr) — x (1 + Ty /T1)]
]-+ fopt

Equations (38) and (39) are the relationship between the efficiency and the ecological function of the endoreversible ther-
moacoustic heat engine.

(39)

5. Numerical examples

To illustrate the preceding analysis, numerical examples are
provided. In the calculations, it is set, thaf;=1200 K,  thermal efficiency. One can see that for all heat transfer laws,
T,=400 K, Tp=298.15 K; ki=ks; ¢=1.0, 1.1, 1.2; theinfluences of the internalirreversibility losses and the heat
q=C;(TE—T7) (same as Ref. 35) and;=0.0, 0.02 KW/K; leakage on the relationship between the ecological function
C; is the thermal conductance inside the thermoacoustic heaind efficiency are obviously different: The ecological func-
engine. tion E decreases along with increasing of the internal irre-
Figures 2 and 3 show the effects of the heat leakageyersibility ¢, but the curves off — n are not changeable;

the internal irreversibility losses and the heat transfer expothe heat leakage affects strongly the relationship between the
nent on the relationship between the ecological function anécological and efficiency functions, the curvesif » are

Rev. Mex. . 56 (5) (2010) 386-393
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FIGURE 4. Optimal ecological function versus efficiency with
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parabolic-like, in the case of = 0, while the curves are !
loop-shaped, in the case @t~ 0. FIGURE 5. Optimal ecological function versus efficiency with

From Figs. 2 and 3, one can also see that both the real; = 0.1,n; = —1,n1 = 1,n; = 2andn; =4
partn; and the imaginary part, of the complex heat trans-
fer exponent: don't change the parabolic-like or the loop- when the imaginary part, increases, and the imaginary part
shaped forms of the curves Bf— ). Figure 2 illustrates that 72 of the complex heat transfer exponenindicates energy
when the imaginary part, = 0.1 is fixed, the corresponding dissipation.
efficiencyng at the maximum ecological function decreases  The effects of complex exponent = n; + ins on the
with the increase of absolute value of the real part The  optimal ecological function versus efficiency characteristics
reason is that the power output is sensitive to the temperawith Ty = 1200 K, T, = 400 K, T, = 298.15 K, 6 = 1,
ture; when the absolute value of the real parincreases, it ¢ = 16 W, andy = 1.05 are shown in Figs. 4 and 5.
sacrifices a little part of the temperature ratio and decreasekhey show that versusn characteristics of a generalized
the thermal efficiency to some extent, but increases the poweamreversible thermoacoustic heat engine with a complex heat
output to a great extent, which is induced by the increases dfansfer exponent is a loop-shaped curve. Fonalandn.,
the temperature differences between the heat exchangers afd= F,,.,. whenn = ngy andn = ny.x whenE = Ey. For
the working fluid. Figure 3 shows that when the real partexample, whem; = 1, the E bound Ey,.x) correspond-
ny = 1is fixed, the maximum ecological function decreasesing to no = 0.05,0.10 and0.15 are 22.7562, 16.2284 and
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6.3245 (kW), respectively, and the maximum thermal effi- coustic oscillation. The effects of the complex heat transfer
ciencynmax corresponding ta, = 0.05,0.10 and0.15 are  exponent on the optimal performance for a thermoacoustic
0.4459,0.1583 and0.4808, respectively. heat engine are analyzed by numerical examples. The opti-
The optimization criteria of the thermoacoustic heat en-mal zone of the thermoacoustic engine with a complex heat
gine can been obtained from parametgrs.., Fo, 7max and  transfer exponent is obtained. The results obtained herein are
1o as follows: helpful for the selection of the optimal mode of operation of
the real thermoacoustic heat engines.
EO S E S Emax

and 79 <7 < Nmax (40)

Acknowledgements

6. Conclusion
This paper is supported by The National Natural Science

The optimal ecological performance of a generalized irrefund of P. R. China (Project No.50676068), the Program for
versible thermoacoustic heat engine with the losses of heaNew Century Excellent Talents in University of P.R. China
resistance, heat leakage and internal irreversibility, in which{Project No. NCET-04-1006), Hubei provincial department
the heat transfer between the working fluid and the heat reseof education, P.R. China (project No. D200615002) and
voirs obeys a generalized heat transfer l@wox A(T)" the Foundation for the Author of National Excellent Doc-
wheren is complex is derived by taking an ecological op- toral Dissertation of P. R. China (Project No. 200136). The
timization criterion as the objective. The heat transfer ex-authors wish to thank the reviewers for their careful, unbi-
ponent for a thermoacoustic heat engine must be a compleased and constructive suggestions, which led to this revised
number due to the thermal relaxation induced by the thermoamnanuscript.

x. To whom all correspondence should be addressed; Faxt6. D. Ladino-Luna and R.T. Paez-Hernand&av. Mex. k5. 51
0086-27-83638709 Tel: 0086-27-83615046, e-mail address: (2005) 54.
lgchenna@yahoo.com, lingenchen@hotmail.com

17. G. Aragon-Gonzalez, A. Canales-Palma, A. Lenon-Galicia, and

1. G.W. Swift,J. Acoust. Soc. Ang4 (1988) 1145. M. Musharrafie-MartinezZRev. Mex. k5. (2005)51 32.
2. P.H. Ceperly)). Acoust. Soc. An7.(1982) 1239. 18. A. Durmayaz, O.S. Sogut, B. Sahin, and H. YavBzogress
3. T. Yazaki, A. Iwata, T. Mackawa, and A. Tominagahysical Energy & Combustion Scien@® (2004) 175.

Review Letter§1(1998) 3128. 19. L. Chen,Finite-Time Thermodynamic Analysis of Irreversible
4. S. Back and G.W. SwiftNature399(1999) 335. Processes and Cyclé¢Bligher Education Press, Beijing, 2005).
5. F. Wu, L. Chen, F. Sun, and Q. LAcoustic technologyl7 20. M.A. Barranco-Jinenez and F. Angulo-Browd, Energy Insti-

(1998) 186 (in Chinese). tute (2007)80 232.
6. F. Wu, C. Wu, F. Guo, Q. Li, and L. CheEntropy(2003)5  21. M. Feidt,Int. J. Exergy5 (2008) 500.

444. 22. C.A. Herrera, M.E. Rosillo, and L. CastarRev. Mex. 5. 54
7. L. Chen, F. Wu, Q. Li, F. Guo, and A. SRroc. IMechE, Part (2008) 118.

C: Mech. Engng. Sck21(2007) 1339. 23. B. Andresen, The need for entropy in finite-time thermodynam-

8. B. Andresen,Finite-Time Thermodynamid$hysics Labora-
tory Il, University of Copenhagen, 1983).

ics and elsewherévieeting the Entropy Challenge: An Inter-
national Thermodynamics Symposium in Honor and Memory

of Professor Joseph H. Keenan, AIP Conference Proceedings

9. S. Sieniutycz and P. SalamoAdvances in Thermodynamics,

Volume 4: Finite Time Thermodynamics and Thermoeconomics 1033(2008) 213.

(New York: Taylor & Francis, 1990). 24. L. Chen, H. Song, F. Sun, and S. WaRgv. Mex. I5.55(2009)
10. A. Bejan,J. Appl. Phys79(1996) 1191. 5.
11. L. Chen, C. Wu, and F. Sud, Non-EquiIib. Thermodyr24 25. Y. Bi, L. Chen, and F. SurRev. Mex. fs.55 (2009) 112.

(1999) 327. 26. G. Tao, L. Chen, and F. SuRev. Mex. 5.55 (2009) 192.
12. R.S.Berry, V.A. Kazakov, S. Sieniutycz, Z. Szwast, and A.M. 27, M.A. Barranco-JimeneRev. Mex. i5.55 (2009) 211.

Tsirlin, Thermodynamic Optimization of Finite Time Processes

(Chichester: Wiley, 1999). 28. L. Chen, F. Meng, and F. SuRev. Mex. k5.55 (2009) 282.
13. D. Ladino-LunaRev. Mex. fs. 48 (2002) 575. 29. S. Xia, L. Chen, and F. SuRev. Mex. I5.55 (2009) 399.

: 30. S. Sieniutycz and J. JezowsEnergy Optimization in Process
14. D. Ladino-LunaRev. Mex. I5.49 (2003) 87. -
) (_ ] ) ) ] SystemgElsevier, Oxford, UK, 2009).

15. L. Chen and F. SurAdvances in Finite Time Thermodynamics

Analysis and OptimizatiofNew York: Nova. Science Publish- 51- F-Angulo-Brown,J. Appl. Phys69 (1991) 7465.

ers, 2004). 32. Z.Yan,J. Appl. Phys73(1993) 3583.

Rev. Mex. 5.56 (5) (2

010) 386-393



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

ECOLOGICAL PERFORMANCE OPTIMIZATION OF A THERMOACOUSTIC HEAT ENGINE

393

L. Chen, F. Sun, and W. Ched, Engng. Thermal Energy Pow. 44. L. Chen, X. Zhu, F. Sun, and C. Wé\ppl. Energy83 (2006)

9 (1994) 374 (in Chinese).

L. Chen, J. Zhou, F. Sun, and C. WAppl. Energy77 (2004)
327.

L. Chen, X. Zhu, F. Sun, and C. Wi, Phys. D: Appl. Phys38
(2005) 113.

L. Chen, X. Zhu, F. Sun, and C. WiAppl. Energy84 (2007)
78.

L.A. Arias-Hernandez and F. Angulo-Browd, Appl. Phys81
(1997) 2973.

45.

46.

47.
48.

49.

F. Angulo-Brown, L.A. Arias-Hernandez, and Paez-Hernandez,

J. Phys. D: Appl. Phys32 (1999) 1415.

C.Y. Cheng and C.K. Chefgnergy Convers. Mgm&9 (1998)
33.

S.K. Tyagi, S.C. Kaushik, and R. Salhotta,Phys. D: Appl.

Phys.35 (2002) 2668.

S.K. Tyagi, J. Chen, and S.C. Kaushift. J. Exergy2 (2005)
90.

Y. Ust, A. Safa, and B. Sahi\ppl. Energy80 (2005) 247.

Y. Tu, L. Chen, F. Sun, and C. Wint. J. Exergy3 (2006) 191.

50.

51.
52.

53.

54.

573.

X. Zhu, L. Chen, F. Sun, and C. Wint. J. Ambient Energ24
(2003) 189.

X. Zhu, L. Chen, F. Sun, and C. W@pen Systems & Informa-
tion Dynamicsl2 (2005) 249.

T.H. ChenJ. Physics D: Appl. Phy89(2006) 1442.

M.A. Barranco-Jinenez, J.C. Chimal-Ega, and F. Angulo-
Brown, Rev. Mex. k5. 52 (2006) 205.

M.A. Barranco-Jimenez and F. Angulo-Browh Energy Insti-
tute80(2007) 96.

M.A. Barranco-Jinenez and F. Angulo-Browd, Energy Insti-
tute80(2007) 232.

D. Ladino-LunaJ. Energy Institute31 (2008) 114.

M.A. Barranco-Jinenez and N. 81chez-Salag), Energy Insti-
tute 81 (2008) 164.

L.A. Arias-Hernandez, M.A. Barranco-Jimenez,
Angulo-Brown,J. Energy Instituté32 (2009) 223.

X. Liu, L. Chen, F. Wu, and F. SuRhysica Scripts81 (2010)
025003.

and F.

Rev. Mex. . 56 (5) (2010) 386-393



