INVESTIGACION REVISTA MEXICANA DE FISICA 55 (4) 282-291 AGOSTO 2009
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A model of a thermoelectric heat pump driven by a thermoelectric generator with external heat transfer irreversibility is proposed. The
performance of the combined thermoelectric heat pump device obeying Newton’s heat transfer law is analyzed using the combination of finite
time thermodynamics and non-equilibrium thermodynamics. Two analytical formulae for heating load versus working electrical current, and
the coefficient of performance (COP) versus working electrical current, are derived. For a fixed total heat transfer surface area of four
heat exchangers, the allocations of the heat transfer surface area among the four heat exchangers are optimized for maximizing the heating
load and the COP of the combined thermoelectric heat pump device. For a fixed total number of thermoelectric elements, the ratio of the
number of thermoelectric elements of the generator to the total number of thermoelectric elements is also optimized for maximizing both the
heating load and the COP of the combined thermoelectric heat pump device. The influences of thermoelectric element allocation and heat
transfer area allocation are analyzed by detailed numerical examples. The optimum working electrical currents for maximum heating load
and maximum COP at different total numbers of thermoelectric elements and different total heat transfer areas are provided, respectively.

Keywords:Combined thermoelectric device; thermoelectric generator; thermoelectric heat pump; heat transfer; finite-time thermodynamics;
non-equilibrium thermodynamics.

En el presente trabajo se propone un modelo de una bomba de calor émtmicelcontrolada por un generador terngaéiico con trans-
ferencia de calor externa irreversible. Se analiza el desgonge la bomba de calor combinada, la cual obedece a la ley de Newton de
transferencia de calor, usando la combibacile termodiamica de tiempo finito y termodamica fuera de equilibrio. Se obtienen dos
formulas anaticas: para la carga de calor y para el coeficiente de des@mpmbas en funoh del trabajo de corrienteéddtrica. Se realiza

una optimizadn de la posidn de la superficie de transferencia de calor entre cuatro intercambiadores para maximizar la carga de calory el
coeficiente de desemipe de la bomba de calor terméetrica combinada. Para este mismo fin, se optimiza &mikirabn entre el amero

de elementos termamttricos del generador y el total. Se analiza, mediante ejemplogrings detallados, la influencia entre las posiciones

del elemento termoettrico y delarea de transferencia de calor.

Descriptores:Dispositivo termoeictrico combinado; generador termeettico; bomba de calor termaetrica; transferencia de calor; ter-
modinamica de tiempo finito; termodimica fuera de equilibrio.

PACS: 05.30-d; 05.70.-a; 05.60.Gg

1. Introduction important in designing high-performance thermoelectric gen-
erators, refrigerators and heat pumps.
Semiconductor thermoelectric power generation, based on In general, conventional non-equilibrium thermodynam-
the Seebeck effect, and semiconductor thermoelectric cooles [1,4] is used to analyze the performance of single-stage
ing, based on the Peltier effect, have very interesting capabibne- or multiple-element thermoelectric generators [5-13]
ities with respect to conventional power generation, coolingand heat pumps [14-18]. All objects of this research are inde-
systems and heating systems [1-3]. The absence of movimgendent thermoelectric devices, that is, they generate direct-
components results in an increase in reliability, a reduction ircurrent power source for users (thermoelectric generator) or
maintenance, and an increase in system life; the modularityeed a direct-current power source to provide direct current
allows for application in a wide-scale range without signif- (thermoelectric heat pump). In some special fields, the heat
icant losses in performance; the absence of a working fluidejected from the thermal machine may drive a thermoelec-
prevents dangerous environmental leakage; and the noise reic refrigerator or a thermoelectric heat pump through the use
duction appears also to be an important feature. Thermoeleof a thermoelectric generator, so that the thermoelectric re-
tric generators, refrigerators, and heat pumps have been usé&tyerator or heat pump does not need an independent power
in military, aerospace, instruments, and industrial or com-source. This type of new system is different from the tra-
mercial products, as power generating, cooling or heating deditional thermoelectric systems merely consisting of a ther-
vices for specific purposes. Many researchers are concernedoelectric generator, a thermoelectric refrigerator or a heat
with the physical properties of thermoelectric material andpump. These systems dispense with complicated pipelines
the manufacturing technique of thermoelectric modules. Irand heat insulation, so they can be used in many special fields
addition to the improvement of the thermoelectric materialsuch as aircraft, submarine, and so on. Céeal. [19] and
and module, the system analysis and optimization of thermoKhattabet al. [20] built a model of this kind of combined
electric generators, refrigerators and heat pumps are equalgystemj.e. single-stage thermoelectric refrigerator driven by
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single-stage thermoelectric generator, and analyzed the per - "
formance of the device. Mengt al. [21] built a model of a Ont = bt
single-stage thermoelectric heat pump driven by single-stage ka = ki § e
thermoelectric generator, and analyzed the performance olg,,7] | =
the device. Gl HII . EI G Thn

The theory of finite-time thermodynamics or entropy gen-
eration minimization [22-40] is a powerful tool for perfor- } 5 g Qng e
mance analysis and optimization of practice thermodynamic Tt
processes and devices. Some authors have investigated tr i i e
performances of thermoelectric generators [41-55] and heat
pumps [56-60] using the combination of finite-time thermo- FIGURE 1. Schematic diagram of the combined thermoelectric de-
dynamics and non-equilibrium thermodynamics. They an-ice
alyzed the effects of finite-rate heat transfer between the
thermoelectric device and its external heat reservoirs on th . . .
performances of single-stage single-element thermoelectrié' F'n'te't'me thermOdynam_'C model of a ther-
generators [42-48] and heat pumps [56,57]. They also in- Moelectric heat pump driven by a thermo-
vestigated the characteristics of single-stage multi-element  electric generator device
thermoelectric generators [49-54] and heat pumps [58,59]
and those of two-stage multi-element thermoelectric genera® schematic diagram of a combined thermoelectric device,
tors [55] and heat pumps [60] with the irreversibility of finite- i.e. a thermoelectric heat pump driven by a thermoelectric
rate heat transfer, Joulean heat inside the thermoelectric dgenerator, is shown in Fig. 1. The device consists of an irre-
vice, and the heat leakage through the thermoelectric coupkersible single-stage multi-element thermoelectric generator
leg. However, all of those were performed only for indepen-and an irreversible single-stage multi-element thermoelectric
dent thermoelectric devices. There has been no study on pé’peat pump in series with internal and external irreversibili-
formance analysis and optimization for a single-stage therties. The direct-current power source of the heat pump is the
moelectric heat pump driven by a single-stage thermoelectrigirect-current power output of the generator.
generator published in the open literature using the combina- The irreversible thermoelectric generator is composed
tion of finite-time thermodynamics and non-equilibrium ther- of m pairs of thermoelectric elements. Each element is com-
modynamics. posed of P-type and N-type semiconductor legs. The ther-

On the basis of the exo-reversible model of a Sing|emoelectric power generation element is assumed to be insu-
stage thermoelectric heat pump driven by a single-stage thelated, both electrically and thermally, from its surroundings,
moelectric generator without external irreversibility built in €xcept at the junction-reservoir contacts. The internal irre-
Ref. 21, a model of a thermoelectric generator-driven therversibility is caused by Joulean electrical resistive loss and
moelectric heat pump with internal irreversibilities and exter-heat conduction loss through the semiconductor between the
nal heat transfer irreversibility is built. The performance of hot and cold junctions. The Joulean loss generates an internal
the combined thermoelectric device obeying Newton’s heaheat/? R, whereR is the total internal electrical resistance of
transfer law is analyzed and optimized using the combinatiothe semiconductor couple aids the electrical current gen-
of finite-time thermodynamics and non-equilibrium thermo- €rating from the semiconductor couple. The conduction heat
dynamics. Two analytical formulae for heating load versudoss isK (T}, — T;,), whereK is the thermal conductance
working electrical current, and the coefficient of performanceof the semlconductor coupléy,, is the hot junction temper-
(COP) versus working electrical current, are derived. For ture, and’, is the cold junction temperature. Finite-rate
fixed total heat transfer surface area of four heat exchangerbeat transfers,e. the temperature differencé®s1 — Tj;,)
the allocations of the heat transfer surface areas among ti@d (T, — Tr1), whereTy, and Ty, are the temperatures
four heat exchangers are optimized for maximizing the heatof the heat source and heat sink of the thermoelectric gener-
ing load and the COP of the combined thermoelectric deviceator, respectively, cause the external irreversibility. For the
For a fixed total number of thermoelectric elements, the ratidhermoelectric generator, the rate of heat transfer at the hot
of the number of thermoelectric elements of the generator tgunction isQ 1, and the rate of heat transfer at the cold junc-
the total number of thermoelectric elements is also optimizedion isQr.
for maximizing both the heating load and the COP of the  The irreversible thermoelectric heat pump is composed
combined thermoelectric device. The influences of thermoof n pairs of thermoelectric elements. The Joulean loss
electric element allocation and heat transfer area allocatiogenerates an internal heatR. The conduction heat loss
are analyzed by detailed numerical examples. The optimuris K (Ty, — T},), WhereTy,, is the hot junction temper-
working electrical currents for maximum heating load andature andTL2 is the cold junction temperature. Finite-rate
maximum COP at different total numbers of thermoelectricheat transfers,e. the temperature differencé®y, — Ty, )
elements and different total heat transfer areas, respectivelgnd (7' L2 —Tr2), whereTy» andTp s are the temperatures
are provided. of the heat sink and heat source of the thermoelectric heat
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pump, respectively, cause the external irreversibility. For thavhere kg1, kr1, kg2, andkr, are the heat transfer coef-
thermoelectric heat pump, the rate of heat transfer at the hdicients of the four heat exchangers, respectively, Apd,
junction is@Q g2, and the rate of heat transfer at the cold junc-F,, Fg2 and F5 are the heat transfer surface areas of the
tionis Q. four heat exchangers, respectively.

Assume that the four heat exchangers among the hot an The total number A7) of thermoelectric element pairs

cold iunctions of the thermoelectric heat pum thermoele09 the irreversible combined thermoelectric device is finite,
] pump, = m + n. The total heat transfer surface ard®d) (of

tric generator and their respective reservoirs are counter-flo . . .
he four heat exchangers of the irreversible combined ther-
and the heat conductances (product of heat transfer coeffi- . A
. moelectric device is finitel’ = F; + Fy + F3 + Fy.
cient and heat transfer surface area) of the heat exchangers .
are ko o Jera Fra koo Foro and kroFro. respectivel Assuming that the heat transfers among the hot and cold
H1ZHL RLIELL, MH2EH2 L2412, T€SP Y. junctions of the thermoelectric generator and the thermoelec-

tric heat pump and their respective reservoirs obey Newton’s
| law gives [49,54,58,59]

’ ’ / 1

Qw1 = ks Fi (TH1 _ TH1> —m |:aITH1 T K (TH1 - Tm) —2123} 1)
’ ’ ’ 1 2

Qr1=kr1Fr1 (TLl - TLl) =m |adTp + K (TH1 — TLl) + 51 R 2
’ ’ ’ 1 2

Qno = ks Frro (TH2 . THQ) —n|alTys — K (TH2 . TLQ) +5I°R 3)

’ ’ ’ 1
QLo = kroFro (TL2 _ TLQ) —n {OJTLQ K (TH2 - TLQ) - 2123} (4)

wherea = ap —ay, ap andayy are the Seebeck coefficients of the P- and N- type semiconductor legs for each thermoelectric
power generation and heating element.

3. Analytical formulae for heating load and COP

Combining Eg. (1) with Eq. (2) gives the hot junction temperatlizg and the cold junction temperatufg , of the thermo-
electric generator.

’ 0.5@Rm2137(0.5m+m2K)RIQ+maTH1Ime(kHlFHlTHl +]<3L1FL1TL1)7kH1FH1kL1FL1TH1

— 5
A1 m2a2I2+mo(kg1 Fri—kpi Fra)l—mK (kg1 Fai -tk Fr) —km Faikri Fra ®)
T/ o —0.504Rm213—(0.5m+m2K)RI2—mOéTHlI—mK(kHlFHlTHl—f—kLlFLlTLl)—kHlFHlkLlFLlTHl
=

6
m2a?I24+ma(kg1 Fra1—kr1 Fri)I—mK (kg1 Fai+ki Fra) =k Faikoi Fra ©

Combining Eq. (3) with Eq. (4) gives the hot junction temperatl])'qp2 and the cold junction temperatuﬁé;2 of the
thermoelectric heat pump.

o —O.5aRn213—(0.5n + nQK)RIQ_nOéTHQI—nK(kHQFHzTH2+kL2FL2TL2)_kHQFHQkLQFLQTHQ

= 7
H2 n2a2I?24na(kroFro—kuoFuo)l—nK (kpeFrotkroFro)—kuoFuokroFro 0
T/ _ —O.5oanQI3—(O.5n + n2K)RIQ+naTH2I—nK(kHQFHQTH2+kL2FL2TL2)—kHQFHQkLQFLQTHQ
2=

n2a??4+na(kraFro—kp2Fr2)[—nK (kgaFao+kraFro)—kma Frakra Fro (®)
Substituting Egs. (5)- (8) into Egs. (1)- (4) yields
Q1 = ki Frui{Tr1 — [0.5aRm?*I? — (0.5m + m*K)RI* + maT I

—mK (kg1 Fii Ty + krai FraTra) — kg Faikp Fra T /[m? o 1P

+ma(kg1 Fair — ko1 Fra)l — mK (kg1 Fa + kpiFra) — kg Faikoi Fral} 9)
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Qr1 = kp1Fri{[-0.5aRm*I® — (0.5m + m*K)RI* — maTy I
—mK (ki Fi1 Tt + ki FraTer) — kan Frikp Fra T/ [m?o®1?
+ ma(kg1 Fa1 — kr1Fra)l — mK (kg1 Fa1 + kraFra) — km Fraikoi Fra]l — Tra}
Qua = kuaFr2{Tu2 — [-0.5aRn*I* — (0.5n + n* K)RI? — naTysl — nK (kyaFrusTho
+ kroFroTrs) — knaFrokroFroTwo/[n*a®I? + no(kroFro — kuaFus)I
—nK(kg2Fr2 + kraFro) — ko FrakraFrol}
Qrao = kraFro{[~0.5aRn*I* — (0.5n + n?K)RI? + naTgal — nK (kgaFraTho
+ kroFroTrs) — kgaFrokroFroTa]/[n*a*I? + na(kraFro — kuaFrs)l
—nK (kg2 Fp2 + kraFr2) — kmaFaokraFra] — Tra}

The overall system is a closed loop circuit, and the heat flow of the system is in equilibrium; one has

Qi1 +Qr2 = Qr1+ Que.

Substituting Egs. (9)- (12) into Eg. (13) and re-arranging the results yields the equation that the system stable working

electrical current should be satisfied:
Agd* + AP + AT + Ay + Ag =0
where

Ay = PmP*n®Rkp1 Fra — ki Fm — ko Fra + ka2 Fio)
As = Oéan[mn(QngFHgKR + 2kH2FH2TH2a2 + 2kroF o KR+ 2k Fri KR

+ 2kroFroTr0a® + 202k FriTry + 2k Fra K R+ 202k Fri T ) + m(kpa Fra Rk Fr

—kuoFraRkp1Fra + kroFroRkpi Fry — kraFroRkmi Fuy + 2kpo Frokpa FraR)
+n(—kpeFpaRkp1 Fri + 2km Fruikpi Fra R — kpo Frao Rk Fr
+ kroFroRkr1 Fri + kuoFroRkg Frn))

Ay = alm®n(=3kp1 Fr1 K RkpaFra — 207k FraTra ks Fra + 20°kp FaTrakraFro
+20° kg1 Fen TrnkroFro + ki Fri K Rkra Fro — 20° kg Fean Tri ko Fro
— 2k2FroT120 ko Frs + 2kpa FraThaa ko Fro — ki Fan K Rk o Fro
+ 3kmg1 Fr1 K RkpoFra) + mn®(—kp1 Fri K RkpoFro + 20° ks FroTroky Fi
+ 3km1 Fu1 K RkpoFro — 20° kg Fyn Tri ki Fra + 20°kga FroTaoka Fin
— kpoFroT1o0kp1 Fry + ki Fan K Rk Frys — 3kpy FLiK Rka Frrs
+ 202k 1 FriTrikm Fm — 2kge FroTrao®kri Fri)
+m?(—kp1 Fri RkgoFrokroFro — kg Fai Rkge FrokroFro)
+ n*(kpoFroRkry Frikm Fan — ko FroRkry Foikm Fin)
+mn(2kroFroRkp1 Frikm Frai + 2kp1 Fra Rkpa FrakraFro
+2kpaFue REpy Frakm Fay + 2k Fri Rkga Frrakro Fro))
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Ay = —2m*nK (kpaFro + kaaFr) (ko FLiKR + Kk Fpn R + o’ ki FiaToy + o kg Fan Tan)

—2mn®K (kg1 Fr1 + kpiFra)(KRkraFro + KRkpoFro + ko FroTrs + o*kroFroTro)

— 2m*kpaFrokma Fua(KRkp1 Fry + KRk Fy + ok FraTry + o kp Fa Trn)

—2n°kp1 Frikg Fay (K RkpoFro + KRkyoFus + akga FuoTrs + o ko FroTro)

+2mnla® (k1 Faikoi Froikue FaaTa1 — kroFrokue Frokm FmTre + ki Frikm Faikra FroTr

— kuoFuokroFrokii FralThue — ki Frakmi FaikuoFaoTry + kpoFrokpa Fraokpi FraTre

—kmi Pk FrakpoFroTay + kpoFrokpo Frokm FuiTuaa) — RK (kg2 Frokri Frikm Fr

+ kroFrokmoFrokm Fry + ko Frokpi Foikm Fay + kot Frakro Frokma Fras))

= 2mRkg1 Fr ki Frakae FraokreFro — 2nRkpoFro ko Frokri Friku P (18)
Ao =2mn(Kkpi Frakm FmTmkueFae — Kk Frikpi FunTrikp2 Fro

+ Kkpi Frikm FaTaikreFro — Kkpy Froakp FuiTrikr2 Fro

— KkpoFrokuaFuaTuokin Fri + KkpaFrokua FuaTrokm Fra

+ KkroFroTrokmnaFraokri Fri — KkpoFrokpa FaaTaakm Frn)

+2m(kui Fraikpi Frikpe Fraokro FroTuy — ki Frikm Faikne Fraokra FroTr)

+ 2n(kpoFroTrokmaFrokii Frakm Fr — ko FrokpoFrokpi Froikmi FaiTr2) (19)

The coefficients of the equation are functions of the parameters of thermoelectric element pairs and parameters concerning
heat transfer, so the parameters influence the coefficients of the equation, and then influence the working electrical current and
the performance of the device.

For the fixed parameters, one can obtain four theoretical solutions by solving Eqg. (14). Analysis showed that there is only
one solution/, which satisfied > 0, Qg1 > 0, Q11 > 0, andQ 2 > 0. On top of that, one has the cooling load and COP of
the combined thermoelectric device as follows:

QHQ = kHQFHQ{THQ — [—O.5aRn213 — (05n + HQK)RIQ - ’I’LOZTHQI - nK(kHQFHQTHQ
+ kroFroTre) — ko FrokraFroTrs]/[n*a”I? + na(kraFro — kaFr2)l
—nK(kgoFr2 + kr2Fro) — kuaFrokraFrol} (20)

ko FHo {TH2 — [—0.5aRn213 — (O5n + nzK)RIQ —nalygol — ’I’LK(k‘HQFHgTHQ
+kroFroTrs) — kuoFruokroFroTs)/[n*a?I? + na(kroFro — kuaFrus)l
f —nK(kpoFr2 + kroFr2) — kuaFrokraFrol}
H1 ke Fa1{Tm — [0.5aRm?I3 — (0.5m + m?>K)RI? + maTg [
—mK (kg1 Fii T + kraFraTra) — kg Faiko FoaTa]/[m?o?1?
+ma(kg1Fa1 — ki Fra)Il — mK (kg1 Frn + ki Fri) — kmn Frkri Fral}

Obviously, besides the performance parameters of thermoelectric elementpdirarfd K'), parameters concerning the
heat transfery1, k1, kua, k2, Fru1, Fr1, Fuo andFr2) would influence the device performance.

If kg1 Frn = kpiFra = kpeFre = kpoFre.—.00, Ty = Ty, To1 = T, Tae = Tye andTre = T4, EQs. (20)
and (21) become the results of conventional non-equilibrium thermodynamic analysis [21].

(21)

@
[
QIO
S

[

4. Numerical examples
4.1. Design variables and fixed parameters

For an independent thermoelectric generator or thermoelectric heat pump device, there is an optimum heat transfer area allo-
cation between the high temperature side and the low temperature side heat exchangers for the fixed total heat transfer area
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FIGURE 2. Working electrical current vs. the ratio of number of FIGURE 4. COP vs. the ratio of number of thermoelectric ele-
thermoelectric elements. ments.
100 i thermoelectric generator to the total heat transfer surface area
of the thermoelectric generator; and the heat pump heat trans-
e fer surface area ratigy = Fpo/F5, i.e. the ratio of the
sOp Homax 1 heat transfer surface area of the high-temperature side heat
o "‘-., exchanger of the thermoelectric heat pump to the total heat
=~ 6ok | transfer surface area of the thermoelectric heat pump. Then,
% one has
L
2 k)
Q}:'F 40 ¢ g % Fpy = [f1F, Fri = f(1 - fi)F,
F %
._,- QHE,m.::rx % Fruo=1—f)f2F and Fpo=(1-f)(1- f2)F.
Z20p > ‘.'.._ [
5 % In order to describe the allocations of the thermoelectric
0 3 . L . . element pairs, one ratio of numbers of thermoelectric element

pairs is defined:z = m/M, i.e. the ratio of the number

0 0.2 0.4 0.6 0.8 1 of thermoelectric element pairs of the thermoelectric genera-
x tor to the total number of thermoelectric element pairs of the
FIGURE 3. Heating load vs. the ratio of number of thermoelectric combined irreversible device. Then, one has= +M and
elements. n=(1-z)M.

Obviously, the ranges of the variables f, fi, and fs

of the thermoelectric generator [54] or thermoelectric heagre [0,1].
pump [59]. For the combined thermoelectric device dis-  Numerical calculations are performed in order to an-
cussed here, besides optimum heat transfer surface area glyze and optimize the performance of the thermoelec-
location between the high temperature side and the low temyic heat pump driven by a thermoelectric generator. In
perature side, there is also an optimum heat transfer surfagge calculations, Ty, =450K, T;1=300K, Tio=320K,
area allocation between the thermoelectric generator and the, , —300 K, k ;1 =60W/K, k11 =15W/K, k2=240W/K,
thermoelectric heat pump for the fixed total heat transfer sury, ., — 120/ K, a=2.1 x 10~4V/K, K=1.6 x 10~ 2W/K,
face area of the whole device. andR=1.2 x 1073Q are set [53,54,58,59].

In order to describe the allocations of the heat transfer
area, three ratios of heat transfer surface area are defined: the,  E¢ects of total number and allocations of thermo-
total heat transfer surface area rafie= F/F, i.e. the ratio electric elements
of the heat transfer surface area of the thermoelectric gener-
ator to the total heat transfer surface area of the combinegihe system working electrical currenf)( heating load
irreversible device; the generator heat transfer surface arg@);;,) and COP ) vs. ratio of numbers of thermoelectric

ratio fi = Fp1/F1, i.e. the ratio of the heat transfer sur- elements £) are shown in Figs. 2-4 by solid lines, respec-
face area of the high-temperature side heat exchanger of thgely. In the calculations) = 200, F = 1m2, f = 0.6,
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fi =07, andfo = 0.4 are set. There exist two optimum
working electrical currents corresponding to maximum heat-
ing load @ rr2.max) and maximum COPHy,,x). The maxi-

mum heating load and maximum COP vs. the total number

of thermoelectric elements\) are shown in Figs. 5 and 6,
respectively, by solid lines. In order to compare the results —.
obtained for the irreversible device by using the combination =
of finite time thermodynamics and non-equilibrium thermo-
dynamics with those obtained for the exoreversible device by ™ 54 ;
using non-equilibrium thermodynamics, the non-equilibrium
thermodynamic results,e. the effects of heat transfer are
not taken into account, are also shown in Figs. 2-6 by dotted =~ || ========e= fopr,t? A
lines. One can see that the effects of heat transfer are ob: 0 - x
vious and should be considered in the performance analysis 50 100 150 2000
and optimization of the combined irreversible thermoelectric
devices.

100

FIGURE 5. Maximum heating load vs. total number of thermoelec-
tric elements.
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FIGURE 6. Maximum COP vs. total number of thermoelectric ele-

ments.
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FIGURE 7. Optimum working electrical currents vs. total number
of thermoelectric elements.
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FIGURE 8. Optimum variables at maximum heating load vs. total
heat transfer surface area.

The optimum working electrical currenfy,; o,,,) cor-
responding to the maximum cooling 108@ 2 max) and the
optimum working electrical curreni{,; g) corresponding to
the maximum COP{,,.x) versus the total number of ther-
moelectric element paird{) are shown in Fig. 7.

The optimum variables corresponding to maximum cool-
ing load ( i2,max) Versus the total number of thermoelectric
element pairsX/) are shown in Fig. 8.

One can see that the working electrical curreht i6
smaller and no longer proportional towhen effects of heat
transfer are taken into accounf. increases monotonically
and the slope of the curve decreases monotonically with the
increase ofr. I changes little when is near 1.

Practical cooling load@y2) and COP @) are smaller.
The minimumz, i.e. the ratio of number of thermoelectric
elements corresponding to a zero cooling load and zero COP
is greater when the effects of heat transfer are taken into ac-
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count. However, heat transfer has little influence on optimum R " " " -
x, i.e. the ratios of the number of thermoelectric elements at
the maximum heating load and the maximum COP.

The maximum heating loadXsr2,max) is smaller and no
longer proportional td/ when the effects of heat transfer are
taken into accountl) s max iNncreases monotonically and the
slope of the curve decreases monotonically with the increase
in M. The maximum COP{,..x) is no longer constant and
decreases monotonically with the increaséin

Both the optimum working electrical currents,; q,,,
and,,: g decrease with the increase in the total number of

thermoelectric elements, adgh. g, > Iopt,g holds. When "3 5 2 L x
the total number of thermoelectric elements changes, the op- 1 1.3 14 16 18 %
timum variablesz, f, fi and fo remain constant approxi- 2
mately. Hi)
FIGURE 11. Maximum heating load vs. total heat transfer surface
area.
25 4
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FIGURE 9. Heating load vs. ratios of heat transfer surface areas.
FIGURE 12. Maximum COP vs. total heat transfer surface area.
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FIGURE 13. Optimum working currents vs. total heat transfer sur-
FIGURE 10. COP vs. ratios of heat transfer surface areas. face area.
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L . " . - The optimum working electrical currents,,; g,,, in-

crease with the increase in total heat transfer dreahile

I,pe,3 changes little and,,:,0,, > Iopt,s holds. When the
total heat transfer area changes, the optimum variahlgs

f1 andfs remain constant approximately.

0. Sl e e sl b o - oo -l -l e e ol - e

0.8 ‘.@.o.e.o..o-o-o--e-e-e-o-o-@-o-o-@-oo-o-t

DD DB e e O- CONCIUSION
A model of an internal and external irreversible thermoelec-

0.4 4
4444444444444 tric heat pump driven by an internal and external irreversible

"2 thermoelectric generator is presented in this paper by us-
0.2p mle fQHg 1 ing a combination of finite-time thermodynamics and non-
fIQ&, equilibrium thermodynamics. Two analytical formulae de-
"'J@Q&, scribing the heating load versus working electrical current,
o3 12 T2 T r ) and the COP versus working electrical current are derived.
7 nd) The performance optimization of the combined device is per-

formed by searching for the optimum allocations of heat
FIGURE 14. Optimum variables at maximum heating load vs. total transfer surface areas of the four heat exchangers and the op-
heat transfer surface area. timum allocations of the number of thermoelectric element
pairs based on the optimization of the working electrical cur-
4.3. Effects of total heat transfer surface area and area rent. All parameters should be considered in the design and
allocations of heat exchangers application of practice thermoelectric devices in order to ob-
tain the maximum economy benefit. The results show that
The heating load) ;2 and the COP3 versus heat transfer when effects of heat transfer are taken into account, the work-
surface area ratiog; and f» are shown in Figs. 9 and 10, ing electrical current is smaller than that by non-equilibrium
respectively, with\ = 100, F = 1m?, andf = 0.6. thermodynamics. The heating load is smaller and no longer
One can see that there are an optimfjrand an optimum  proportional to the total number of thermoelectric elements
f2 corresponding to the maximum heating loa@@:fo m.)  While the COP is no longer a constant and decreases mono-
and maximum COPA,....), respectively. In fact, for a fixed tonically with the increase in the total number of thermoelec-
total number of thermoelectric elemenfs/{ and total heat tric elements. For the fixed total number of thermoelectric
transfer areaq), there are optimum variables f, f; and elements and total heat transfer surface area, there are dif-
f2 corresponding to the maximum heating 108> max) ferent optimum variables, f, f; and f» corresponding to
and the maximum COR3(,.. ), respectively. the maximum cooling load and the maximum COP, respec-
Figures. 11-12 show the maximum heating [62g 1.y tively. The results obtained here may provide guidelines for
and the maximum CO,,.. versus the total heat trans- the design and application of practical combined thermoelec-
fer surface ared”, respectively, with)/ = 100. Fig. 13 tric devices.
shows the optimum working electrical currefs§ ¢, ) cor-
responding to the maximum heating load and the Optimu”ACknowledgementS
working electrical currentl(, 3) corresponding to the max-
imum COP versus the total heat transfer surface areee-  This paper is supported by the Program for New Century Ex-
spectively, withA/ = 100. One can see that both the maxi- cellent Talents at the University of P. R. China (Project No.
mum heating load and the maximum COP increase monotorNCET-04-1006) and The Foundation for the Author of Na-
ically with the increase i tional Excellent Doctoral Dissertation of P.R. China (Project
The optimum variables corresponding to maximum cool-No. 200136). The authors wish to thank the reviewers for
ing load (2 m2,max) Versus the total heat transfer arég @re  their careful, unbiased and constructive suggestions, which
shown in Fig. 14. led to this revised manuscript.
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