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Abstract

Electric power was estimated in case of the large-scale flat thermoelectric panels exposed to two thermal fluids. The output powers
of the proposed 15 systems were analytically deduced from heat transfer theory, and written by non-dimensional functions to reflect the
characteristics of system design. The maximum output was the largest in the ideal isothermal systems. In the other realistic systems, it
was the largest for the system of the counter flow with one panel. The multiplication of thermoelectric panels can shorten significantly the
device area, although the output from the multi-panels decreases a few percent. The worse heat condofithétynoelectric materials
and the better heat transfer at the surfaces are desired for these fluid systems, in addition to the better figur&.of merit,
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction position,x. This kind of problem is known as the problem at
_ ) _ ~ heat exchanger through an isolafdf. Additionally as the
Seebeck effect on the junctions of two different materi- gpecial feature in the thermoelectric power generation, the

als can generate the thermoelectric powedepending on  heat transfer due to Peltier effect and Joule heating should
a temperature difference. Because we can not use the infinie considered@, 3],

tively large heat bath practically, this ideal case should be  The purpose of this work is to show the mathematical ex-
modified. It is designed that a thermal energy is extracted pressjon of the maximum power extractible from the ther-
by a fluid and passed to the thermoelectric generator. There,,oelectric panel which is heated by the hot fluid and cooled
hot and cold fluids offer the temperature difference between py the cold fluid. The heat transfer through the panel and the
the two surfaces of the plane thermoelectric modules. Thetemperature change along the fluid path are analyzed math-
thermoelectric motive forcés in the open circuitis the sum  gmagically. Mathiprakasam et al. reported the precise anal-
of multiplication of the relative Seebeck coefficieatand ysis using Laplace transformatid@]. Their solution was
the temperature differencéT over all the serial connec-  yery complex form due to Peltier effect and Joule heating
tions. The problem to obtain the larg@ris, therefore, how  githough a sheet of panel was studied.
we give the lagen\T for all the thermo-elements, because |t was expected that a compact system for the large-scale
a is determined only by the materials used for the thermo- power generation could be realized by the multi-sheets of
electric panel. panel, which were efficiently given the large¥T by the

The heat applied at the hot junction is scattered and lost atmyti-fluid paths[4,5]. As we proposed previously the con-
the cold junction, corresponding to the temperature gradientcept to use this kind of multi-layered panélf, the heat
inside the thermoelectric panel. The heat from the hot fluid |ggg through a thermoelectric panel is recovered by another
is passed to the panel surface by heat transfer, to the cold surf|yid and the captured heat is passed to another thermoelec-
face by heat conduction through the solid, and finally to the tric panel. We hope that the efficient recovery of thermal
cold fluid again by heat transfer. The fluids are resultantly energy in a restricted space may become possible by solv-
warmed or cooled along the flow path, and their tempera- jng the necessary thermal and fluid conditions. Esarte et al.
ture profile through the patfi(x), changes as a function of  considered the temperature drop during circulation of fluid,

and showed that it was fairly lard8].

* Corresponding author. Tek:81-75-753-5453; fax:-81-75-753-5432. Here we propose 15 kinds of thermoelectric power
E-mail addressssuzuki@energy.kyoto-u.ac.jp (R.O. Suzuki). generation system with multi-panels. Applying the heat
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transfer analysis, we solve analytically their temperature
profilesT(x) and output poweR? using the matrix analysis.
Non-dimensional descriptions enable us to select the best Thermoelectric panel
system, independently of the thermophysical properties of
the thermoelectric materials and working fluids.

P Parallel system c Counter system
2. Basic assumptions and models

2.1. Flat plane panels

It is assumed that all of our thermoelectric panels are
flat, and that they consist of the thermoelements with a
single layer offI-type pn junctions, as illustrated Fig. 1
The thermoelements are homogeneously aligned perpen- l
dicular to heat flow, combined tightly without open space, Isothermal system x miXed system
and connected electrically in series. The hot and cold fluids
flow along the both flat surfaces of the panel, and they are
isolated by the panel. Practically, as showrFig. 1, there
exist the electrodes connecting the thermoelements, theat the counter flow type. These two types are often selected
open space between them, the protective film between thefor heat exchangers using fluily.
fluid and the thermoelements, and the fins that enhance the The isothermal type is the extreme case that whole a
heat exchange. Esarte et al. proposed to circulate the fluidsurface of the most outside of the system can be kept at
in a path to enhance heat transté]'_ Here for S|mp||c|ty a constant temperature by the |nf|n|t|Ve|y Iarge heat bath.
we neg|ected these effects on heat transfer, or ConsideredThiS mOdelS, for example, the heat utilization of hot furnace
them as the heat transfer coefficient at the surfaces. wall, of phase transformation such as boilieg, or of huge

This work will discuss the shape and system holding amount of seawater as the coolant. Here we discuss the case
multi-planes. The number of the planesthe directions of  that the cold surface is kept isothermally, as showign 2

hot and cold fluids, and the path shape for fluids are classi- The mixed type uses the recycled fluids at the second
fied systematically as below. stage, after the hot and cold fluid is cooled and heated, re-

spectively, at the first heat exchange. The increment of output
power is expected by getting compulsorily double amount

of fluid and a medium temperature between those of hot and
cold fluids.

Fig. 2. Classification by the direction of fluid flow.

2.2. Directions of fluids

Firstly the fluid directions are classified into four types,
depending on the direction of cold fluid at the exist of the
corresponding hot fluid: parallel flow type (P), counter flow
type (C), isothermsal type (1) and the mixed type (X), as
shown inFig. 2 We assume only one path for each fluid.
Namely, we set the boundary conditions that each system
has only two paths connecting in series.

The parallel flow type is the system that the two fluids
flow in the same direction, between which the thermoelectric
panel is inserted. The fluids flow in the opposite direction

2.3. Path shape

Secondly the path shapes of fluids are classified into three
types, depending on setting of the boundary conditions: me-
andering type (M), helical type (H) and branched type (B),
as shown irFig. 3.

The meandering type bends the hot fluid paths, recovers
the exhaust heat from the panel to which the fluid gave the
heat, and will pass the heat to the next panel. This type aims
at the heat recycling and the miniaturization of the system.
Here we assume only one path for the cold fluid.

The helical type aims at the homogeneaiis for all the
panels, by flowing the two fluids in counter flow. The path
connection is illustrated as broken linesHig. 3, however,
the seamless three-dimensional connection can be realized
in the roll pancake model as shownhig. 4(a) and in the
double helical model as shown Fig. 4(b) Their detailed
analysis in the cylindrical coordinate will be reported sepa-
rately.

Fig. 1. Simplification of thermoelectric module. Two fluids flow over the The branched type is the system that the two fluids sepa-
smooth flat panel. rate equally into a few paths so that the two fluids flow side
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Fig. 3. Classification by the shape of fluid path.
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Fig. 4. Example of three-dimensional helical system: (a) roll pancake

model; (b) double helical model.

by side. The number of cold paths is taken larger than that of

sification, the previous conceptual propogglcorresponds
to the mixture of 3CM and 2X.

3. Physical properties and conditions

The thermophysical properties of the thermoelectric ele-
ments in the literature scattered due to the impurities and
the difference in preparatid@]. Table 2shows a typical set
of properties for an identical samp]é-10] for this work.
Tables 3 and 4how the fluid propertied 1] and the param-
eters for thermoelectric panels. The parameters are approxi-
mated as the values at the average temperatufg afdT..

The BiTe semiconductor is now available in the market.
However, the large-scale power generation needs a large
amount of materials. Although the thermoelectric properties
of iron-base alloys are not suitable still now, they are attrac-
tive because of the natural abundance and the good electrical
conductivity[12].

The liquid is superior to the gaseous fluid as the thermal

hot paths, in case of H and B systems, because the numbecarrier because of larger heat capacity, however, the gas has
of paths becomes odd when the number of panels is even. the advantage in corrosion of the panels and it can be often
Based on the above classifications, the systems are nametised as the exhaust gases from the industries. This study

after the number of panel sheety,(the direction of fluid
flow (P, C, | or X) and the path shape (M, H, Bjable 1

assumes the usage of inert Nas as heat carrier.
In general, heat transfer coefficiehtdepends mainly on

lists the names of systems analyzed here. Under this clasthe hydrodynamic behavior of the fluid and the shape of the

Table 1
Classification and abbreviation of studied system

Shape of fluid path

Direction of fluid flow

Parallel (P)

Counter (C) Mixed (X) Isothermal (1)

One panel - 1P
Meandering (M) 2PM

Multi-panel Helical (H) -

Branched (B) -

Others - -

1C - 11
2CM - 2IM
3CM
4CM

2CH - -
3CH
4CH

3CB - -
4cB

- 2X 21
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Table 2
Specific values of thermoelectric elements used here
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Materials Seebeck coeficient, Resistivity, p Thermal conductivity, Figure of merit,Z
a (nVIK) (n2m) A (W/Km) (1/K)
Fe 23 at.% Al 20at.% Sip) 40.35 1.923 12.44 4.483 105
Fe 22 at% Al ) —21.56 1.176 16.13
Bi 54.3at.% Te ) 162 5.5 2.06 2.605 1073
Bi 64.5at.% Te 1f) —240 10 2.02
Table 3
Parameters for thermoelectric power generation system
Variables Values used in this work Fluid 1 T e =
T T
Thermoelectric device s
Width, w im T R o B
Length, | Variable I I Panel 2
Thicknessd 0.05m : - .
Fluid 3 T. L
Thermal sources ) . I | Panel 3
Hot source N gas (inlet7y' = 500K)
Cold source M gas (inlet7y" = 300 K)
Gas properties
Specific heatC, 1044 J/kg K (at 400K, 0.1 Pa) T ‘|—| '
Mass flow rateM 1.00kg/s | | Panel n
Heat transfer coefficient) 500 W/n? K Fluid 7i+1
y L 5
I odx |
tube surface. It was evaluated as 28.3 WKnassuming that : / 5

the turbulent flow, which obeys with Kays equatifi],
flows under the hydrodynamic conditions listedTiable 4

The fins on the surfaces can improve the heat transfer coe

ficient, h, to a few to ten times larger valugst]. This study
setsh as 500 W/m K.

Fig. 5. Module withn panels. Direction of heat flow among fluids is

f_illustrated.

equations can be written from the heat transfers through
panels:

4. Equations for output power

4.1. Deduction of equations

Considering the system consisted rokheets of panels
as shown inFig. 5 a set ofn + 1 simultaneous derivative

Table 4

Hydrodynamic and boundary conditions

dr
M1Cp1 ;ix) = FKw(T1(x) — To(x)) @)
dr;
MiCo T = LKy (T 1) — Tio)
FKiw(T;(x) — Tit1(x)) 1<i<n)
(2)

System Hydrodynamic conditions Boundary conditions

1P My >0,My >0 T1(0) = T\, T2(0) = 7"

1C M1 >0,M2 <0 T71(0) = Tr;n, Tx() = Tc'n

1l M1 >0 T1(0) = Tr;”, To(x) = T for all x _

2PM M1 >0,M2 = —-Mp, M3 < 0 T1(0) = Tr;n, T1() = T2(]), T3(]) = Tcm

2CM M1 >0,M; = —-Mq, M3 >0 T1(0) = Trlln, T1(l) = T2 (1), T3(0) = Tén

2CH M1 >0, M2 < 0, M3 =M T71(0) = Tén, T1() = T3(0), T2() = Tr;n

2IM M; >0, My = —M3 T1(0) = Tr;n, Ti(l) = TZ.(Z)’ T3(x) = T(':n for all x

2l M; >0, My = —M3 T1(0) =T, To() = Tr']n, T3(x) = 12" for all x

2X Mz >0, Mz = —(M1 + Ma), M3 > 0 71(0) = T\, To() = (MaT1(l) + M3T3()) /(M1 + M3), T3(0) = T

3CM M1 >0, My = —M1, M3 =M1, Mg > 0 T1(0) = Tr!]n, T1(1) = T2 (1), T2(0) = T3(0), T4() = Tén

3CH M1 >0, M2 =My, M3 =M1, Mg < 0 T71(0) = Tr;n, () = T3(0), Tx() = T4(0), Ta(l) = r

3CB My >0, My =My, M3 =M1, Mg < 0 T1(0) = Tr;n, () =T, T3(0) = Tﬁn, u(l) =T _
4CM M1 > 0, M2 = =M1, M3 = M1, Mg = —M1, M5 > 0 T1(0) = Trl]n, T1(l) = Tx(l), T2(0) = T3(0), T3(l) = T4(1), T5(0) = Tén
4CH M1 >0, M2 = Mg, M3 =M1, Mg < 0, M5 = Mg T71(0) = T,in, T1(l) = T3(0), T2(l) = T4(0), T3(l) = T5(0), Ta(l) = T(i:n
4CB M1 > 0, My = Mg, M3 = Mg, Mg < 0, M5 = M T1(0) = Tcln, T1() = Trlln, T2(0) = T('.,n, T3() = Trlln, T4(0) = Tcln
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dTn+l(x)
—d 3)

whereM;, Cy;, T; are mass flow rate, heat capacity and tem-
perature for fluid, w the width of the panel. The homoge-
neous temperature profile alop@xis is assumed inside the
turbulent flow. The choice of: depends on the path con-
dition, K; the over-all heat transfer coefficient through the
paneli,

Mn+lcp,n+1 = +K,w(Ty(x) — Th+1(x))

1
4/ hni) + (/X)) + (1) he)
hn; andhc; are the heat transfer coefficients between hot

(4)

K;

fluid and the panel and between cold fluid and the panel,

respectively,d and A the thickness of the panel and the

average heat conductivity in the panel, respectively.
P )\.pSp + )\.nSn
- Sp + Sn

(5)

wherel, and Ay are heat conductivity of p and n type el-
ements, respectively, ands, the cross-sectional area of

these elements. For simplicity, heat transfer by Peltier ef-
fect and exothermal heat by Joule effect are neglected. The

detailed considerations on this simplicity will be reported
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whereu is the difference between thoseéndn elements,

n, andn, the number densities of thermoelectric pairs in the
directionx andy, respectively. Note that,n, = 1/(sp+sn).
The electric resistanc®; is given as:

@+@>
Sn

Sp
where pp and pn are the specific resistivity of p and n
elements. The maximum output powd?, optimized by
balancing the internal and external resistance as used in
normal way:
E2
AR

This work uses hereafter thiB, where the internal and
external resistance are the same.

R; = nynywld ( (12)

(13)

4.2. Output power of 1P system

The simultaneous equations are solved at the 1P system,
where one sheet of panel is exposed in parallel flow.
MnCpnT{" + McCpc(Ti" — TiM)

xexp(—DKwx) + T")

14
separately. . MnCph + McCpc (14)
By replacing: _ _ ‘
Kw Mth,h(Tr']n - (Tr']n — T":n) exp(—DKwx))
Aij= e ©6) +McCp o T
JCp.j Te(x) = . M Co T M.C (15)
the simultaneous equations can be written in the matrix form h-ph T Hctpe
as,
[ T1(x) [ FA11 A1 0 1 Tax)
T2 (x) +A12 F(A12+ A22) +A2 To(x)
d
- = 7
dx | - . . : (7)
T, (x) :I:Anfl,n :F(Anfl,n + An,n) :I:An,n T, (x)
L Tht1(x) B 0 TAnn+1 FAnn+1 | L Tita(®)
The equation is solved for by setting the boundary condi- h
tions, as listed iTable 4 The mathematical software, Math- WN€r€
ematica, was partially used as a tqdb]. The solutions, _ 1 + 1 (16)
T;(x), are described later. The temperatéyg(x) at the sur- MnCpn  McCpc

face of the pandlfacing to the fluid is written usingT;(x).

K;
0;i(x) = T;(x) — ?(Ti(x) = Tit1(x) (8)
K;
Oii+1(x) = Tiy1(x) + h_—l(Ti(x) — Tit1(x) 9)
i+
The electromotive forceg, is the summation of the temper-
ature difference over all the panels.

E=Y 1> aii—bii1) (10)
i=1 |panel
n w pl

E= Z nxny/O fo a(0;,i(x) — 6;iy1(x)) dxdy (11)
i=1

The electromotive force is calculated by integrating the
above results ireq. (11)

. MpMcCpnCp,cynty da(Ti"—TM) (1 — exp(—DKuwl))
B (MnCp,h + McCp,c)r

a7
The output poweP; is obtained usindeq. (13)
MﬁMCZCS’th,Cnxny de?(" — Tin)2
x {1 — exp(—DKwl)}2
Py (18)

" dwl(MpCph + McCp.c)2(pp/sp + pn/sn)A2

P, agreed with the solution reduced by Laplace transfor-
mation [3], when our assumptions were introduced. The
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Non-dimensional output power, ®(X)

Non-dimensional length, X

Fig. 6. Non-dimensional output of one-panel systems.

temperature differencéy(x) — 6c(x), agreed with the pre-
vious analysis of parallel floyb].

Especially when all the terms df;C,,; are equivalent
and allK; are equal to a constaht, we obtain the output
powerPs in a simple form,

Kd_ . ,
P2 = MCp—Z(Ty" - T2 L(sp, sn)P1p(X) (19)

whereZ is the figure of merit, known as the material param-

eter[2,10], and®1p(X) the new non-dimensional function.

P Rkl (20)
(/Pprp + v/ Pnin)?
2
L(sp. sn) = spsn(y/ PpAp + +/Pnin) (21)
(Apsp + Ansn) (opsn + pnsp)
_ (l _ e—2X)2
D1p(X) = T (22)

where the non-dimensional length of the systéim defined
as,

Kuwl
X J—

= Ve, (23)

@1p(X) is characteristic for each system as showikig. 6

and Table 5 L(sp, sn) the function of the cross-sectional

area, and its maximum is 1 when:

Sn_ [Pnlp (24)
Sp Pphn

The maximum@1p(X) = 5.091 x 102 when:

4x +1=¢&¥ (25)

This Eq. (25)can be numerically solved a% = 0.6282.
P3 is obtained after these maximizations lofs,, s,) and
@1p(X) for Eq. (19)

Kd in in\2
P3 = @1p(X)max MCpTZ(Th - Tc ) (26)

P3 depends on the mass flow throulgh hy, andhe, as well

ference.@1p(X)max is constant independent of the materi-
als and fluid properties, and it is also the parameter deter-
mined by the system design. Therefore, we defi(ld?) =
®1p(X)max as the system parameter, atlP) = 0.6282
as the characteristic length, specialized for 1P system. These
are listed inTable 6

The contributions o, ands, through the terms df and
A were neglected because they were small.

4.3. Output power of 1C and 1l system

The simultaneou&q. (7) are solved at the 1C system,
and the thermoelectric forde and the output poweP; are
calculated in the same procedure as described above.

b MnMcCpnCp,chiynty da(Ti" — TiM)(1 — exp(—DKuwl))
B (MnhCpnexp(—DKuwl) + McCp o)A

(27)
MEMEC | CB cnny da?(T) — T2
x {1 — exp(—DKwl)}? 28)
YT Awl{MnCpnexp(—DKul) + McCp.c)?
x(pp/sp + Pn/sn)A2
WhethCp,h = [McCpl,
_ K_d in _ 4iny2
P2 = MCp—Z(T" = T")*L(sp, sn) P1c(X) (29)

wherelL(sp, ) is identical withEq. (21) The function of
@1c(X) is given inTable § and the characteristic parameters,
8(1C) = 1 anddic(X)max = y(1C) = 1/16, are listed in
Table 6

Similarly P, for 11 system is given by:

, M{CE nony do®(T) — T2
1 =

4w'()0p/sp + :On/Sn))t2
Kuwl

2

It is mathematically proved thd&; for 1l system is a limit

of those for 1P and 1C systems, Mg approaches infinity.

P, for 11 system is also written in the similar equation with
Eq. (29) @1,(X), §(1l) andy(1C) are shown iffables 5 and

6. As My, approaches infinity ifcq. (30) the system corre-
sponds to the case where the both surfaces are heated and
cooled by the infinitively large heat baths. We obtain the
well-known output,

(30)

P nxnywl(xz(Th — To)? (31)
4d(pp/sp + pn/sn)

whereP becomes the maximum &t/sp = (pn/pp)Y/2.

In a short summary, the non-dimensional outgutde-
pends on the fluid direction, but the formula can be com-
monly written only by the same length parameXefThree

as the figure of merit and the square of temperature dif- @(x) for one sheet of panel are compared-ig. 6.
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Table 5
Calculated non-dimensional output powg(Xx)
System ®(X)
_ (1 _ e72X)2
1 *0= g1+ x7
—X\2
1 o= =€)
4X
— _ V2x 1+v2)Xy2
oM @(X):{ 14+ V2 — (1 + V2)eV2X 4 2g1Hv2X)
2{2— V2 + (2+ V2)e2/2x)2x
C(A—e¥)?
2CM PX) = =
1
2CH P = X @+ cothx)?
oM o0 = {—v/5€¥/2 + /5 cosh(v/5X/2) + 3sinh(v/5X/2)}2
B 8X{2 + 3 cosh(v/5X) + +/5 sinh(+~/5X)}
o eI VIX (-3 + VB)eY/2 — 2,/Be/5X/2 1 (34 v/B)ell/2HVOX)2
D(X) =
X 32X{—2 + 7 cosh(~/5X) + 3v/5sinh(v/5X)}
_A—e¥)?
2X PX) = =
{=1+ (1+ 2X) cosh(v/2X)}?
3CM &(X) =
X 6X{+/2(2 + X) cosh(v/2X) + sinh(v/2X)}?
acH o) {2X cosh(X/+/2) + +/2 sinh(X/~/2)}2
3X{(2 + 4X) cosh(X/+/2) + +/2(2 + X) sinh(X/+/2))2
[V2{—1+ (1+ 4X) cosh(2+/2X)} + (1 + 6X) sinh(2/2X)]2
3CB D(X) = -
12X[v/2{—1 + (3 + 4X) cosh(2v/2X)} + 2(2 + 3X) sinh(2+/2X)]2
[—261+3VBX/2(_1 4 X)(11+ 3e¥) + eX{—11— 5B + (7 — 3V/B)e¥} + eM3VOX(_11_ 5/5 4 (7 + 3/5)e¥}
+e/5X[10 — 65+ eX{—11+ 35+ (—3+ v/B)eX}] + eV5X[—10— 65+ X {11+ 3v/5 + (3+ v5)e¥]]
4CM o) — 1 +eMHVIX2[_1 _ /54 eX(8 - 615 — (7 — 3VB)eX)] + eM5VIX2[_1 4 /51 eX(8+ 65— (7 + 3v5)e)]]2
- ax {(5—3VB)eX +10e/5X + (5+ 3/5)el+2VHX)2((—3 4 eX)(~1+ eV5X) 4+ /5(~1 + eX)(1 + e/5X))2
{lSe’-@ _ 5«/5(—:‘1*@’( — 52HVEX 5\/§e<1+3\/§)x —2(5+ £)63(1+J§)X/2 —2(-5+ Jg)e(l+3£)X/2
1 426+ V/B)elt5V9X/2 L (5 1 /5)eB+5vEIX/2)2
4CH D(X) = —
4x [156/5X _ goW+VBIX _ 52+VBIX _ p0@l+vBX/2 _ pod3+VOX/2 4 A5 _ 2./5)e1+VD)X/2
+(9 _ 10«/5)9)( + 4(5 + zﬁ)e(l+3ﬁ)x/2 + (9 + 10\/§)e(l+2«/§))(}2
_ X 2
4CB o) = {— 1+ e°X(1+ 45X)}

4X{2 — 965X (3 + 10X)}2

The outputs are calculated using the materials parameters

in Table 2for the BiTe semiconductors and for the FeAl al- 6000y ' - ' 80
loys. As shown irFig. 7, the maximum power for BiTe semi- 5000 f E(;E‘;m i
conductor requires a characteristic panel length 3.76 times 2 4000 P ' 160 =
longer than that of FeAl alloys, but it gains 106 times larger N ; S FeAl 1 <
output power, when the panel thicknesss the same. Be- & 3000/ dZ005m 40
cause the ratio af in both materials is 58.1, the worse heat 2 2000l I
conductance of BiTe causes the larger difference in output = BiTe 420 =
power. For the materials selection for thermoelectric panels, 1000 @=0.005m 1
therefore, the total output power and the prices of materials ol .

010 20 30 40 30

and fluid will be considered entirely, as we pointed previ-
Panel length, // m

ously [12]. In case of thinner BiTe panell(= 0.005m),
for example, the output power decreased although the panekig. 7. output power of 1C system, where Nases of 1kg/s at 500 and
length can be shortened. This shows that the optimal thick- 300K are flown over a panel of 1m width with counter flotvjs the
ness of the panel exists depending on a certain length, as repanel thickness.
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Table 6
Analyzed non-dimensional parameters
System System Characteristic Output per unit
parametery length, § length, y/sin
1P 0.050908 0.62822 0.08104
1C 1/16= 0.0625 1 0.06250
1l 0.101816 1.25643 0.08104
2PM 0.050881 1.77891 0.01430
2CM 0.050908 1.25643 0.02026
2CH 0.058289 0.41581 0.07009
2X 0.050908 1.25643 0.02026
2l 0.091863 0.63631 0.07218
2IM 0.092222 1.69764 0.02716
3CM 0.045203 1.73604 0.00858
3CH 0.059231 0.28820 0.06851
3CB 0.056444 0.30489 0.06171
4CM 0.040966 2.07989 0.00492
4CH 0.060183 0.22504 0.06686
4CB 0.059793 0.24565 0.06085

ported experimentally16]. Fig. 8 shows the optimal thick-
ness evaluated frorikqg. (29) Our deduced equations are

thus the base for system design of thermoelectric power gen-

eration.
4.4. Output power of n sheets of panels

The equations are calculated in the system hanisigeets
of panels. The analytical solutionB;, are obtained in the
same sequence 8kction 4.1and under the conditions listed
in Table 4 The obtained equations are complex and very
long expression. When they are simplified by setting<all
identical andMhCph = |McCp |, the output powerPz, in
all the systems can be commonly describedgs (19)or
(29) by the non-dimensional outp@(X). They are listed in

Table 5 where the comparison among the systems becomes

possible, independently of thermoelectric materials and of
the thermophysical properties of fluids.

Figs. 9 and 1Gshow X dependency ofp(X). Only one
maximum commonly exists for eact?(X). The system

6000

Power, P/ W
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2000

0 0.02 0.04 0.06 0.08 0.1
Panel thickness, d / m

Fig. 8. Output power of 1C system, where Nases of 1kg/s at 500 and
300K are flown over a BiTe panel of 1 m width with counter flow.
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Fig. 9. Non-dimensional output of the two-panel systems.
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Fig. 10. Non-dimensional output of the three- and four-panel systems.
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Fig. 11. Comparison of thermoelectric power generation systems.
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Length parameter, ¢

nd the characteristic lengthare evaluated

numerically inTable 6

5. Discussions

The system parametey,are summarized ifrig. 11
, ¥(21) andy(2IM) are significantly high, be-
surface is kept at a constant temperature for

Firstly, y(11)
cause a cold
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these systems. It was basically assumed in the isothermalThe system parameter is characteristic for geometry of
type (1) that the infinitive fast heat supply and heat compen- path and the direction of fluidv were significantly large
sation was available to keep a constant temperature. Thisfor isothermal systems. In the other systemsyas largest
assumption was mathematically realized that a limit of 1P for the system of the counter flow with one panel (1C). The
and 1C system was 1l system as M approached to the in-multiplication of thermoelectric panels can shorten signifi-
finitive. The infinitive fast cooling in | type is the reason of cantly the system length, i.e. the device area, although the

high power. outputs from the multi-panels decrease a few percent.
Secondly, the power of 1C is larger than that of 1P, while  The effect of thermoelectric material properties on the
the characteristic length of 1C is longer. As showirig. 6, output in thermoelectric power generation has been consid-

@(1C) is larger thard(1P) for allX. The tendency that the  ered representative only by the figure of mefitHowever,
counter flow can generate larger power than the parallel flow as written inEq. (32) A has the contribution to the output
is valid also in two sheets of panelgl2CM) > y(2PM). stronger than as expected previously, when the fluids are
However, the output per unit length of panel is the highest working. Under the fixed conditions given by such Ms
for 1P and 11, as listed iflable 6 The efficiency in thermo-  Cp, Z and AT, the output is a function of the teri/2 in
electric panel is better for 1P and 11 than for 1C, although Eq. (32) The better heat transfer to/from the surface and the
the efficiency of heat is the best for 1C. worse heat conductivity of the panel are desired.

When we compare by the path shapes (H, B and M), the
helical type has the highegtand the shortest length The
branched type is a little smallgrand a little longe® than Acknowledgements
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