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ABSTRACT

Heat transfer plays an important role in thermoelectric (TE) power ggmebecause the
higher the heat-transfer rate from the hot to the cold side of the TE matexihlgher is the
generation of electric power. However, high heat-transfer rate icutliio achieve
compactly when the hot and/or the cold sources are maintained by a flow of gas such as
waste heat from the gas exhaust of an engine or a power plant. Also, whenpiratiera

of the hot and the cold sources differs considerably, thermal stress cader@aige and

thereby affect reliability and service life.

In this study, computational fluid dynamics (CFD) analyses were perfotonevaluate two
compact gas-phase heat exchangers (HXs) on their ability to enable Higlahsfer rates
from the hot to the cold sides of the TE material with minimal thermal stressHXOne
utilizes the leading portion of developing momentum and thermal boundary layers, and the
other HX involves jet impingement. The CFD analyses take into account the comveszit
transfer of the hot gas in the HX flow passages and the conduction heat tratiste X

walls, the TE materials, the electrical conducting plates, and the insutasterial that fills
the space between the TE material, the conducting plates, and the HXBahdaminar

and turbulent flows in the HX flow passages were investigated. When the fliosbu¢ent,

the analysis of the gas phase is based on the ensemble-averaged contivigityStakes,

and energy equations, closed by the realizalaléukbulence model that are integrated to the
wall (i.e., wall functions were not used). The analysis of the solid phase dsdratee

Fourier law.
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vii
Results obtained show the two HX designs studied to be useful in increasing heat-transf
rate through the TE material with minimal thermal stresses. For thta&tXtilizes the
leading part of the boundary-layer flow, a heat-transfer rate of 1 W/cm2 coatthisved

with reasonable pressure loss. For the HX with jet impingement, a hesfetreate of about

3 W/cm2 could be achieved but the pressure loss is considerably higher.
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CHAPTER I. Introduction

Thermoelectric materials (TE) are semiconductors that cantlyi convert between the flow
of thermal energy and the flow of electrical energyWhen a temperature difference is
imposed across the TE material, electrical energy is gexderdVhen an electrical potential
is imposed across the TE material, a temperature gradiergated that acts as refrigeration.
The primary advantage of TE power generation or refrigeraidinat there are no moving
parts. Applications of this technology include recovering energy fwaste heat in the
exhaust gas of engines and power plants, powering satellitensystespace, and providing

thermal management.

Figure 1 shows a typical TE couple, the most basic unit for TEgmenversion, and a heat

exchanger with embedded TE couples for TE power generation.

cold L]
ARNNNNNNNNNNNNNNNN

— DI ooooroooooosss: SIS SUTTSSSTSUTTY
ANTIIIIIIIIRIRIIIITITIRIEEEEEREREE SRR RN

=i hot Waste heat

A I T T TR TR TR Y

N

cold mmm

o
Hot Surface

Fig. 1. Left: TE couple (direction of electric current flow in TE legs markewltte
arrows; solid gray denotes conducting plates; striped denotes HX walls). Iight

exchanger with embedded TE couples.
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There are three main issues in TE power generation. Thésflsiv to create TE materials
with high conversion efficiency (i.e., the fraction of heat tramsteithat is converted to

electrical energy). Zis a figure of merit on conversion efficiencyddtmition is

ZT:GSZ T, +T,
A2

where ¢ is the electrical conductivityl is the thermal conductivityS is the Seebeck
coefficient; and T and T; are the hot and cold temperatures imposed on the TE device. The
best of the current TE materials has values of ZT near unit{T tan exceed two in the
temperature ranges of interest, then the efficiency of TE ele\iecome highly competitive
with other engines. The second main issue is how to maximizesttidransfer rate across
the hot and cold sides of the TE materials because the higheiatheamsfer rate, the higher
is the electric current generated. High heat-transfengateficult to accomplish compactly
when the hot and/or the cold sides are maintained by flow of gabese Weat-transfer
coefficients are orders of magnitude lower than those assbciatie liquid or two-phase
flow. The third issue is how to minimize thermal stresses aadlamages that can result
when the TE device must operate across large temperatureerités with considerable

thermal expansion/contraction.

A number of investigators have studied heat-transfer (HT) issud€idevices. These

studies can be divided into three categories — HT analysis oBlwdples, HT analysis of

HXs, and HT analysis of TE couples embedded in HXs. HT induples (see Fig. 1) in
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turn can be classified as those that address micro- and naaocscglles and those that
address macro-scale couples. For micro- and the nano-deateuples, transient analysis
based on ballistics-diffusive equations are needed to account for phonon®ff&ttandafi
provides an excellent overview on lattice thermal transport ahattg electronic thermal
transport in heavily doped TE material. For larger couples (@gples with mm or bigger
sized TE legs), the HT in TE couples has typically been modelazhe dimensional from
the hot to the cold side§ Hogan & Shifi and Harris, et al.developed a mathematical
model and computer program to study the three-dimensional heaetrandfelectric current
flow in a TE couple with and without insulation material betweeriTtidegs. Zhu, et df
studied the natural convection and the radiation heat transfer neglon between the TE
legs with a temperature difference of 600K over 1 cm. On Hlysinaof HXs, there is a
large body of literature though not necessarily applied to theetioel power generation.
These include the extensive literature on internal cooling sftuhine components:*®
From the literature, it is well known that HT is highest whas thermal boundary-layer is
the thinnest. Thus, the leading portion of boundary layers in short chacjstampingement
are leading candidates for compact HX%®> On HT analysis of thermoelectric power
generators (TEPG) that has TE couples embedded in HXs,haHebeen reported except

those based on one-dimensional anafysis.

The objective of this study is twofold. First, analyze the threeedsional flow and heat
transfer in a thermoelectric power generator (TEPG) with tKeaHd its embedded TE
couples. Second, examine two compact gas-phase heat-exchanger (ldK3 destheir

ability to enable high heat-transfer rates from the hot to thestbdd of the TE material with
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minimum thermal stress. This study will be accomplished bggusomputational fluid
dynamics (CFD) analyses that account for the heat-transfeegses in the gas phase and in

the solid phases.

The remainder of this paper is organized as follows. Firsgmesincepts that can minimize
thermal stresses are explained. Afterwards, the two TERGE@mpact HXs are described.
This is followed by the formation of problem, numerical method ofitsmi, results

generated, and summary.
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CHAPTER Il. Design Concept to Minimize Thermal Str  esses

In traditional designs, TE couples are sandwiched between the hdbheamwdld plates as
shown on the left in Figs. 1 and 2. With such a design, there is no fwothermal
expansion/contraction of the TE legs as operating temperaturgesha®ne way to resolve
this problem is to allow the walls that connect the hot and cole@plkat be flexible or
stretchable but need to maintain structural integrity of the dwdaice. Shown on the right
in Fig. 2 is a design with rigid walls that connect the hot and cold plates dwtfall thermal
expansion/contraction. This is accomplished by cutting holes intoothelate to allow the
TE legs of the TE couple to expand and contract freely througtholes as temperature
changes. With such a design, the TE legs are structumlpled only to the cold plate but
thermally coupled to the hot and the cold sides. To maintain théusaiumtegrity of TE
legs from erosion, the portion of the TE legs exposed to the hot gagdesbe coated. This

TE couple design will be utilized in this study.

aluminum
copper

TE material

*—— jnsulator —— "

copper

Fig. 2. Left: traditional design (TE couple sandwiched by the hot and cold sudces
plates). Right: new design (TE legs of TE couple structurally disconneotaedtie hot side

but connected thermally).
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CHAPTER lll. Description of Problem

In this study, two compact heat-exchanger (HX) designs for tredetioic power generators
(TEPG) are examined on their ability to enable high heat-wamafes from the hot to the
cold sides of the TE material in which the design concept #itestron the left of Fig. 2 is
utilized. One HX utilizes the leading portion of a developing theboandary layer (Fig.

3), and the other HX involves jet impingement (Fig. 4). The detéigmch of these two HX

designs with embedded TE couples are described below.

10 mm 100 mm 100§%nm
» . symmetry H
Cold wall, T, Channel wall 2.5 mm
/7 n t H-{ 5 mm

T, = 600K

i —'L—t T,= 300K

2.5 mfs
V:{ 5mis

| 92
10 m/s
m
Z /=5mm
!

h=5 mm

%

Top view B symmetry

\\

RN

symmetry

Fig. 3. Schematic of TEPG involving a developing thermal boundary layer.
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Lyl t_y
— | 2 2 h%é

Cold wall, T, Ty
2 symmetry
10mfs t=5 /=5
- " ) / 2/ W
20 m/s t2— 05 Zj_ 25 —> —>
hre= 5,10 {Unit: mm)

Fig. 4. Schematic of TEPG involving impinging jets.

TEPG 1 (developing thermal boundary) The TEPG problem shown in Fig. 3 consists of a

210 mm long channel made up of four parallel plates. The middiplates are separated
by 2H in which three values of H were investigated (H can be 2.5, H) oom). Hot air
enters the middle two plates at X = -15 mm with a uniform teatper T, of 600 K and a
uniform velocity V along the X direction; three values of V weneestigated (V can be 2.5
m/s, 5 m/s, or 10 m/s). The back pressure at the exit of thigakgtassage at X = 200 mm
is maintained at 1 atm. For the two outer pairs of plates, gactsandwiches four rows of
TE couples (row is along Z direction). The temperature of the ewdk of the two outer

most plates (at Y = -(h+2t) and Y = 2H+(h+2t)) is maintained.aif 300K. All plates of
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the channel have thickness t of 0.5 mm and are made of aluminurthermal conductivity
k of 202.4 W/m-K. The four rows of TE couples are located at X 50n&, 50 mm, and
75 mm and are spaced by 5 mm in the spanwise (X directionjidiredach TE couple has
two TE legs (one p- and one n-type TE material) with 5 x 5 o1oBS section and a height of
5 mm that are connected by copper plate with thickness t of 0.5Then.TE couples in the
same row are separated by 0.5 mm in the spanwise directioa.space between the TE
couple and plates of the channel are filled with insulators, wheze tifferent values of the
thermal conductivities were investigated (k can be 0 for parfeatation; 0.015 W/m-K and
0.05 W/m-K). The thermal conductivity k of the conducting copper platsstaken to be

387.36 W/m-K. The thermal conductivity of the TE material in W/m-K is givén by

k(T) = 0.23912+609.95/T-838.37T (1)

For this problem, there are a number of symmetry planes: one miastagen the middle
two plates and a symmetry plane midway between TE couples isptdrmvise direction.

Thus, the domain of the problem investigated is the one shown in Fig. 3.

Table 1 gives a summary of all cases simulated for TEPGnhlthid table, H is the half-
height of the hot-gas passage, and V is the speed of the hdtngaat the hot-gas passage
inlet. kaelS the thermal conductivity of the plate. It was set to zeraddel adiabatic wall
and to 0.05 to model a wall that is as good as an insulat@gatdis the thermal conductivity
of the insulation material that fill the space between theduple and the channel plates. It

was set to zero to model perfect insulation. Contact (no oiingisates with the aluminum
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plate touches or does not touch the TE legs,y Rad Re denote the Reynolds number

based on channel height (2H) or the total length of the channeA(Elpw in a circular pipe

needs to have a Réwhere D is diameter) greater than about 2,300 to achieve turblolent f

if the pipe is long enough (at least about 140D). For boundary-layeoficaflat plate with

non-turbulent free stream flow, the Reynolds number based on the distamcthe leading

edge of the plate must exceed about 5 XhEore the flow can become turbulent. Thus, for

the conditions considered in this study, the flow in the channeimmda. Nevertheless, a

few simulations were carried out assuming turbulent flow througth@uthannel in which

the flow that enters the channel, though still has a uniform erdiks a 2% turbulence

intensity.
Table 1. Summary of Cases Simulated for TEPG 1.

H kplate K reuistor Laminar /
Case | (mm) | V¥ (mfs) | (W/m-K) | (W/m-K) | Contact Re,./Re, Turbulent
1-1 10 10 0 0 No 3,812/21,450 Laminar
1-2 10 10 0.05 0.05 No 3,812/21,450 Laminar
1-3 10 10 202.4 0.05 No 3,812/21,450 Laminar
14 5 10 202.4 0.05 No 1,906/21,450 Laminar
1-5 2.5 10 202.4 0.05 No 953/21,450 Laminar
1-6 10 5 202.4 0.05 No 1,906/10,725 Laminar
1-7 10 2.5 202.4 0.05 No 953/5,363 Laminar
1-8 10 10 202.4 0.05 Yes 1,950/21,450 Laminar
1-9 10 10 202.4 0.05 No 1,950/21,450 Turbulent
1-10 10 5 202.4 0.05 No 1,950/10,725 Turbulent
1-11 10 2.5 202.4 0.05 No 953/5,363 Turbulent
1-12 10 10 2024 0.015 No 3,812/21,450 Laminar
1-13 10 10 202.4 0.015 No 3,812/21,450 Turbulent
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TEPG 2 (impingejets) The TEPG problem shown in Fig. 4 involves a hot gas with uniform

temperature Jof 600 K and uniform velocity v along the x direction (v can be 10am20
m/s) entering a converging channel, where the channel height isn3at the inlet and 10
mm at the channel’s end. The hot gas entering this channel isedivbrough a series of
square holes (2.5 mm x 2.5 mm x 5 mm) into a channel with height of 1@broreate jets
that impinge on the top of the TE legs. The back pressure a&xthef this channel is
maintained at 1 atm. The plate with the square holes that sepiaeatwo channels has a
thickness of 5 mm and is made of aluminum with thermal conductivi30gf4 W/m-K.
Each of the TE legs has a 5 x 5 manoss section, and its length can be 5 mm or 10 mm.
The copper conducting plates that connect the TE legs have a thickness of &l inave a
thermal conductivity of 387.36 W/m-K. The thermal conductivity of the TE maisrgalen
by Eq. (1). The cold plate on the other side of the TE couple i#areed at 300 K. Similar
to TEPG 1, TEPG 2 also has a number of symmetry planes: a symplene midway
between TE couples in the spanwise direction. Thus, the domain of bienpriavestigated

is the one shown in Fig. 4.

Table 2. Summary of Cases Simulated for TEPG 2

Case | V(m/s) | hy.(mm)
2-1 10 5
2-2 20 5
2-3 10 10
24 20 10
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CHAPTER IV. Governing Equations and Method of Solu  tion

The problems described in the previous section involve a gas whoséy dmms change
significantly from large changes in temperature even though tloé kamber of the flow is
quite low. Also, the flow can be laminar or turbulent depending up@mReynolds number
and conditions of the flow that enter the channels. In this study) Wieeflow is laminar,
the governing equations used are the continuity, Navier-Stokes, argyesguations for an
ideal gas. When the flow is turbulent, the governing equations useth@rensemble-
averaged continuity, Navier-Stokes, and energy equations for an idealThaseffects of
turbulence were modeled by the two-equation realizaklerlodel'® Wall functions were
not used, and integration of all equations is to the wall, resolvinpwh&eynolds number
region of the turbulent boundary layers. In the near-wall regi@pne-equation two-layer
model of Chen and Patdlis used. This model divides the turbulent flow field into two
regions. One region, referred to as the wall region, exteadsthe wall to the edge of the
fully turbulent region. The other region, referred to as the c@ienrecontains the rest of
the turbulent flow field which is fully turbulent everywhere. the wall region, the one-
equation model of Wolfshteifiis used, and in the core region, the realizabdenkedel is
used. For the solid phases — channel plates, electrical conduetiag, fIE material, and

insulation material — the Fourier law is used.

Solutions to the governing equations were obtained by using Version 6.32é Bluent-

UNS codé’’ Only steady-state solutions were sought, and the fully coupleticim

algorithm was used to generate solutions, where momentum, continuitgnargly were
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solved simultaneously instead of in a segregated fashion. Alliegsiatere integrated over
each cell of the grid system. The fluxes for density, moamenand energy at the cell faces
are interpolated by using the third-order MUSCL scheme. #hesgs computed by using
second-order accuracy. For all computations, iterations weregedtuntil all residuals for
all equations plateau to ensure convergence to steady-statdekas reached. At
convergence, the normalized residuals were always less &i&h for computations
involving laminar flows. When the flow is turbulent, the normalizesidigal is always less
than 10° for the three components of the velocity, less thahfadthe energy, less than10
for turbulent kinetic energy, less than“f@r dissipation rate of turbulent kinetic energy, and

less than 18 for the continuity equation.

The accuracy of CFD solutions is strongly dependent upon the qaglitye grids used in
minimizing grid-induced errors and in resolving the relevant flowspds. Figure 5 shows
the grid used for TEPG 1, and Fig. 6 shows the grid used for TEFRGr2ZIrEPG 1, the grid
sensitivity study involved two grids, one with 1,102,200 cells (refewedstbaseline) and
one with 1,815,528 (referred to as refined and the refinement wasimegtgons with the
steepest gradients). From Fig. 7, it can be seen that tHetpce temperature (a scalar
guantity) and heat flux (a gradient) along on the hot surface (ig=€}sentially the same for
the two grids (maximum relative error is much less than about 0.0I%us, the baseline
grid is used for all cases studied. For TEPG 2, the gridisétysstudy involved three grids,
one with 1,284,120 cells (referred to as baseline), one with 968,224 celisrfor tall TE
legs and 985,296 for 100mm tall legs (referred to as coarser), randvith 1,929,464

(referred to as refiner). From Fig. 8, it can be seen thgtrédicted temperature along on
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the hot surface (Y=0) is essentially the same for the In@sahd the finer grids (maximum
relative error is less than about 0.5%). Thus, the baselinesgused for all cases studied.

For both TEPG 1 and TEPG 2, y+ of the first grid point is teas unity for all Reynolds

numbers studied.

Top view s

# Front view # Side view
« Grid number: 1,102,200

« Insulator is not shown in left figures

« All grids are structure mesh

haseline

refined

»

» Grid number: 1,815,528

* Insulator is not shown in left figures.

» All grids are structure mesh.

Fig. 5. Grid system used for TEPG 1.
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Top view B

4 Front view # Side view

« 1,284,120 total cells

» All grids are hexahedral
structure mesh

Fig. 6. Grid system used for TEPG 2.
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CHAPTER V. Results

CFD analyses were performed to examine two TEPGs with foouthe flow and heat-
transfer processes about the TE couples. The CFD simulationosnpeifare summarized in

Tables 1 and 2. In this section, the results generated are presented.

51 TEPG 1

The results generated for TEGP 1 are summarized in Table 3 and Figs. 9 to 15.

5.1.1 Effectsof Thermal Conductivity

Cases 1-1 to 1-3 in Table 1 examine the effects of thermal contuof the HX channel

plates and the insulation material. This is of interest bed¢hastermal conductivity of the
TE material is quite small, around 1 to 2 W/m-K (see Eqg. (1)jhsv the conduction
resistance in the metals such as in the aluminum plates ofXheh&hnel and the copper
conducting plates of the TE couple are negligible in comparison totiduction resistance

in the TE legs and the insulation material.
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Table 3. Results for TEPG 1.
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Units: g in W, g~ in W/fcm?

Case | Gp/dy | Gega/ Qe | 9p7 4, q./ d. q,/q, | Average AP (Pascal)
1-1 | 3.04/1.52 | 3.04/1.52 0 0 0 10.847
1-2 | 2.54/1.27 | 3.88/1.94 0 0.19/0.96 | 1.15/0.053 10.198
1-3 | 2.28/1.14 | 4.52/2.26 0 0.37/1.85 | 1.86/0.087 9.889
14 | 237/1.18 | 4.63/2.31 0 0.37/1.86 | 1.89/0.088 19.832
1-5 | 2.55/1.27 | 4.85/2.42 0 0.38/1.89 | 1.92/0.090 42.836
16 | 1.66/0.83 | 3.62/1.81 0 0.33/1.65 | 1.63/0.076 3.249
1-7 | 1.21/0.60 | 2.88/1.44 0 0.28/1.42 | 1.38/0.065 1.125
1-8 | 1.24/062 | 6.16/3.08 | 4.66/5.82 | -0.06/-032 | 0.33/0.015 9.329
19 | 2.69/1.34 | 5.15/2.57 0 0.40/2.02 | 2.06/0.096 10.276
1-10 | 1.75/0.88 | 3.79/1.89 0 0.34/1.71 | 1.69/0.079 3.211
1-11 | 1.21/0.61 | 2.89/1.45 0 0.29/1.43 | 1.39/0.065 1.096
1-12 | 2.84/1.42 | 3.90/1.95 0 0.19/0.96 | 0.87/0.041 10351
1-13 | 3.26/1.63 | 4.40/2.20 0 0.20/1.02 | 0.94/0.044 10.677
AP = inlet stagnation pressure — outflow stagnation pressure

q = average heat transfer rate over 8 TE legs (W)

q’ = average heat flux over 8 TE legs (W#zm

Subscripts for g and’gdenote:
h = heat transfer rate into TE leg from hot gas

cold = heat transfer rate TE leg’s cold side

p = heat transfer rate into TE leg from the hot plate

¢ = heat transfer rate into TE leg from the conductor
i = heat transfer rate into TE leg from the insulator to the conductor

Case 1-1 has perfect insulation singgid< kinsulation = 0. For this case, all thermal energy
from the hot gas can only be transferred through the TE couple, vdpobsents an ideal
case in capturing all thermal energy from the hot gas faotradal energy conversion. Case
1-2 represents a situation closest to the ideal case sinaldimal conductivity of the
channel plate is made equal to that of the insulation mateeal Kae = Kinsulation = 0.05

W/m-K). Case 1-3 has the correct thermal conductivitiegHeraluminum plates and the
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insulation material. From Table 3, it can be seen that thtdragafer from the hot gas to the
TE leg (g and ¢") at Y=0 is indeed the highest for Case 1-1 with heat fluk%& W/cn,
lower for Case 1-2 at 1.27 W/épand lowest for Case 1-3 at 1.14 WfcnHowever, when
there is conduction through the channel plate and the insulation haene of the thermal
energy is still transferred to the TE legs since the thlecoraductivity of the TE material
though low is still higher than the thermal conductivity of the irtBadlamaterial. Table 3
shows that only for Case 1-1 with perfect insulation (i.Qae® Kinsulation = 0) does g (and
an ) equal to gyg (and Qo ) (i.e., the heat transfer from the hot gas to the TE leg at Y=0
equals to the heat transfer from the TE leg to the cold plate-h). For Case 1-2,.g4 is
1.94 Wi/cnf, and for Case 1-3, it is 2.26 W/EmOn this, it is noted that when there is heat
transfer from the hot gas to the channel plates and the insulatienaha portion of that
thermal energy is then transferred to the electrical conductatgspbf the TE couple, which
in turn are transferred to the TE leg. For Case 1-2, thafflbeat. is 0.96 W/cr, and for
Case 1-3, it is 1.85 W/cm The heat flux  from the insulation material to the TE leg is
0.053 W/cr for Case 1-2 and 0.087 W/éifor Case 1-3. Whether higher heat-transfer rate
through a portion of the TE leg leads to higher electric-cuftent through the entire TE
couple is unclear. Nevertheless, one would expect shape optimizatien T legs to offer

opportunities for improved conversion efficiency.

Figure 9 shows the temperature on the surface of the channehpthtbe TE legs exposed
to the hot gas at Y=0 and in the mid-plane through the center of TEesatpZ=0 for Cases
1-1 and 1-3. When the insulation is perfect as in Case 1-luttaes temperature at Y=0 is

essentially equal to the hot-gas inlet temperatyrgsd0 K) everywhere except along a path
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over the TE legs and the thermal boundary layers that develop froen thes important to
note that the heat transfer through the TE legs is not one-dimensigralfor Case 1-1
because the temperature over each TE leg at Y=0 decredises mecause of the growth of
the thermal boundary layer. When the insulation is imperfeat &ase 1-3, the surface
temperature at Y=0 is considerably lower than that for Case However, because the
thermal conductivity of the plate is much higher than that of the TE matedaha insulator,

it can be seen from Fig. 9 that the entire channel platenisaaly the same temperature. The
temperature in the TE legs, however, is still not one dimensionalibecthe gas temperature
in contact with the TE material changes along X. Also, treeleat transfer into the TE leg

from the conducting plates and the insulation material.

o (W)

Temperature: 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 (K)

Case
1-3

Case 1-1 Case 1-3

Fig. 9. Temperature contours in two planes: Y=0 and Z=0 for Cases 1-1 and 1-3.
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Figure 10 shows the temperature and the X-component velocity coiriaegeral Y planes
next to the channel wall exposed to the hot gas for Case 1-3, andIFighows the
temperature and X-component velocity profile at Z=0 and sevetatations about the TE
legs. From Fig. 11, it can be seen that the heat transferhatd@E legs reduces the
temperature of the gas about the TE leg and, while doing so, iesrdssgas’ X-component
velocity. The increased X-component velocity is a result of asge density next to the
wall because of the lower temperature there, which acceleflate further away from the

wall towards the wall.

Temperature: 300 340 380 420 460 500 540 580 (K) XVelocity: 0 1 23 456 7 8 91011(m/s)
Y=0

Y=0.1
Y=0.2
Y=0.3
Y=0.4

Y=0.5

BT - - = &&= v-00
__ ea——— Rl
=Lk
BT - < v-oo
BN - - - )  ~-S5>5555N

Unit: mm

Fig. 10. Temperature and X-component velocity in several Y planes for Case 1-3.
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Y (mm)
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[=]
w

(=]
151

V (mis)

Fig. 11. Profile of temperature and X-component velocity at Z=0 and selectedtdhsc

for Case 1-3.

Near the wall at Z = 0, Fig. 11 shows the peak velocity to be higha the inlet velocity by
almost 1 m/s, which is much higher than possible from the increlsggdcement thickness.
Figure 11 also shows the temperature along X to reduce when in contact wikhldgsBnd
to increase when in contact with the plate. This is becausntie plate with high thermal
conductivity is heated to nearly uniform temperature by theghstand serves as a storage
device that transfers heat to the hot gas when it is coldethbaplate. Figure 12 shows the
temperature along the line on the middle of the wall next to thgdsat Y=2=0. From
there, it can be seen that the temperature at the top oEthegTi.e., at Y=0) is highest for
Case 1-3, which has realistic values of thermal conductivity, anestoier Case 1-1, which
has perfect insulation. The temperature on top of the TE ldggher for Cases 1-2 and 1-3
than for Case 1-1 because heat is being transferred thetghhthe channel plate and the
electrical conducting plates. Though the temperature on top offtHedTis the lowest for

Case 1-1 and highest for Case 1-3, the heat flux at top of thegTi& highest for Case 1-1
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and lowest for Case 1-3. This is because Case 1-1 does haketiesttthermal boundary

layer.

Figure 12 also shows that for Case 1-3, the heat flux atcénObe positive and negative.
Basically, the heat transfer can be from the hot gas into thieg€Eand from the channel
wall to the hot gas. This phenomena is also observed for alldbesGnvolving TEPG1
except Cases 1-1, 1-2, and 1-8. This is because when the hot gamfléles aluminum
plate was heated up at the entrance region. As noted earliehaheel wall with its high
thermal conductivity is heated up quickly and to nearly uniform terhperdecause the
thermal conductivities of the TE legs and insulation materiabadew. Thus, it is possible

for the hot gas to get cooler than the channel plate because of heat toatisferE legs.

Since pressure loss should be kept to the minimum for efficiencystéigmation pressure
from the channel inlet to the channel outlet is monitored. For Qa%de 1-3, the pressure
loss is highest for Case 1-1 and lowest for Case 1-3 (Tabl&3.is because the viscosity

is lower at lower temperatures.

www.manaraa.com



23

Case 1-1

Kix= Kins= 0O oL
550 |
z E T Lo
= 450 S5 20 oy v v
= z N W U
- ot TN NN N O
a00 o L .
T
350 - ~ * N
= ~ N NS . e 20
apg b 1 [ | 1 ] P R | PR R B 1 ]
20 0 20 40 60 80 100 20 0 20 40 60 80 100
X (mmj X (mmj
Case 1-2
500
e ka= kiI"IS: 0.05 s L
550 |- N
3
i
500 [ 4 F
U ‘ "f —_ I .
[ & I ]
€ w0 | I I ¢ s £ oL i 4 .
y LAY oA g \ S
PN A E i N
a00 | ' ¢ ‘ flf :’ - 2
BRI AL St
350 ) L l | i
| ~ o d U U 20 [
300 L0 1 . . 1 P} TR R T ERRIRI N |
20 0 20 40 60 80 100 20 0 20 40 60 80 100
X (mm} X (mm}
Case 1-3
600
ka: 202.4 s L
550 _
kins =0.05
| 4
500 |-

T(K)

e

q (KWim2)

SRR

20

300 L1 PR EERRRI L) L. .. P TR B M|
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100

X (mm) X (mm}

www.manharaa.com




24

5.1.2 Effects of Hot-Gas Channel Height, Inlet Veocity, Reynolds Number, and

Turbulence

Cases 1-3, 1-4, and 1-5 examine effects of H to see how Bimzdin be and still have
boundary layers from the two opposite walls of the channel not ih®gaxficantly in terms
of heat transfer. From Fig. 13, it can be seen even with H esh&v%or a channel height of
5 mm), the heat transfer to the top of the TE leg does not chapgecebly. The slight
increase in heat transfer as H decreases is due to tkaseadn the core speed from growth
of the displacement thickness. The pressure drop, however, doesearappasciably as H
decreases to 2.5 mm as shown in Table 3 and Fig. 15 because ofeithcshaar stress.
Since the boundary layers from the two walls of the hot-gas maskagot interact, the

Reynolds number based on 2H is not meaningful.

Cases 1-3, 1-6, & 1-7 examine the effects of the inlet velocity. For a ghannel height, as
the inlet velocity decreased, the thickness of momentum and théwoaldary layers

increased. As a result, heat transfer decreased as shown in Table 3 and Fig. 13.

Cases 1-3 and 1-8 examine the effect of the fit when the g&déthe TE couples are
inserted in square holes of the channel plate that come in contadhe hot gases. For
Case 1-3, the TE legs do not touch the walls of the square hothatshe channel plate
cannot transfer heat to the TE legs. For Case 1-8, the $Edetpuch the walls of the walls
of the square hole with a tight fit from thermal expansion. FigG@reand Table 3 show that

by having contact, the heat transfer to the TE legs from thgasoat Y=0 decreases though
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the overall heat transfer through the TE legs increases. The decreagdrnansézr from the

hot gas at Y=0 results because the TE leg is heated by the plate.

Cases 1-3, 1-6, 1-7, 1-9, 1-10, and 1-11 examine the effects of lamisas warbulent flow
in the hot-gas passage. From Fig. 14 and Table 3, it can be seewrluiterit flow, the heat

transfer does increase somewhat, but not appreciably except at higheraditiege

Cases 1-12 and Case 1-13 were simulated to examine the e@faotproved insulation
material with thermal conductivity of 0.015 W/m-K. With improved iasioin, heat transfer

to the TE leg increases as expected.

For TEPG1, the change in the thermal energy from inlet tetoditie to heat transfer to the
TE couples ranges from 1.2~2.7 % when H = 10mm. It can be as high %svthén H =
2.5mm. Thus, only a very small fraction of the thermal energy irhttegas has been
extracted. To extract more energy requires H to be maddesmaVith a smaller H, the

pressure drop is higher. Thus, need to find the optimum H.
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Heat Transfer rate ¢" (W/cm*2)

@ " enter from top

W " exit at bottorn

plate, insulator k T

Heat Transfer rate q" (W/cm#2)

(L) 9 6(L) 10(T 7Ly 11(D
—_ —_— —_—
V=10 m/s V=5 m/s V=25mls

@ V=10 m/s, H=5 mm
®m V=20 m/s, H=5 mm
0OV=10 m/s, H=10 mm
0O V=20 m/s, H=10 mm

4th

Fig. 13. Average heat flux
from hot gas into TE leg at
Y=0 (blue) and from TE
leg to cold wall at Y=-h
(red). 1, 2, ..., 8 denote
Cases 1-1, 1-2,..., 1-8.

Fig. 14. Average heat flux
from hot gas into TE leg at
Y=0 (blue) and from TE

leg to cold wall at Y=-h
(red). 3,9, ...denote Cases
1-3, 1-9,.... L denotes
laminar & T denotes

turbulent.

Fig. 15. Average heat flux
from hot gas into TE leg at
Y=0 (blue) and pressure drop
across HX. 1, 2, ... denote
Cases 1-1, 1-2, .....
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5.2 TEPG 2

The results generated for TEGP 2 are given in Figs. 16 to 18. Figughows the
temperature distribution on the surface at Y=0 where hot-gasmeiages and at a mid-
plane at Z=0 that passes through the middle of the TE couples.siAdsvn in this figure are
the temperature and heat flux at Y=2=0. From this figure,ntleaseen that with an inlet
velocity of 10 m/s, the jets created through the square holes fégeteld quite a bit by the
cross flow. With an inlet velocity of 20 m/s, the deflection of the jet by the ¢i@s is less.
Also, the temperature of the surface struck by the jet isrhetteéhat the heat flux is also
higher. Figure 17 shows the projected streamlines in sevaratant Z planes. From this
figure, it can be seen that the flow induced by the jets i® gomplicated. Understanding
these jets and their deflection by the cross flow is needeshdare that the hot-gas jets
impinge on top of each of the TE legs of the TE couples. Foraditons of the present
study, Fig. 18 shows that the heat flux can be as high as neargn¥ Wrhe pressure drop
from inlet to outlet, however, is considerable higher than that of TEP® is about 8,000

Pa when the inlet velocity is 10 m/s and 38,000 Pa when the inlet velocity is 20 m/s.

From the 4 cases studied, the heat removed from the 4 TE lagsus1 % of the thermal

energy at the inlet when V = 20 m/s and 1.3~1.5 % when V = 10 Tinsugh more heat is

transferred to the TE legs when V is higher, the fraction of the energytegtradess.
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Fig. 16. Temperature distribution at Y=0 and at Z=0 and temperature and heat flux at

Y=2Z=0.
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Fig. 17. Temperature distribution at Y=0 and three Z planes with projected stessami
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Fig. 18. Average heat flux from hot gas into TE leg at Y=0/2¥, ... denote the first,

second, ... TE legs.
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CHAPTER VI. Summary

CFD analyses were performed to examine two TEPGs with foouthe flow and heat-
transfer processes about the TE couples. When the heat-transfer enhantémeehEPG is
based on the leading portion of developing boundary layers, the hesfietréo the TE
material can be as high as 1 Wfcwith reasonable pressure drop. When the heat-transfer
enhancement is via jet impingement, the heat transfer to theaidtiah can be as high as 3
W/cn? but with markedly higher pressure drop. Results obtained also bkdveat-transfer
process through the TE legs to be multidimensional with heairenfesm the top of the TE

legs exposed to the hot gas and from the insulators and the conducting plates.
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