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ABSTRACT
Mesoscale power generation operated on liquid fuels has the potential for delivering
higher energy density (per unit volume) or specific energy (per unit mass) than battery
technology. In this study, a complete mesoscale power generation system that incorporates a
novel thermoelectric module to generate electrical power from the heat released by combustion
is investigated.
An annular, fuel-flexible, heat-recirculating mesoscale combustor utilizing porous inert
media was developed to reduce heat loss and improve structural strength. The combustor can
operate at lower reactant flow rates and results in higher product gas temperatures than previous
designs.

Experimental and computational analyses of the combustor operated on methane

demonstrated low CO and NOx emissions with over 99.7% combustion efficiency.
Measurements show that the primary pressure drop occurred in the fuel injector, while the
pressure drop in the combustor system including the porous media was minimal.
Thermoelectric (TE) devices can offer reliable power for applications such as waste heat
recovery and portable systems.

Current devices provide low TE element/module/system

efficiency, primarily due to the poor heat transfer between the working fluids and TE junctions.
In this study, an integrated 3D Computational Fluid Dynamics – Thermoelectric (3D CFD-TE)
model has been developed to analyze complex fluid-solid interactions in a TE system and to gain
insight into the combined effects of fluid flow, heat transfer, and material properties on TE
power generation. Computational analysis of current TE module designs in a simple counterflow
heat exchanger configuration identified deficiencies related to poor heat transfer.
ii

Next, a novel TE module design was developed that extends the length of the TE legs to
increase the temperature differential between the junctions. The working fluids flow between the
TE legs, covered with a high thermal conductivity material to increase the heat transfer between
the working fluids and TE junctions. This novel design approximately doubled the system
efficiencies compared to conventional systems, with and without heat recirculation.

A

parametric study of the TE module design demonstrated that the performance can be improved
further by limiting axial conduction on the surface of the TE legs. Computational analysis of the
TE module demonstrated that thermal strategies affecting the heat transfer rate to the TE module
led to greater increases in the system efficiency than improving performance by increasing the
TE figure-of-merit, ZT.
For the final part of this study, the computational models were incorporated to investigate
a mesoscale combustor with the novel TE module design.

Results demonstrated that low

reactant mass flow rate and low equivalence ratio improved the overall performance by
increasing the proportional heat transfer rate to the TE module and TE module efficiencies. The
proposed mesoscale power generation system had higher system efficiency than current power
generation systems utilizing conventional TE modules.

The computational analysis

demonstrated the relative importance of Joule heating, Peltier effect, and Thomson effect in the
TE module and how they are affected by thermal processes. The model demonstrates the
advantage of the novel TE module design which can lead to a viable mesoscale power generation
system incorporating TE power generation.
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LIST OF ABBREVIATIONS AND SYMBOLS
α

Seebeck coefficient (V/K)

Ap, An Cross-sectional area of p-type and n-type legs, respectively, normal to current flow
Anp

Ratio of An/Ap

cp

Specific heat (J/kg·K)

ηC

Carnot efficiency

ηm

TE module efficiency

ηs

TE system efficiency

ηTE

TE element efficiency

γ

TE materials parameter

I

Current

J

Current density (current divided by cross-sectional area normal to current flow) (A/m²)

Jp , J n

Current density in p-type and n-type leg, respectively

k

Thermal conductivity (W/m·K)

π

Peltier coefficient (π = α·T)

Qc

Heat rejection rate from cold junction (W)

Qh

Heat input rate into hot junction (W)

Qin

Heat input rate into system (W)

QR

Heat input rate ratio (Qh/Qin)

ρe

Electric resistivity (Ω·m)

Tc

Surface temperature of cold junction (K)
v

Th

Surface temperature of hot junction (K)

τ

Thomson coefficient (τ = T·(dα/dT))

TE

Thermoelectric

We

Electric power generated (W)

Z

Thermoelectric figure-of-merit (1/K)

ZT

Dimensionless thermoelectric figure-of-merit
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CHAPTER 1
INTRODUCTION
Mesoscale power generation fueled by liquid fuels has the potential for delivering higher
energy density (per unit volume) or specific energy (per unit mass) than battery technology. In
this study, a complete mesoscale power generation system is investigated that incorporates a
mesoscale combustor with high efficiency and low emissions and a novel thermoelectric (TE)
module to directly generate electrical power from the heat released by combustion. First, the
mesoscale combustor and TE power generation are analyzed independently and then as a
complete power generation system.
The important aspects of the present mesoscale combustor are high combustion
efficiency, low emissions, low heat loss and low pressure drop. An annular, fuel-flexible, heatrecirculating mesoscale combustor utilizing porous inert media was redesigned to reduce heat
loss and improve structural strength. Chapter 2 covers the experimental and computational
analysis of this mesoscale combustor.
Thermoelectric devices can offer reliable power for applications such as waste heat
recovery and portable systems.

Current devices provide low TE element/module/system

efficiency, primarily due to the poor heat transfer between the working fluids and TE junctions.
Chapter 3 covers the development of an integrated 3D Computational Fluid Dynamics –
Thermoelectric (3D CFD-TE) model to analyze complex fluid-solid interactions in a TE system.
The model offers insight into the combined effects of fluid flow, heat transfer, and material
properties on TE power generation.
The 3D CFD-TE model was utilized to analyze current TE module designs to understand
interactions among fluid flow, heat transfer, TE material properties and TE power generation. A
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simple TE system is compared with a finned TE system and water-cooled TE system in Chapter
4. Results show significant increases in system efficiency with the finned TE system because of
reduction of thermal resistance by convection, which improved both the heat input ratio, QR, and
TE module efficiency, ηm. The heat input ratio is the ratio of heat input rate into the TE module,
ΣQh, to the heat input rate to the TE system, Qin, as shown in Equation 1-1. TE module
efficiency, ηm, is the fraction of ΣQh converted into electric power, ΣWe, as shown in Equation 12.

QR 

m 

 Qh

(1-1)

Qin

We
 Qh

(1-2)

The system efficiency, represents the fraction of heat input into the system converted into
electric power, is the product of these two terms, i.e:

 s   m  QR 

We
Qin

(1-3)

The water-cooled TE system showed significantly higher system efficiency because of
the reduction of thermal resistance by convection and higher heat capacity of water. The watercooled system demonstrated that good thermal strategies that increase ΣQh and the temperature
difference across the TE module can improve system efficiency even when TE material
performance represented by the TE figure-of-merit, ZT, is low. The TE figure-of-merit, ZT, is a
dimensionless combination of three material properties: Seebeck coefficient (α), electrical
resistivity (ρe), and thermal conductivity (k), as well as the absolute temperature (T), as shown in
Equation 1-4.
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ZT 

2
T
e  k

(1-4)

where T = (Th+Tc)/2 is the algebraic mean of the hot (Th) and cold (Tc) junction temperatures.
Computational analyses of the current TE module designs led to the development of a
novel TE module design to increase the TE system efficiency. This design seeks to increase the
temperature differential between the TE junctions while increasing the heat transfer rate by
increasing heat transfer surface area between the TE module and working fluids. The parametric
study of the novel TE module design, in Chapters 5 and 6, provide fundamental understanding of
the interactions among fluid flow, heat transfer, TE material properties, and TE power
generation. Several improvements to the initial design were made based upon this study.
The final aspect of the study combined the computational models of the mesoscale
combustor and novel TE module design in Chapter 7. The integrated mesoscale combustor thermoelectric (MSC-TE) system allows interactions among fluid flow, heat transfer,
combustion, TE material properties and TE power generation to evaluate the overall system
performance. The parametric study presents detailed flow and temperature fields as reactant
mass flow rate, equivalence ratio, and system length are varied. Effects of operating system
parameters on heat input ratio, TE module efficiency, and TE system efficiency are discussed
and major heat loss pathways are identified.
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CHAPTER 2
ANNULAR MESOSCALE COMBUSTOR WITH
HEAT RECIRCULATION AND POROUS INERT MEDIA
I. Introduction and Objective
With the miniaturization of sensors and equipment in different industries; such as
aerospace, power generation and propulsion; it has become necessary to develop smaller energy
sources with higher energy density (per unit volume) and specific energy (per unit mass).
Chemical batteries are the conventional power sources for these applications, though they
represent a large portion of the size and weight of the system. Lithium ion batteries have a
specific energy of 0.45 MJ/kg and continue to improve with advances in battery technology, but
battery technology has not been able to achieve the same rate of miniaturization as the sensors
and electric equipment they power. Even with further improvement in battery technology,
electro-chemical batteries are expected to have difficulty meeting the power requirements for
microscale and mesoscale applications (Waitz et al., 1998; Fernandez-Pello, 2002; Kyritsis,
2004). In comparison, Table 2-1 shows that the specific energy of liquid fuels range from 4.0 to
10.9 MJ/kg, assuming a 20% conversion efficiency (Kyritsis, 2004). Additionally, chemical
systems can be easily recharged with liquid fuel instead of the need to carry additional batteries
with lower specific energy or additional equipment to recharge the batteries.
Table 2-1. Specific energies of power sources (Kyritsis, 2004)
Source

Specific Energy (MJ/kg)

Methane ( = 0.20)

10.9

Methanol ( = 0.20)

4.0

JP-8 ( = 0.20)

9.2

Lithium ion battery

0.45
4

The high energy density of fuels has drawn researchers to the field of
micro-electro-mechanical or MEMS engines (Fernandez-Pello, 2002; Vican et al., 2002; Epstein,
2004). In recent years, there has been increasing interest in mesoscale systems. Although no
universal definition exists for mesoscale, for this study, it refers to systems with length scales
ranging from a few millimeters to a few centimeters, as opposed to microscale systems with
length scales less than a few millimeters. Mesoscale heat engines could provide high thermal
efficiency and longevity for targeted applications.

Past research provides significant

fundamental and practical understanding of mesoscale combustion.
2.1.1. Mesoscale Combustion
The thermal power in a combustion system is generated volumetrically with heat loss
occurring on the exterior surfaces. As the length scale of the combustion system decreases, the
surface area to volume ratio increases resulting in a larger percentage of the generated thermal
power lost at the surface. Heat loss reduces the temperature in the reaction zone as well as the
thermal efficiency of the combustion system. The reduced reaction zone temperature can slow
the chemical reactions causing incomplete combustion, or quench the reactions in the wall
region. In larger combustion systems, wall quenching is utilized to arrest flame flashback, but it
becomes an obstacle in mesoscale combustion. For a given reactant flow velocity, the shorter
length of mesoscale systems reduces the residence time for fuel/air mixing and chemical
reactions. A shorter residence time also inhibits complete combustion and reduces the overall
performance of the combustion system (Fernandez-Pello, 2002).
2.1.2. Gas Phase Mesoscale Combustion
Several gas phase combustion studies have investigated flame behavior at small scales
(Spadaccini et al., 2002). Waitz et al. (1998) developed a 0.13-cm³ micro-combustor operated on
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hydrogen/air mixtures over a range of equivalence ratios.

Although heat loss from the

combustor wall was significant, stable and complete combustion was achieved. Vican et al.
(2002) investigated catalytic combustion of hydrogen, but combustion performance was
adversely affected by the large heat loss from the micro-reactor caused by convection and
radiation heat transfer.
Spadaccini et al. (2002) pursued heterogeneous catalytic combustion to increase reaction
rates after finding that their micro-combustor performed poorly for hydrocarbon fuels. The
combustion efficiency was still poor, approximately 30% with propane. Spadaccini et al. (2002)
proposed a hybrid micro-combustor concept with a catalytic reactor in the first stage followed by
a homogeneous gas phase combustor in the second stage. Yuasa et al. (2005) proposed a
flat-flame micro-combustor that achieved high combustion efficiency with lean hydrogen/air
mixtures. Wang et al. (2004) utilized swirl-stabilized combustion for mesoscale applications,
and investigated the role of the recirculation zone in stabilizing the flame.
2.1.3. Combustion with Heat Recirculation
Heat recirculation can overcome problems of heat loss in mesoscale combustion systems.
The concept of recirculating energy from products to reactants or the ‘excess enthalpy flame’
was introduced by Hardesty and Weinberg (1974). Heat recirculation utilizes heat that would
otherwise be lost to preheat the reactants and thus increase the reaction rates in small scale
combustion systems.

One heat recirculation design is the Swiss-roll design proposed by

Weinberg et al. (2002). The Swiss-roll is a spiral design that preheats the reactants as they travel
from the outside loop towards the center of the spiral. After investigating both gas phase and
catalytic combustion in the Swiss-roll design, Ahn et al. (2005) found that the catalytic
combustion greatly increased the reaction rates, especially at low reactant flow rates.
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2.1.4. Liquid Phase Mesoscale Combustion
For the most compact design, it is necessary to utilize liquid fuels that have a higher
energy density than gaseous fuels. However, liquid fuels introduce the additional challenges of
fuel dispersion and fuel vaporization in addition to fuel/air mixing. These processes need to
occur in the short residence time, preferably before combustion to minimize the emissions of
soot, unburned hydrocarbons (UHC), carbon monoxide (CO), and nitric oxides (NOx). The
liquid fuel needs to be dispersed in small droplets that rapidly vaporize and mix with the air.
Rapid fuel vaporization and mixing with air are key requirements for liquid-fueled small scale
combustion systems. It is particularly important for kerosene-type fuels that are difficult to
vaporize because of their poor volatility and propensity for coke formation (Edwards and
Maurice, 2001).
Sirignano et al. (2002) and Pham et al. (2007) investigated the concept of injecting fuel as
a liquid film onto the combustor surface to redirect the wall heat transfer for fuel vaporization.
However, their experiments showed incomplete fuel vaporization and inadequate fuel/air mixing,
resulting in poor combustion efficiency. Park et al. (2006) tested micro-dispensing valves to
deliver liquid fuel into a small-scale rotary engine, but the commercial valves failed to produce
the required droplet size. As a result, they employed an external fuel evaporator to prepare the
fuel/air mixture upstream of the engine.
Kyritsis et al. (2004a, 2004b) utilized an electro-spray to disperse the liquid fuel and mix
it with air before combustion occurred in a mesoscale catalytic reactor. Gomez et al. (2007)
presented

the

next

step

by

integrating

a

multiplexed

electro-spray-catalytic

combustor/heat-recuperation system. Using a Stirling engine, this system produced 42.4 W of
electric power with an overall system efficiency of 22%. With a system volume, not including

7

fuel, of 400 cm³ and evaporation/mixing chamber volume of 6.6 cm³, the heat release rate was
about 250 W.
2.1.5. Porous Inert Media Combustion
Heat recirculation can be improved with porous inert media (PIM). With PIM in the
combustion chamber, it is possible to stabilize combustion just downstream of the PIM or inside
the PIM. In this study, these two types of reactions are referred to as surface and interior
combustion modes. Conduction through the solid portion of the PIM yields higher heat transfer
to the reactants, resulting in greater preheating before combustion. In surface combustion mode,
the PIM is heated by radiation heat transfer from the reaction zone. Interior combustion mode
increases the PIM heating since both radiation and convection heat transfer contribute to the
heating downstream of the reaction zone. PIM combustion research has been reviewed by
Howell et al. (1996), Viskanta et al. (1995), and Trimis et al. (1996). Kotani and Takeno (1982)
found that a porous burner increased the laminar flame speed by more than an order of
magnitude.
Marbach (2005) developed a mesoscale combustor for gaseous fuels that integrated heat
recirculation with porous media surface stabilized combustion. The heat recirculation concept
for this design is a single-pass counter-flow heat exchanger with a tubular combustion chamber
that is concentric with the exterior shell wall as shown in Figure 2-1. The fuel and air are
injected into the upper portion of the annulus formed by the combustion chamber and exterior
shell wall. The reactants are premixed and preheated in the annulus around the combustion
chamber. The PIM in the combustion chamber provides additional mixing and heating of the
reactants. The hot products heat the combustion tube, which in turn preheats the reactants in the
annulus. With a combustion chamber volume of 0.364 cm³ and total volume of 1.5 cm³, the
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Figure 2-1. Schematic of mesoscale combustor (Marbach and Agrawal, 2006).
combustor operating on methane achieved a 90-W heat release rate. Combustion efficiency was
above 99.5% with CO emissions below 0.4%, NOx emissions below 30 ppm, and no visible soot.
Marbach and Agrawal (2006) performed a computational parametric study of the design to
determine strategies for reducing the heat loss from the combustor.

The outer shell and

combustion tube of the experimental design was constructed from stainless steel.

The

computational study found that, while a high thermal conductivity for the combustion tube aided
preheating, a material with a lower thermal conductivity for the outer shell was necessary to
reduce the heat loss.
Vijaykant (2008) developed a mesoscale combustor with an alumino-silicate ceramic
outer shell that could operate on liquid fuel. As shown in Figure 2-1, two flow-blurring injectors
supplied the fuel and air into the annulus. The flow-blurring injector is effective in generating a
fine spray for liquid fuels in meso-scale systems to promote vaporization. As shown in Figure 22, when the distance (H) between the fuel tube and exit orifice is less than 0.25×d, where d is the
I.D. of the fuel tube, two-phase turbulent mixing of the fuel and air occurs at the tip of the fuel
9

Spray

H
Atomizing
Air

d
Fuel Inlet

Figure 2-2. Schematic of flow-blurring injector.
tube (Ganan-Calvo, 2005). Subsequently, the air in the two-phase mixture expands to shatter the
fuel into fine droplets.
The combustor consisted of a 10-mm I.D. stainless steel tube for the combustion chamber
and a 15-mm I.D. alumino-silicate ceramic outer shell. Both the tube and shell had a thickness
of 1 mm. The 1-mm thickness of the outer shell was for the purpose of comparison with the
previous design with a stainless steel outer shell. The combustor was tested with both methane
and kerosene to demonstrate fuel flexibility and the ability to operate on kerosene without the
problem of coking. Combustion efficiency exceeded 99.7% and the combustor produced CO
and NOx emissions below 300 ppm. The design concept of Vijaykant (2008) forms the basis for
the mesoscale combustor in the current study.
The design by Vijaykant (2008) has some important advantages over similar designs
proposed by other researchers. For example, the Swiss-roll design improved flame stability with
heat recirculation (Ronney, 2003). However, it had a small combustion volume compared to the
overall size of the system due to the large number of passes introduced by multiple channels. In
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the current design concept, a single-pass flow path combined with PIM permits a larger
combustion chamber volume relative to the total system volume.
Marbach, Vijaykant, and Agrawal (Marbach, 2005; Marbach and Agrawal, 2006;
Vijaykant, 2008) reported results for the heat recirculating combustion design concept using both
gaseous and liquid fuels. Note that the system performance cannot be extrapolated to a scaleddown design because processes such as heat recirculation, heat loss, pollutant formation, etc., are
highly non-linear. Furthermore, material, structural, and manufacturing considerations in smallscale systems impose additional constraints that are not important in larger systems.

The

mesoscale combustor in this study expands on the beneficial features of previous designs. While
the combustor by Vijaykant (2008) showed a reduction in heat losses compared to the design
with a stainless steel shell, the thin outer shell and poor material strength of alumino-silicate
ceramic, compared to stainless steel, caused durability problems with the combustor.
2.1.6. Objectives
The objective of the study is to improve the durability and decrease the heat loss from the
mesoscale combustor with heat recirculation. Improvement of the combustor durability will
permit implementation of combustor in a portable power system with reduced maintenance. The
reduction in heat loss from the combustor increases the available thermal power of the exhaust
gases. Previous research measured the temperature and emissions for the combustor to analyze
the combustion process, but lacked detailed information on the pressure drop within the system.
The pressure drop within the combustor determines the pumping requirements for the combustor.
Thus, in addition to temperature and emissions measurements, pressure measurements were
taken at the inlet to the injectors and in the preheating annulus to obtain pressure drop data and
identify areas for further improvement.
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II. Experimental Setup
2.2.1. Combustor Design
The combustor in this study is an improvement to the mesoscale combustor design by
Vijaykant and Agrawal (2008). Specifically, the outer 1-mm thick alumino-silicate ceramic shell
was redesigned. The 1-mm thickness in the prior study had been selected to compare the heat
loss versus the 1-mm thick stainless steel shell. The ceramic shell reduced the heat loss through
the combustor wall, but resulted in cracks and leaks in the combustor shell that needed repair
after repeated use. For the present study, a thicker shell of a superior material was necessary. A
similar or lower thermal conductivity as the alumino-silicate ceramic was sought, but with a
higher flexural strength. The online materials database, MatWeb (www.matweb.com), provided
a list of materials that met these requirements. Table 2-2 lists the properties of some of the
materials, including the unfired alumino-silicate ceramic for comparison.
The MM1600 Glass-mica composite had a lower thermal conductivity and 3 times the
flexural strength of the alumino-silicate ceramic. Availability had a role in the selection process,
Table 2-2. Potential materials for outer shell.
Alumino-Silicate
Ceramic
Material
Unfired
Max. Temp.,
Air, °F (°C)

FullFired

Cerasil™
223U
Alumino
MM1100 MM1600 Silicate
Ceramic
Glass-Mica
Composite

Steatite 22
Magnesium
Silicate

1000
(537)

2100
(1150)

1100
(600)

1600
(870)

1800
(980)

1830
(1000)

2.4

2.3

2.8

2.74

2.40

2.50

Flexural Strength,
psi

4,500

10,000

11,000

13,500

20,000

17,400

Thermal
Conductivity,
W/m·K

1.59

1.3

1.32

1.02

1.3

3.00

Density, g/cm3
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since the MM1600 glass-mica composite was available in 25.4-mm (1") diameter rods. Shell
thickness was increased, while maintaining the same interior volumes in the combustion
chamber and annulus. Thus, the inside diameter of the shell was maintained at 15 mm. The
shell thickness was increased from 1 mm to 3 mm, increasing the outside diameter from 17 mm
to 21 mm.
A schematic of the modified combustion system is shown in Figure 2-3. The stainlesssteel combustion tube is 26 mm long with a 10-mm I.D. and 12-mm O.D. The annulus gap is 1.5
mm. The PIM maintains a 3-mm gap between the combustion tube and bottom of the shell and
extends 5 mm into the combustion tube. Two flow-blurring injectors are mounted on opposing
sides to supply fuel and air. The annulus is sealed by a tight fit between the lid, outer shell and
combustion tube. In previous designs, thermal expansion of the stainless steel combustion tube
damaged the lid of the combustor. In the design in this study, a wave spring, shown in Figures 23 and 2-4, holds the lid in contact with the combustion tube, while allowing the lid to move as

Spring
Fuel / Air

Fuel / Air

26 mm

z
5 mm
3 mm
3 mm
10 mm
12 mm
15 mm
21 mm

Figure 2-3. Cross-sectional drawing of mesoscale combustor with glass-mica composite.
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the combustion tube expands. The wave spring is part number CM18-H1 from Smalley Steel
Ring Company. The spring has a free height of 5.72 mm and spring constant of 47.87 N/mm.
When inserted in the mesoscale combustor, the spring is compressed to 5 mm for a preload of
34.5 N.

Figure 2-4. Wave spring picture retrieved from
http://www.smalley.com/wave_springs/Crest-to-Crest.asp.
2.2.2. Gaseous Fuel / Air Flow System
When the combustor is operated on gaseous fuel, the fuel and air are combined prior to
feeding them to the injectors as shown in Figure 2-5. For liquid fuel operation, this system
provides the air flow to the injectors. Air flow is supplied by a compressor and is dried and

Pressure
Regulator

Pressure
Transducers

MFC

Air

Injectors

Water Traps / Filters

Combustor
Methane
Needle
Valve

MFM

Check
Valve

Figure 2-5. Diagram of gaseous fuel / air flow system.
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filtered upstream of the experimental setup. The air flow rate was controlled with a mass flow
controller (MFC) (Sierra Instruments Series 100 SmartTrak) calibrated for air over a flow rate
range of 0-30 sLpm with an uncertainty of ±1% of full scale. A mass flow meter (MFM)
(Aalborg Model GFM17) measured the flow rate of the methane, which is controlled by a needle
valve. The MFM has a flow range of 0-1000 smLpm with an uncertainty of ±1.5% of full scale.
A check valve is placed downstream of the MFM to prevent backflow in the gaseous fuel line.
The gaseous fuel and air mix at a T-junction before the flow is split to the injectors.
Differential pressure transducers (Omega PX139-30D4V), connected to the system
pressure taps in Figure 2-6, measured the gauge pressure at the inlet of each injector. The
differential pressure transducers have a range of ±206.8 kPa (±30 psi) with a maximum
uncertainty of ±0.5% of full scale.

Cold flow measurements, with and without the

PIM/combustion tube, showed that the pressure drop in the PIM/combustion tube was less than
0.5% of the pressure drop across the injector. Thus, the annulus pressure drop was measured
independently with a 0.8-mm I.D. pressure tap in the annulus. The annulus pressure was

Annulus
Pressure Tap

System
Pressure Tap

Combustor
Shell

Figure 2-6. Experimental setup for pressure drop measurements.
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measured with a pressure transducer (Omega PX278-30D5V) set for a range of 0-1868 Pa (0-7.5
in-H2O) with a maximum uncertainty of ±1% of full scale.
2.2.3. Instrumentation
Transverse and axial profiles of temperature and emissions were taken to characterize the
combustion products. A bare-wire R-type thermocouple measured the product gas temperatures.
The thermocouple wire diameter was 0.25 mm and the bead diameter was 0.75 mm. Nova
Analytical Systems Emissions Analyzer Model #376WP measured the emissions, including
%O2, %CO2, CO (ppm) and NOx (ppm). The thermocouple and emissions probe were mounted
on a Melles Griot traversing system with a 0.01-mm resolution to acquire transverse and axial
profiles. The axial measurements are taken along the centerline of the combustor, starting from
the downstream surface of the PIM. The transverse measurements were taken along the axial
plane at the end of the combustor, i.e., z = 21 mm.
2.2.4. Operational Range
The combustor was operated on methane at different fuel mass flow rates and
equivalence ratios to determine the stable operational range. An upper limit of ϕ = 0.80 was
selected to avoid possible damage to the porous inert media material at high temperatures. The
equivalence ratios calculated from the measured volumetric flow rates were within ±3% of the
equivalence ratios calculated from the measurements of % O2 and % CO2 of the dry product
gases assuming complete combustion.
In the present study, the combustor was operated in surface combustion mode only, so
that the combustion takes place at the downstream surface of the PIM. Figure 2-7 shows points
where the combination of fuel mass flow rate, m f , and equivalence ratio, ϕ yielded stable
surface combustion. The combustor would operate in interior combustion mode (combustion
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Figure 2-7. Operational range for methane combustion.
inside the PIM) at higher equivalence ratios. At lower equivalence ratios, the flame would
extinguish because of blow-off. Based on the operational ranges, experiments were conducted
with fuel mass flow rates of m f = 16, 20 and 24 g/hr at ϕ = 0.65, 0.70 and 0.75. The associated
heat release rate (HRR) by combustion for the three fuel mass flow rates is 222 W, 278 W, and
333 W, respectively.
Results in Figure 2-7 show that increasing the fuel mass flow rate narrows the range of
equivalence ratios for stable combustion. For a given equivalence ratio, increase in fuel mass
flow rate increases the reactant flow velocity or strain rate in the combustion tube, which would
account for the increase in the equivalence ratio for flame blow-off. However, as the fuel mass
flow rate increases, the combustion process transitions from surface combustion mode to interior
combustion mode at a lower equivalence ratio. Measured product gas temperatures increase with
increasing fuel mass flow rate, which suggests the possibility of higher combustion temperatures
with faster reaction rates and higher flame speeds as fuel mass flow rate increases. Thus, the
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interior combustion mode or flashback would occur for a smaller equivalence ratio at a higher
fuel mass flow rate.

III.

Computational Fluid Dynamics Model

The experimental setup is capable of demonstrating the viability of the meso-scale
combustor, but access to the annulus and PIM for detailed measurements is limited. A validated
computational model of the combustor would provide detailed information about the fluid flow
and heat transfer as well as yield a method to evaluate different design parameters. Marbach and
Agrawal (2006) developed a 2-D axisymmetric computational model of a mesoscale combustor.
The axisymmetric approximation of the combustor reduces the computational
requirements for the model compared to a 3-D model. The computational analysis is based on

Combustor
Outlet
(z = 30 mm)
Combustion
Tube Exit
(z = 21 mm)

Inlet
Zone

z

Combustion
Zone
Porous
Inert Media
(8 ppcm)

Figure 2-8. Scale diagram of combustor model.
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the equations for conservation of mass, momentum, and energy. These conservation equations
are solved for steady state. The inlet zone, combustion zone, and PIM zone, shown in Figure 28, utilize the physical models presented by Dent, Marbach and Agrawal (2012). The inlet zone
model includes a constant volumetric mass source term (Sm) where the reactant flow originates
uniformly from a 1-mm thick annular disk. No momentum or energy source terms are specified
for the inlet zone, meaning reactant mass is stationary at the reference temperature of 300 K with
an enthalpy of zero. The heat release in the combustion zone of 1-mm thickness is represented
by an energy source term (SE), where the local heat release rate within the combustion zone is
proportional to the local axial mass flux of the reactants. The PIM zone includes a momentum
sink term calculated by the power law correlation developed by Collins (1990). The conduction
heat transfer in the solid material in the PIM is accounted for by an effective thermal
conductivity, keff, defined by Bauer (1993) as a volume-weighted average of the fluid (kf) and
solid (ks) thermal conductivities.

The radiation heat transfer was modeled by the discrete

ordinates (DO) radiation model developed by Raithby and Chui (1990). The DO radiation model
uses a finite number of discrete solid angles to calculate the radiation heat transfer from one
surface to another and accounts for absorption and scattering by the intermediate fluid. Radiant
heat absorption in the fluid zones outside the PIM was ignored by specifying the absorption and
scattering coefficients to zero. Radiation heat transfer in the PIM zone was accounted for by
specifying the absorption coefficient of 3200 m-1, determined from the mean pore diameter of the
PIM.
2.3.1. Model Implementation
The combustor system shown in Figure 2-8 is 41 mm long with a 21-mm O.D. The
combustion tube is made of stainless steel with an I.D. of 10 mm and O.D. of 12 mm. The outer
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wall is made of glass-mica composite with a thickness of 3 mm. The 8-ppcm PIM is 8 mm long
with the top surface of the PIM designated as z = 0. The inlet and combustion zones are 1-mm
thick volumes for the mass and energy source terms as described in the previous section. The
mass and energy source terms for the inlet and flame zones, respectively, in the computational
model were calculated to match the experimental operation on methane with fuel mass flow rates
of m f = 16 g/hr, 20 g/hr and 24 g/hr at equivalence ratios of 0.65, 0.70 and 0.75. The total heat
release rate was calculated using the lower heating value (LHV) of 50,016 kJ/kg for methane.
The constants C0 and C1 for the momentum source term, described by Marbach and Agrawal
(2006), were determined to be 841.1 and 1.65, respectively, based on the pressure drop
measurements for cold flow from the annulus to the combustor exit. The red dotted line in
Figure 2-8 shows the control volume surface utilized to calculate the heat loss from the system.
The material properties of the steel (Assael, 2003), vitreous carbon (Ultramet, n.d.) in the
PIM and the glass-mica composite (Crystex Composites, LLC, n.d.), shown in Table 2-3, are
constant. The specific heat, thermal conductivity, and viscosity of the reactant and product gas
mixtures for methane / air combustion are similar and were approximated by the properties of the
product gas mixture, assuming complete combustion of methane and air at ϕ = 0.70. Thermal
conductivity, specific heat, and dynamic viscosity of the fluid are polynomial functions of
temperature, shown in Table 2-4, determined by curve fits of the product gas mixture based on
published experimental data for the individual gases given by Turns (2000) over the temperature
Table 2-3. Material properties of solids
Material

Density (kg/m³) Specific heat (J/kg-K) Thermal conductivity (W/m-K)

steel

8030

502

21.5

vitreous carbon

1538

1423

20

glass-mica composite

2740

874

1.02

20

Table 2-4. Material properties of methane / air combustion gas products
for ϕ = 0.7 over 300 K to 3000 K.
Property

Polynomial function

Cp (J/kg·K)

1112.7 - 0.40866·T + 1.3714×10-3·T2 - 1.2540×10-6·T3
+ 5.6055×10-10·T4 - 1.2511×10-13·T5 + 1.1132×10-17·T6

k (W/m·K)

3.1273×10-3·T + 7.6317×10-5·T2 - 5.2133×10-9·T3

 (kg/m·s)

7.4348×10-6 + 5.6148×10-8·T - 1.1851×10-11·T2 + 1.5340×10-15·T3

range of 300 K to 3000 K. The density was determined by the ideal gas law. The PIM zone has
the same fluid material properties discussed above except the absorption coefficient of the fluid
was set to 3200 m-1 to account for radiation heat transfer to the PIM.
Mixed convection and radiation heat transfer boundary condition is specified at the
exterior wall with surface emissivity of 0.85, convection heat transfer coefficient of 12 W/m²·K,
and ambient temperature of 300 K.

The external convection heat transfer coefficient was

determined by comparing the experimentally measured and computationally predicted
temperature profiles at the exit plane of the combustion chamber. A constant absolute pressure
of 101,325 Pa was specified at the combustor exit plane. The ambient temperature for radiation
heat transfer through the opening was specified as 300 K.
The GAMBIT software package was used to create the computational grid and the
FLUENT software package utilized a finite-volume discretization for the CFD analyses. The
pressure discretization was set to the PRESTO! (PREssure STaggering Option) scheme. The
density, momentum, and energy equations were discretized using QUICK scheme. Discrete
ordinate model was discretized with the second-order upwind scheme. The pressure-velocity
coupling algorithm was SIMPLEC. The solution procedure began with evaluation of physical
properties, followed by solution of the momentum equations. Next, the continuity equation was
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solved and the pressure and mass flow rates were updated. The energy and radiation heat
transfer equations were solved and convergence was checked. Convergence was determined by
monitoring the summation of the scaled residuals over all cells in the domain for each of the
governing equations, i.e. continuity, momentum and energy. The numerical validity of the
model was checked by performing a grid size convergence analysis and comparing the
computationally predicted results with the experimental measurements.
2.3.2. Grid Size Convergence
The local heat release rate in the flame zone is dependent on the local axial mass flux,
resulting in grid size dependence for large grid spacing. Thus, the total heat release rate (HRR)
was analyzed to determine grid independence. HRR was determined from the summation of the
heat loss across the boundary of the combustion system and thermal energy of the exhaust gases
exiting the system. The grid size convergence analysis was performed for m f = 20 g/hr with ϕ =
0.70 with the specified HRR of 277.9 W. Figure 2-9 shows the computed HRR versus grid

Figure 2-9. Heat release rate calculated versus grid spacing. The scale on the right shows
the percentage of the specified heat release rate.
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spacing. The ratio of the computed HRR to specified HRR is shown on the right side of the
graph. The computed HRR was 277.6 W and 277.7 W for grid spacing S = 0.0625 mm and S =
0.050 mm, respectively. These values correspond to 99.92% and 99.96% of the specified HRR
indicating grid independent results for S = 0.0625 mm.
The primary interest of the study is the heat loss from the combustor, which can be
expressed as the difference in the HRR and enthalpy of the product gases exiting the combustor.
Thus an accurate calculation of the product gas temperature at the combustor exit is important.
Figure 2-10 shows the difference in the product gas temperature profile at the combustor exit
plane from the reference case with the smallest S = 0.05 mm. For S = 0.25 mm and S = 0.125
mm, the temperature deviation is greater than 5 K near the center of the combustor and at the
combustor wall. The maximum temperature deviation is less than 1 K for the S = 0.0625 mm.
The number of cells increased from 110,208 to 172,200 when S was reduced from 0.0625 mm to
0.050 mm, with little change in the computational results. Based on this analysis, S = 0.0625

Figure 2-10. Difference in product gas temperature at combustor exit, z = 21 mm, from the
product gas temperature for grid spacing of 0.05 mm.
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mm was selected for the remaining cases. Thus, there are 168 grids in the radial direction and
656 grids in the axial direction for a total of 110,208 grids.

IV. Chemical Kinetics Model
A validated chemical kinetics model of the combustor would provide information on the
emissions formation mechanisms and how those mechanisms are affected by changes in the
reactant flow rate and equivalence ratio.

The flame-stabilized premixed burner model

incorporates temperature-dependent transport data for the species to solve the 1-D momentum
equation to determine the flow velocity. Thermodynamic data and chemical kinetic mechanisms
are included to calculate species concentrations and reaction rates. The governing equations for
the chemical kinetics model are the continuity equation, energy equation, species conservation
equation and equation of state represented by Equations 2-1 to 2-4 (CHEMKIN-PRO, 2008).
Continuity equation:

m  vA

(2-1)

where m is the mass flow rate, v is the flow velocity, and A is the cross-sectional area of the
flow.
Energy equation:

m

dT 1 d  dT  A

 kA  
dx c p dx  dx  c p

dT  A

  YkVk c pk dx   c
p
k 1
K

K

  k hkWk   0

(2-2)

k 1

where Yk is the mass fraction, Vk is the diffusion velocity,  k is the molar rate of production by
chemical reaction, hk is the specific enthalpy and Wk is the molecular weight of the kth species of
K total species.
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Species conservation equations:

m

dYk d
 AYkVk   A kWk  0
dx dx

(2-3)

Equation of state:



PW
RT

(2-4)

where W is the mean molecular weight of the mixture and R is the universal gas constant. For
the flame-stabilized premixed burner; the Gas Research Institute mechanism (GRI-mech, version
3.0) data sets are utilized for the transport, thermodynamic, and chemical kinetic data. The data
sets were specifically developed for natural gas combustion from research at The University of
California at Berkeley, Stanford University, The University of Texas at Austin, and SRI
International and are widely used for analysis of methane combustion.
2.4.1. Model Implementation
The flame-stabilized premixed burner model solves the steady-state equation for the
species mass fraction based on the reaction rates dependent on temperature and species
concentration. For the chemical kinetic model, the computational domain extended from the top
of the PIM (z = 0 mm) to the exit plane (z = 21 mm). Experimentation with the combustor
demonstrated the flame stabilized in a 1-mm zone above the PIM (0 < z < 1 mm) as shown in
Figure 2-8. The corrected temperature measurements from z = 1 mm to the exit plane (z = 21
mm) at 2-mm increments were utilized as the temperature profile for the premixed burner model.
The total mass flux and equivalence ratio for the model were determined by the experimental
flow rates for methane and air. The reactant mixture is specified by the equivalence ratio based
on methane fuel and dry air composed of O2 and N2 with a mole fraction of 0.21 and 0.79,
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respectively. The outlet of the experimental combustor setup was exposed to ambient air with a
negligible pressure drop along the length of the combustion chamber, so the pressure for the
chemical kinetics model was set to 1 atm. The chemical kinetics model utilizes an adaptive grid
during the computation. The gradient and curvature of the computed values, such as velocity
and species concentrations, are evaluated between each of the mesh points and, if the value
exceeds a user-specified limit, an additional mesh point is included at the mid-point of the
interval. The limits of gradient and curvature are specified as fractions of the maximum gradient
and curvature over the entire computational domain. For the current study, the limits of gradient
and curvature were set to 0.1 and 0.5, respectively.

V. Results and Discussions
2.5.1. Computational Fluid Dynamics Model Verification
The verification of the computational began by examining at the effect of convection heat

Figure 2-11. Heat loss as a percentage of HRR versus external convection
heat transfer coefficient.
26

transfer coefficient hext on the heat loss from the model of the mesoscale combustor. Figure 211 shows the heat loss rate for different values of hext. Results show that the main effect of the
hext is the method of heat loss (convection versus radiation heat transfer from the surface), rather
than the total heat loss as percentage of HRR, which varied between 3% and 5.5% as hext was
varied. Thus, any error in hext is unlikely to significantly affect the heat loss analysis from the
combustion system and hext = 12 W/m²·K was utilized for the analysis.
The computational model was verified using the experimental measurements to confirm
proper implementation of the different aspects of the model. For verification, the computed
product gas temperature profiles in axial and transverse directions were compared with the
experimental measurements. The axial profile was taken along the centerline (r = 0) from the top
of the PIM to the combustor exit plane (0 < z < 21 mm). The transverse profile was taken at the
combustor exit plane (z = 21 mm). For an accurate comparison, it is necessary to correct the
thermocouple measurement from the experiment for radiation heat transfer from the
thermocouple to the surrounding surfaces. With a thermocouple bead diameter of 0.75 mm, the
Reynolds number (ReD) and Nusselt number (NuD) were calculated from Equations 2-5 and 2-6
(Cengel, 2003) using fluid properties from the computational model for each measurement
location.

Re D 



Nu D  2  0.4

VD


Re1D2  0.06

Re 2D 3

(2-5)

 Pr

14

 
  
 s 

0.4 

(2-6)

The corrected product gas temperature (T) is determined by an energy balance analysis
where convection heat flux to the thermocouple equals radiation heat flux to the surroundings.



4
h T  Ttc    Ttc4  Tsurr
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(2-7)

where Ttc is the thermocouple temperature measurement and Tsurr is the temperature of the
surrounding surfaces, which is calculated from the view factor, Fij and local surface temperatures
within the combustor as in Equation 2-8. Using the convection heat transfer coefficient (h)
defined by Equations 2-9, the energy balance for the thermocouple bead can be rearranged to
Equation 2-10.
4
Tsurr
  Fij  T j4

Nu D  k
D

h
T

T
h



4
tc

(2-8)

(2-9)



4
 Tsurr
 Ttc

(2-10)

The surface temperatures, Tsurr, were computed from combustion tube surface
temperatures, Tj, from the computational models.

The axial profiles of the thermocouple

temperature measurement, Ttc; effective surface temperature, Tsurr, calculated from Equation 2-8;
and corrected temperature measurement, T, are shown in Figure 2-12. The difference between
the thermocouple temperature measurement and computed surface temperature measurement
ranged from 259 K to 311 K and temperature corrections varied between 267 K and 498 K.
Figure 2-13 shows the transverse temperature profiles at the combustor exit plane. The smaller
difference between the thermocouple temperature measurement and computed surface
temperature of 198 K to 292 K resulted in a smaller temperature correction of 136 K to 383 K.
The measurement uncertainty from the instrumentation has been excluded from the temperature
measurements as well as the emission concentration measurements later in the chapter. The
measurement variability from repeated measurements had not been determined and is expected
to be greater than instrumentation uncertainty. Thus, uncertainty based solely on instrumentation
would imply greater accuracy than is actually available.
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a)

b)

c)
Figure 2-12. Axial profiles of effective surface temperature, Tsurr; thermocouple
temperature, Tc; and corrected temperature, T, along centerline, r = 0 mm, for a) m f = 16
g/hr, b) m f = 20 g/hr, and c) m f = 24 g/hr.

Figure 2-14 compares the transverse product gas temperature profiles from experimental
and computational results. The experimental and computational transverse profiles show good
agreement, which is the primary objective, since it determines the enthalpy of the product gases
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a)

b)

c)
Figure 2-13. Transverse profiles of effective surface temperature, Tsurr; thermocouple
temperature, Tc; and corrected temperature, T, at combustor exit, z = 21 mm, for a) m f =
16 g/hr, b) m f = 20 g/hr, and c) m f = 20 g/hr.
at the combustor exit. With good agreement between the transverse profiles, the computed
enthalpy of the product gases will have good agreement with the experimental setup and the
difference between the product gas enthalpy and HRR will allow accurate calculation of the total
heat loss from the system. The transverse temperature profiles show peak temperatures increase
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a)

b)

c)
Figure 2-14. Comparison of computationally predicted and experimentally measured
product gas temperature at combustor exit, z = 21 mm, for a) m f = 16 g/hr, b) m f = 20 g/hr,
and c) m f = 24 g/hr.
with increasing equivalence ratio, ϕ, which is expected due to the reduction in excess air as ϕ
increases. The transverse temperature profiles for different fuel mass flow rates, m f , at constant
ϕ, only show minor variation in peak temperatures.
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The axial product gas temperature profiles, shown in Figure 2-15, demonstrate similar
trends in peak temperature with changes in ϕ and m f . The corrected temperature measurements
are higher than the computed temperature measurements near the flame zones. The surface

a)

b)

c)
Figure 2-15. Comparison of computationally predicted and experimentally measured
product gas temperature along centerline, r = 0 mm, for a) m f = 16 g/hr, b) m f = 20 g/hr,
and c) m f = 24 g/hr.
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temperatures on the combustion tube from the combustion model, utilized for the temperature
correction, may have been lower than the actual surface temperatures, which would lead to an
overcorrection of the thermocouple temperature measurement. The computational model also
utilizes a simplified combustion model that could affect the computed temperature profile.
2.5.2. Baseline Measurements
Figure 2-16 shows transverse profiles of corrected and uncorrected thermocouple
temperature measurements, as well as the NOx and CO concentration measurements at the
combustor exit plane for m f = 20 g/hr and  = 0.70. Because of heat transfer to the combustion
tube, the temperature decreases near the wall, which results in reduction in NOx formation by the
thermal mechanism. Thus, the transverse temperature and NOx concentration profiles in Figure
2-16 are consistent with each other. The lower temperature also decreases the oxidation reaction
rates, which is the likely cause of the higher CO concentration near the combustion wall. The

Figure 2-16. Transverse measurements at the combustor exit plane, z = 21 mm;

m f = 20 g/hr at  = 0.70.
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axial temperature profile in Figure 2-17 shows that the temperature decreases in the axial
direction, presumably because of heat transfer to the combustion tube. The CO concentration
decreases as well, indicating CO oxidation in the post-flame region. The initial rise in NOx
concentration is caused by higher temperatures near the surface of PIM, where combustion takes
place. The NOx concentration reaches an asymptotic value as the product gas temperature
reduces in the axial direction.

Figure 2-17. Axial measurements along centerline, r = 0; m f = 20 g/hr at  = 0.70.
2.5.3. Product Gas Temperatures
For the transverse and axial temperature profiles in Figure 2-14 and 2-15, the fuel mass
flow rate was held constant to maintain a constant HRR and the air flow rate was adjusted to
achieve the desired equivalence ratio. The adiabatic flame temperature at each equivalence ratio
for an initial temperature Tin = 298 K is shown in Figures 2-14 and 2-15 for reference. The
temperature increases with increasing ϕ in the transverse temperature profiles in Figure 2-14.
The sensible enthalpy of the product gas exiting the combustor calculated by the computational
model reduces from 97% of HRR for ϕ = 0.65 to 95% of HRR for ϕ = 0.75, as shown in Table 234

5. The heat loss rate from the combustor is the difference between the HRR and sensible
enthalpy of the product gas and, thus, heat loss reduces from 5% to 3% of HRR as ϕ is reduced
from 0.75 to 0.65. Thus, a leaner fuel/air mixture decreases the heat loss from the system. The
heat transfer from the product gases, along with net preheating of the reactants prior to
combustion, affects the temperature within the combustion chamber. Table 2-5 shows that heat
transfer rate from the product gases to the combustion tube increases from 26% to 29% of HRR
with increasing ϕ. Heat transfer rate from the combustion tube to the reactants varies from 19%
to 20% of HRR as ϕ increases. The remaining heat transfer to the combustion tube is transferred
to the outer shell by radiation heat transfer across the annulus, which increases from 5% to 6% of
HRR as ϕ increases, and conduction heat transfer, which increases from 2% to 3% as ϕ increases.
About 7% to 10% of HRR to the outer shell is transferred to the reactants by convection heat
transfer. Table 2-5 shows that the heat transfer from the outer shell to the reactants increases
from 6% to 7% of HRR, as ϕ increases. Prior to entering the flame zone, heat loss rate from the
reactants to the outer shell via PIM increases from 2% to 3% of HRR as ϕ increases. The result
is an increase in net preheating of the reactants from 23% to 24% as ϕ increases. The heat
Table 2-5. Heat transfer rates as a percentage of HRR by equivalence ratio
Location

 = 0.65  = 0.70  = 0.75

Combustor Exit

97 %

96 %

95 %

Heat Loss

3%

4%

5%

Products → Tube

26 %

28 %

29 %

Tube → Reactants

19 %

20 %

20 %

Shell → Reactants

6%

6%

7%

Reactants → PIM → Shell 2 %

2%

3%

Net Preheating

24 %

24 %

23 %
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transfer rates with the reactants as a percent of HRR all had minor increases of approximately
1% as ϕ increases.
The axial temperature profiles in Figure 2-15 show similar increases in temperature as ϕ
increases for both the experimental and computational results. Profiles show a reduction in
temperature in the axial direction for both the experimental and computational results. The
experimental results show a higher temperature drop in the axial direction than the computational
results. The discrepancy between the experimental and computational results near the flame
zone was discussed previously in the verification section of the CFD model. Experimental
measurement of the combustion tube surface temperature would provide a better calculation of
Tsurr for the radiation correction of the thermocouple fluid temperature measurement. Likewise,
even a simple chemical kinetic model for methane combustion incorporated into the CFD model
could improve the calculated temperature profile and provide understanding of the interaction of
chemical kinetics with heat transfer and fluid flow within the mesoscale combustor.
The transverse and axial product gas temperature profiles at the combustor exit are shown
in Figures 2-18 and 2-19 as  is held constant at 0.70 and the fuel mass flow rate ( m f ) is
increased. The transverse temperature profiles in Figure 2-18 are similar as m f increases. The
computational model results show a slight increase in the peak temperature (-1.5 mm < x < 1.5
mm) as ϕ decreases, but decreasing temperatures with decreasing ϕ near the wall.

The

experimental results show a similar trend, but the temperature is maximum for m f = 20 g/hr.
The peak product gas temperatures in the center region for all three fuel mass flow rates exceed
the adiabatic flame temperature indicating significant preheating of the reactants by heat
recirculation.
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Figure 2-18. Transverse temperature profile at the combustor exit plane,
z = 21 mm for  = 0.70.

Figure 2-19. Axial temperature profile along centerline, r = 0;  = 0.70.

As shown in Table 2-6, the sensible enthalpy of the product gases increases from 94% to
97% of the HRR as m f is increased from 16 g/hr to 24 g/hr. The change in the sensible enthalpy
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with m f is reflected in the mass-flow-weighted average of the computed product gas temperature
(or bulk product gas temperature) across the exit plane, which increases from 1579 K for m f =
16 g/hr to 1653 K for m f = 24 g/hr. The heat loss rate decreases from 6% to 3% of the HRR as
the fuel mass flow rate increases. For m f = 16 g/hr, 20 g/hr, and 24 g/hr, the computed heat
transfer rate from the product gases to the combustion tube was 68 W, 77 W, and 84 W,
respectively. This corresponds to a decrease in the combustion wall heat transfer rate from 31%
to 25% of HRR as m f is increased, as shown in Table 2-6. The preheating of the reactants from
the combustion tube decreases from 21% to 18% of HRR as m f increases. The difference
between the heat transfer rate to the combustion tube and reactants is the percent of HRR
transferred to the outer shell by conduction or radiation heat transfer from the combustion tube to
the outer shell, which reduces from 10% to 7% of HRR as m f increases. As m f is increased,
conduction heat transfer from the tube to the shell reduces from 3% to 2% of HRR and radiation
heat transfer from the combustion tube to the outer shell reduces from 7% to 5% of HRR. The
Table 2-6. Heat transfer rates as a percentage of HRR by mass flow rate
Location

m f = 16 g/hr m f = 20 g/hr m f = 24 g/hr

Combustor Exit

94 %

96 %

97 %

Heat Loss

6%

4%

3%

Products → Tube

31 %

28 %

25 %

Tube → Reactants

21 %

20 %

18 %

Shell → Reactants

7%

6%

6%

Reactants → PIM → Shell 3 %

2%

2%

Net Preheating

24 %

22 %

25 %
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convection heat transfer from the outer shell to the reactants reduces from 7% to 6% of HRR as

m f increases. Finally, the heat loss from the reactants to PIM that is conducted to the outer shell
reduces from 3% to 2% with increasing m f . The net heat transfer between the reactants and
outer shell wall is approximately 4% for each m f , resulting in a net preheating of the reactants
ranging from 25% to 18% with increasing m f .
Figure 2-19 shows the axial centerline temperature profile from the experimental
measurements and computational results for constant ϕ = 0.70. In the post-flame region, the
results show a small variation in temperature, less than 100 K, with changes in m f . The
computational model predict a decreasing trend in peak temperature with increasing m f , despite
an increase in the bulk-averaged product gas temperature. This is a result of changes in the
transverse temperature profiles, likely due to differences in the thermal boundary layer length.
The computational results agree with the experimental results for the highest m f = 24 g/hr,
having the lowest centerline temperature, but shows m f = 20 g/hr has the highest centerline
temperature. The difference in the experimental and computational model results is attributed to
the simplified combustion model that does not capture the detailed chemical kinetics.
2.5.4. NOx Concentrations
Before analyzing the results of the chemical kinetics model, it is necessary to validate the
model with the experimental measurements. The validation will confirm that the model is set up
correctly and will provide an accurate analysis.

For the validation, the experimental

measurements of the NOx and CO concentrations were compared with the results calculated by
the computational model.

Figures 2-20 shows the NOx concentration profiles from the

experimental and computational results.

The NOx concentration profiles, in Figure 2-20,
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a)

b)

c)
Figure 2-20. Comparison of computationally predicted and experimentally measured NOx
concentrations along the centerline of the combustion chamber, r = 0 mm, for a) m f = 16
g/hr, b) m f = 20 g/hr, and c) m f = 24 g/hr.
demonstrate agreement between the experimental and computational results.

Thus, the

computational model can be expected to provide a reasonable analysis of the mechanisms
responsible for NOx formation. The profiles show significant NOx production near the reaction
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zone. The high temperature near the reaction zone promotes thermal NOx production as well as
increasing the reaction rates of other NOx formation mechanisms. NOx concentrations increase
with increasing ϕ due to increasing temperature.
The axial NOx concentration profiles show an increase in NOx concentrations with
increases in ϕ. The computational and experimental results show higher NOx production near the
flame than towards the exit of the combustor. The increase in the NOx concentrations as ϕ
increases is shown by the transverse NOx concentration profiles in 2-21. The transverse profiles
also shows greater NOx concentration increases in the center of the combustor, as ϕ increases,
than near the wall.

This result can be explained by high temperatures persisting farther

downstream for higher ϕ, as shown in Figure 2-15. The measured area-weighted average for
NOx emission concentrations at the combustor exit were less than 50 ppm, for all cases.
Both axial and transverse profiles in Figures 2-22 and 2-23 show decreases in NOx
concentrations as m f increases, though the variation in NOx concentrations is more significant

Figure 2-21. Transverse NOx concentration at the combustor exit plane,
z = 21 mm; m f = 20 g/hr.
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Figure 2-22. Axial NOx concentration along centerline, r = 0;  = 0.70.

Figure 2-23. Transverse NOx concentration at the combustor exit plane,
z = 21 mm;  = 0.70.
with changes in ϕ, compared to changes in m f .

Reduction in NOx concentrations with

increasing m f is demonstrated by the axial NOx concentration profiles in Figure 2-22. NOx
concentration increases in the flow direction, but reaches a constant value after a certain distance.
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For m f = 16 g/hr and 20 g/hr, the measured NOx concentration peaks at about 40 ppm around z =
17 mm. For m f = 24 g/hr, the NOx appears to level off at 20 ppm around z = 10 mm.
The transverse NOx concentration profiles in Figure 2-23 show the same increase in NOx
concentration with m f

as the axial NOx concentration profile.

The increase in NOx

concentrations as m f increases is fairly consistent at the transverse locations as opposed to
Figure 2-21, where the centerline NOx concentrations increases far more with higher ϕ than near
the wall. While there is a minor decrease in NOx concentrations for m f changing from 16 g/hr
to 20 g/hr, there is a greater decrease in NOx concentrations for m f = 24 g/hr.

NOx

concentrations show a decreasing trend with increasing m f even though temperature profiles
were relatively similar for different m f . The decreasing NOx concentrations may be a result of
decreasing residence time with increasing m f or changes in the flame structure not captured by
the CFD model with the simplified combustion model.
2.5.5. CO Concentrations
Figures 2-24 shows the CO concentration profiles from the experimental and
computational results. The CO concentrations have some agreement at the exit plane of the
combustor (z = 21 mm), but the computational results indicate significantly higher
concentrations of CO along the centerline profile. The emissions probe utilized to sample the
product gases was not cooled, so the product gas sample may not have been adequately quenched
within the emissions probe and CO oxidation could have continued, reducing the measured CO
concentrations. The corrected temperature measurement was utilized as the temperature profile
for the 1-D chemical kinetics model and possible errors in the temperature correction could result
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a)

b)

c)
Figure 2-24. Comparison of computationally predicted and experimentally measured CO
concentrations along the centerline of the combustion chamber, r = 0 mm, for a) m f = 16
g/hr, b) m f = 20 g/hr, and c) m f = 24 g/hr.
in the 1-D chemical kinetics model. The temperature measurements only reach to 1-mm of the
top of the PIM and do not contain the flame region, so changes in flame structure are not
captured. More accurate temperature corrections, discussed earlier, could improve the results of
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the chemical kinetics model. While there is disagreement on the CO concentrations between the
experimental and computational results, there is some agreement on the trends in CO
concentration with respect to ϕ, m f , and location.

Figure 2-24 demonstrates that the

experimental and computational results show higher CO concentrations as ϕ increases. The
transverse CO concentration profiles in Figure 2-25 shows the same increase in CO with
increasing ϕ. The additional air flow rate required to achieve the lower equivalence ratios has a
diluting effect on emissions concentrations, specified as a fraction of the total product gas
volume, and accounts for a portion of the reduction in emissions concentrations as the
equivalence ratio is reduced. Lean fuel / air mixtures (low ϕ) provide more excess air, increasing
the concentration of oxygen for oxidation of CO, which would reduce CO concentrations. The
product gas temperature increases with ϕ, which could increase the decomposition of CO2,
forming additional CO.

Figure 2-25. Transverse CO concentration at the combustor exit plane,
z = 21 mm; m f = 20 g/hr.
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The axial profiles of experimental CO concentration measurements in Figure 2-26, show
a decrease in CO concentrations with increasing m f , while the computational results show an
increase in CO concentrations. For the computational model, increasing residence time could be
responsible for the decrease in CO concentration with decreasing m f since the temperature
profiles are similar. However, the trend in the experimental results could indicate a change in the
flame structure, reducing the CO concentration, that is not captured by the chemical kinetic
model due to the lack of the temperature profile in the reaction zone.
The transverse profiles of experimental CO concentration measurements in Figure 2-27
show that CO concentrations tend to decrease as m f is increased. CO concentrations are at a
minimum near the centerline and increase radially towards the combustion tube. The trend in
CO concentrations corresponds to a reduction in product gas temperature, which would reduce
reaction rates and slow the oxidation of CO. In general, the CO concentrations decrease with
increase in the reactant flow rate. This result can be explained by the increase in the average

Figure 2-26. Axial CO concentration along centerline, r = 0;  = 0.70.
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Figure 2-27. Transverse CO concentration at the combustor exit plane,
z = 21 mm;  = 0.70.
product gas temperature with increasing m f , as discussed previously, resulting in higher
reaction rates and faster CO oxidation.
The upper limit of the average CO concentrations can be estimated from area-weighted
average of the transverse profile. Results showed that the area-weighted CO concentration
averages were less than 300 ppm. The emissions analyzer reads unburned hydrocarbons (UHC)
as CO and, based on the CO emissions, the combustor is achieving over 99.7% combustion
efficiency. The combustion efficiency agrees with the experimental results by Vijaykant (2008).
2.5.6. NOx Formation Pathways
The results of the chemical kinetic model revealed the NOx formation pathways that are
significant for the mesoscale combustion. The NOx concentration is a combination of NO and
NO2 concentrations. However, the amount of NOx due to NO2 was less than 0.2% for all the
cases.

Additionally, the formation of NO2 was only due to reactions N1 and N2, which

necessitates the presence of NO.
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N1:

NO  O2  NO2  O

N2:

NO  OH  NO2  H

Therefore, the primary concern is the formation of NO in the combustion chamber. The
NOx formation was separated into 4 different pathways: Thermal, Prompt, N2O-Intermediate and
other. Determination of the pathways began by integrating the net production rate of NO in the
axial direction yielding the total net production rate within the combustor for each reaction. The
proportional net production rate of NO by a reaction was determined by dividing net production
rate of NO for each reaction by the total production rate of NO. Any contribution by reactions
with a proportional production rate of NO less than 1% was excluded. These reactions were
much less than 1% of the total NO production rate, resulting in the sum of the NO production
rate from excluded reactions contributed less than 0.5% of the total production rate of NO.
Intermediate species that include nitrogen atoms were selected from NO producing reactions and
the process was repeated to determine the reactions responsible for significant production of the
intermediate species. The process was repeated following the production of nitrogen species
until the pathway terminated with the decomposition of N2, being the only source of nitrogen
atoms. The reactions were categorized based on published NOx formation mechanisms (thermal,
prompt, N2O-intermediate), shown below, with the remaining reactions grouped together in
other. Figure 2-28 shows the NOx production rate by each mechanism determined for each m f at
constant ϕ = 0.70. The normalized NOx productions rates in Figure 2-29 are the ratio of the NOx
production rates for each mechanism to the total NOx production for each m f .
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Figure 2-28. NOx production rate by mass flow rate, r = 0;  = 0.70.

Figure 2-29. Normalized NOx production rate by mass flow rate, r = 0;  = 0.70.
The thermal NOx or extended Zel'dovich mechanism consists of three reactions (N3-N5)
involving the formation of NO.
N3:

N 2  O  NO  N

N4:

O2  N  NO  O

N5:

N  OH  NO  H
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Thermal NOx was responsible for 25% - 30% of the NOx formation for  = 0.70. There is
a decrease in the thermal NOx formation at the highest flow rate. The second mechanism is the
prompt NOx or Fenimore mechanism. The mechanism involves an initial reaction of N2 with CH
and CH2, producing NCN, HCN and the NH and CN radicals. These radicals form N radicals
through reactions N6 and N7, respectively, which then forms NO through reaction N5.
N6:

NH  ( H , OH )  N  ( H 2 , H 2O)

N7:

CN  O  N  CO

The amount of prompt NOx was determined by calculating the percentage of N formation
due to reactions N6 and N7 and multiplying it by the amount of NO formation due to reaction
N5. The NOx formation due to prompt NOx was about 14% of the total NOx formation. The
next NOx formation mechanism is the N2O-intermediate mechanism (N8-N10).
N8:

N 2O  O  NO  NO

N9:

N 2O  H  NH  NO

N10:

NH  O  NO  H

The N2O-intermediate mechanism produced about 15% of the NOx for  = 0.70. The
remaining NOx was formed by reactions involving NNH (N11) and HNO (N12-N14), which was
grouped together as Other in Figures 2-26 and 2-27.
N11:

NNH  O  NH  NO

N12:

HNO  O  NO  OH

N13:

HNO  H  H 2  NO

N14:

HNO  OH  NO  H 2O

These other reactions accounted for 40% - 45% of the NOx formation for  = 0.70.
Figure 2-28 demonstrates that there is an increase in the NOx production rates as mass flow rate
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increases with the exception of thermal NOx formation. This corresponds with the increased
NOx concentration measurements shown in Figures 2-24 and 2-25 as m f increased.

The

normalized NOx production rate plot in Figure 2-29 shows a slight decrease in the thermal and
prompt NOx pathways with increasing mass flow rate, while the N2O-intermediate and other
pathways show a slight increase.
The NOx production rates for the different pathways in Figures 2-30 demonstrates that
the NOx production rate increases for all pathways as ϕ increases. The thermal NOx pathway has
the largest increase, which corresponds to the increase in the normalized NOx production rate
shown in Figure 2-31 which increases from 20% to 36% of the total NOx production rate as
equivalence ratio increases from 0.65 to 0.75. Prompt NOx has a slight increase from 12% to
15% of total NOx production rate with increasing equivalence ratio. The N2O-intermediate and
other pathways have a decreasing contribution to the total NOx production rate with increasing
equivalence ratio. For the N2O-intermediate pathway, there is a decrease from 19% to 12% of

Figure 2-30. NOx production rate by mass flow rate, r = 0; m f = 20 g/hr.
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total NOx production rate, while the other reactions show a decrease from 49% to 37% of total
NOx production rate.

Figure 2-31. Normalized NOx production rate by mass flow rate, r = 0; m f = 20 g/hr.
2.5.7. Fuel Injector and Annulus Pressure Drop
The pressure drop for the system from the injector inlets to the combustor exit is shown
in Figure 2-32. Cold flow pressure measurements without combustion were taken for flow rates
from 0 to 30 sLpm of air, though the maximum reactant flow rate was less than 10 sLpm. The
difference in pressure drops between the two injectors, on opposing sides of the combustor, was
below the precision of the pressure transducers, thus, the average value is shown in the figures.
The volumetric flow rate for the different combustion settings is the combined flow rate for air
and methane in sLpm.
The pressure drop for the system with combustion followed the same trend as the
pressure drop for cold flow. The pressure drop with combustion ranged from 12 to 31 kPa with
an increase of 1 to 4 kPa from the cold flow pressure drop. The significant portion of this
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Figure 2-32. Fuel injector pressure drop with and without combustion.
pressure drop is across the injector. With combustion, the injector and feed tubes are heated by
conduction through contact with the combustor, which increases the average velocity and hence,
the pressure drop. The pressure drop through the injector could be reduced significantly for
gaseous fuels, since the present injector was designed for liquid fuels.
The pressure drop from the annulus to the combustor exit plane is of primary interest.
Figure 2-33 shows the pressure drop in the combustor, with and without combustion. The cold
flow pressure drop in the annulus is only about 0.07% of the cold flow pressure drop across the
injectors. Thus, the flow resistance in the PIM is significantly less than that in the injectors.
Proportionally, in the annulus, the pressure drop with combustion is significantly higher than the
cold flow pressure drop, because of the higher velocities of the preheated reactants in the
annulus. The cold flow pressure drop of 9 to 23 Pa increases to 85 to 155 Pa with combustion.
Still, the pressure drop with combustion is less than 0.2% of the total pressure in the annulus.

53

Figure 2-33. Annulus pressure drop with and without combustion.

VI. Conclusions
The present combustor with the glass-mica composite shell had peak corrected
temperatures ranging from 2000 K to 2300 K for m f = 16 g/hr to m f = 24 g/hr. The
uncorrected peak temperature at the combustor exit for the previous design with the
alumino-silicate shell ranged from 1100 to 1600 K with fuel flow rates ranging from 32 to 56
g/hr (Vijaykant, 2008). An estimate of the corrected peak temperatures yields results around
1400 to 1850 K. Although the present experiments were conducted at lower fuel mass flow rates
and proportionally lower HRR, the present design achieved product gas temperatures up to 600
K higher than the previous design by Vijaykant (2008). This result indicates a significant
reduction in heat loss with the current combustor design.

This is corroborated by the

computational model, which predicted the heat loss as 3% to 6% of HRR depending on the mass
flow rate and equivalence ratio. Vijaykant (2008) calculated the heat loss as just over 6% of the
HRR for the previous design. NOx emissions were a function of both temperature and residence
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time in the combustor. Higher fuel flow rates not only increased the HRR, but also reduced the
NOx and CO concentration at the combustor exit plane.
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CHAPTER 3
INTEGRATED 3D COMPUTATIONAL FLUID DYNAMICS-THERMOELECTRIC
(CFD-TE) MODEL TO ANALYZE TE POWER GENERATION SYSTEMS
I. Introduction
The basic thermoelectric (TE) energy conversion unit, denoted as TE element, consists of ntype and p-type semiconductor materials connected together as a thermocouple. A multiple of
such elements arranged in series form a TE module shown in Figure 3-1. When heat is supplied
at the hot junction and rejected at the cold junction, a voltage potential and current flow is
produced in the presence of an electrical load. Thermoelectric devices can be highly reliable and
noise-free because no moving parts are required. For waste heat recovery and small-scale,
portable power generation, TE devices could also surpass the performance of their mechanical
counterparts (Vining, 2009). In recent years, the interest in TE power generation has increased,
however, practical implementations are hampered by very low conversion efficiency (Thatcher et
al., 2007). Much of the TE research is devoted to developing superior n-type and p-type TE
materials characterized by the TE figure-of-merit, ZT – a dimensionless combination of three
material properties: Seebeck coefficient (α), electrical resistivity (ρe), and thermal conductivity
(k), as well as the absolute temperature (T), as shown in Equation 3-1.

ZT 

2
T
e  k

(3-1)

where T = (Th+Tc)/2 is the algebraic mean of the hot (Th) and cold (Tc) junction temperatures.
The TE efficiency, ηTE, is estimated from Equation 3-2.

 TE 
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Figure 3-1. Thermoelectric module schematic.
where We is the TE power generation, and Qh is the heat input rate to the hot junction. ηc is the
Carnot efficiency and γ embodies the material properties and junction temperatures. Several TE
materials available today exhibit ZT ~ 1 over specific temperature ranges, such as Bi-Sb (200300K), Bi2Te3-based alloys (250-350 K), Pb-Te (500-700 K), Skutterudites and Clathrates (500800 K), Si-Ge alloy (800-1200 K) and BN (1100-1500 K) (Nuwayhid et al., 2005). TE materials
with ZT ~ 2 have been reported in laboratory experiments (Vining, 2009). With current research
focus on TE materials, TE materials with ZT > 1 might eventually become commercially
available (Vining, 2009).
For TE module constructed from multiple TE elements, Equation 3-2 is modified to obtain
TE module efficiency, ηm defined as:

m 

We
 Qh
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(3-3)

where summation is taken over all elements of the TE module. ∑We is the net TE power
generation, and ∑Qh is the net heat input rate to the hot junction of the TE module. Elements in
a TE module can be made of different materials optimized for different junction temperatures. In
general, ηm ≠ ηTE.
In TE power generation systems, heat input at the hot junction is supplied by a fluid stream
and, in turn, the cold junction rejects heat to another fluid medium. Figure 3-2 shows a typical
TE system with a TE module embedded between the hot and cold fluid streams. The TE system
efficiency (ηs) can be defined as the ratio of the net TE power generation (∑W e ) and the heat
input rate to the hot fluid (Qin) (Min and Rowe, 2007), i.e.,

s 

We  We .  Qh   .Q
m
R
Qin
 Qh Qin

(3-4)

Equation 3-4 is an accurate measure of the TE system performance since heat is first supplied
to the hot fluid before it reaches the hot junction. The TE system efficiency accounts for the heat
input to the fluid that does not reach the hot junction. In general, the heat input rate to the hot
fluid is different from the heat input rate to the hot junction, or the heat input ratio, QR ≠ 1.
The TE system efficiency depends upon the interactions between fluid and solid regions. For
example, the TE junction temperatures are determined by the fluid flow and heat transfer.
Junction temperatures in turn determine ηc, ZT, γ, ηTE, ηm, QR, and ηs. Conversely, TE elements

Hot fluid flow

Qh

Th,∞

x

Th
Tc

z
y

TE module

Qc

Tc,∞

Cold fluid flow

Figure 3-2. Thermoelectric system schematic
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impose the no-slip (zero-velocity) condition on the fluid flow and heat transfer. Several practical
devices have shown very low TE system efficiency, which has been attributed to the poor heat
transfer resulting in low TE module efficiency and/or small heat input ratio (Keiko et al., 1999;
Bass et al., 2001; Yang, 2005). Most current TE system analysis procedures utilize greatly
simplified fluid flow models combined with analytical TE models for specific applications. Such
analyses ignore the complex fluid-solid coupling effects, which are very important to develop
and optimize the TE systems with high conversion efficiency (Yoshida et al., 2006; Chen et al.,
2009; Kyono et al., 2003; Yang and Yin, 2011).
In recent years, TE analysis models capable of linking with 3D computational fluid dynamics
(CFD) analysis have been proposed, but they require complicated data management strategies
(Crane and Jackson, 2004; Astrain et al., 2010). Chen et al. (2011) are among the first to present
a TE model integrated with the 3D CFD analysis to account for the coupled fluid, thermal,
material, and electrical effects. The capabilities of the 3D model were highlighted by presenting
detailed properties such as the heat flux and voltage potential in a TE element with soldering
bridges. In the present study, a 3D CFD-TE model similar to Chen et al. (2011) is developed and
validated using analytical results. Next, the validated model is employed to conduct detailed
analysis of a simple TE system with hot and cold fluids in the counterflow arrangement. Results
are presented to highlight the significant differences between the 3D CFD-TE analysis and
simplified analysis of Min and Rowe (2005), and to provide a greater insight into the fluid-solid
coupling mechanisms. The rest of the paper is organized as follows: the governing equations of
fluid flow, heat transfer, and TE power generation are presented in section II. Model verification
details and results are provided in section III. Implementation of the model to a TE system is
explained in section IV. Results from model application are discussed in section V. Finally, the
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major conclusions of the study and recommendations for future work are summarized in section
VI.

II. Governing Equations
The 3D CFD-TE model in Cartesian coordinates treats the TE module as internal solid object
within the flow domain. For fluid flows, the conservation equations of mass, momentum, and
energy in steady state form are represented by Equations 3-5 to 3-7 (ANSYS, 2009):
Conservation of mass equation:


  v   S m

(3-5)

Conservation of momentum equations in (a) x, (b) y, and (c) z directions:
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Conservation of energy equation:
2
 
 v 

  v c pT  v
   kT   S r  S E

2 



(3-7)

With appropriate thermodynamic and state relationships for physical properties, Equations 35 to 3-7 with specified boundary conditions can be solved simultaneously to obtain the
dependent variables, i.e., velocity components in x, y, and z directions (vx, vy, vz), and
temperature (T). In the solid TE region vx = vy = vz = 0, which means that Equations 3-5 and 3-6
are trivial and Equation 3-7 simplifies to the right-hand-side (RHS) terms representing the
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conduction heat transfer, radiation heat transfer, Sr, and the energy source term, SE. Radiation
heat transfer is computed using discrete ordinate model of Raithby and Chui (1990). The energy
source term is coupled to the TE model discussed next.
The energy transfer in a TE element is governed by the Domenicali equation (1953):

   k  T    e J 2  T .J    0

(3-8)

where J (A/m²) is the electrical current density defined as the electrical current per unit crosssectional area. The first term in the Domenicali equation represents heat conduction related to
the thermal conductivity and temperature gradient.

The second term is the Joule heating

representing the conversion of the electrical energy to the thermal energy. The Joule heating is
always negative and independent of the direction of the current flow since the electrical current
density is squared. The Seebeck effect is represented by the last term, where the Seebeck
coefficient, α, depends on temperature and material variations in a non-isothermal,
inhomogeneous medium. The TE power loss (generation) by the Seebeck effect is linked to the
heat source (sink) by the Thomson effect in a homogeneous medium with temperature gradient,
and by the Peltier effect resulting from the change in the material (m) at a constant temperature.
After some manipulation, Equation 3-8 can be rearranged as Equation 3-9:




   k  T    e J 2   .J  T

  J   


m

T

0

(3-9)

where τ = (T∙dα/dT)m is the Thomson coefficient and π = (α∙T)T is the Peltier coefficient. For a
given material, the Thomson and Peltier coefficients are functions of temperature. For a TE
element, the Domenicali Equation 3-9 is incorporated into the energy conservation Equation 3-7
by equating the source term, SE in the solid region as:




S E   e J 2   .J  T
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m

T

(3-10)

The 3D CFD model is integrated with the TE model using source (sink) term to represent
heat generated (consumed) by Joule heating, Thomson effect, and Peltier effect terms in the RHS
of Equation 3-10. Thomson effect and Peltier effect can be positive (heat source or power loss)
or negative (heat sink or power generation) depending upon the sign of the gradient of Seebeck
coefficient with respect to temperature and the gradients of temperature or material with respect
to the direction of the current flow. In a TE element with individual legs made of either n-type
or p-type material, Thomson effect is present only in the legs, while the Peltier effect is present
at the junctions where the current flows from one material to another material as shown in Figure
3-1.
For individual legs, the source term in Equation 3-10 is computed utilizing Joule heating and
Thomson effect terms. We assume a uniform current density in the legs, which simplifies
Equation 3-10 to 1D equation in the x-direction.
p-type leg:

n-type leg:

S E , p   e, p J 2p  J p   p 
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T p
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x

Tn
x

(3-11a)

(3-11b)

where Anp = An/Ap or the ratio of cross-sectional areas of the n-type and p-type legs and the
relationship between the current densities in the n-type and p-type legs is given by Jn = -Jp/Anp.
Note that the current flow in the two legs is in opposite directions. In hot and cold junctions, the
Thomson effect is insignificant because of the negligible temperature gradient in the direction of
the current flow. Joule heating in the junctions is approximated from the area-weighted average
of Joule heating in p-type and n-type legs.
In hot and cold junctions, the Thomson effect is insignificant because of the negligible
temperature gradient in the direction of the current flow. The Joule heating in the junctions is
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approximated from the area-weighted average of the Joule heating in p-type and n-type legs
given by Equation 3-11:

  J 

 e, p 

2

j



 e ,n
Anp

1  Anp

J p2

(3-12)

At a junction, the heat absorbed by the Peltier effect, Eπ,j is given as:
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(3-13)
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The current flows from n-type leg to p-type leg in the hot junction and p-type leg to n-type
leg in the cold junction. Thus, for the hot and cold junctions, Equation 3-13 simplifies to:



Hot junction:

E ,h   I  T   p   n

Cold junction:

E ,c   I  T   n   p





(3-14a)



(3-14b)

Dividing Equation 3-14 by junction volume, the volumetric heat source at the junctions is:
Hot junction:

S E , ,h  

Cold junction:

S E , ,c  
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(3-15a)



(3-15b)

where th and tc represent thickness of the hot and cold junction, respectively. The energy source
for the junctions is obtained by combining Equations 3-12 and 3-15, i.e.,









Hot junction:
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(3-16a)

Cold junction:
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(3-16b)
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In an open circuit with zero current density, the Seebeck effect generates no power. For large
current flow, the Joule heating converts all of the TE power into thermal energy. In between
these limits, the Seebeck effect produces voltage potential and current flow to generate TE
power. However, Jp and Anp must be chosen to achieve desired objective, e.g., maximum TE
power generation or TE system efficiency.

III. Model Verification
The source term in the energy equation for fluid flow was computed from Equation 3-11 for
the TE legs and Equation 3-16 for the TE junctions to integrate the TE model with the 3D CFD
model. This 3D CFD-TE model simulates the complex fluid-solid interactions of flow, heat
transfer, and material properties in the TE system. The 3D CFD-TE model was verified by
comparing results with the 1D TE model of Sherman, Heikes, and Ure (1960), who presented
three cases with different material properties and junction temperatures listed in Table 3-1.
Table 3-1. Properties and Surface Temperatures for cases.
ρe (Ω·cm)

α (μV/K)

p-type

0.04

0.150·T + 211

3.194
T

n-type

0.1746
T  310

0.268·T - 329

54
T

p-type

1
T

200

10
T

n-type

T

0.20·T - 400

3
T

200

10
T

0.20·T

3
T

Case I

Case II

p-type
Case III
n-type

10 5

1
T

0.001

k (W/cm·K) Tc (K) Th (K) Jp (A/m²)
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Anp

400

750

-12,400 0.036

400

1500 -550,000

4.5

400

1500 -652,000

2.2

While the current density, Jp, and area ratio, Anp, for the 3D CFD-TE model would normally be
optimized to maximize the TE power generation or TE efficiency, these values were taken from
the results of Sherman, Heikes, and Ure (1960). The model cross-section is 1 cm × 1 cm for
each case. The 3D CFD-TE model was utilized to represent a TE element separated into 4
zones: p-type leg, n-type leg, hot junction, and cold junction. The junction zones were 0.001 cm
(1-grid) thick and set at the specified surface temperatures, Th and Tc. Exterior boundaries
alongside the TE legs were specified as adiabatic to conform to the 1D TE model for
comparison. The grid spacing for both 1D and CFD-TE models was 0.001 cm.
The 3D CFD-TE model was verified in two steps. In the first step, each leg was modeled
individually with only Joule heating and Thomson effect to compare the computed temperature
profiles with the 1D TE model. Figure 3-3 presents temperature profiles along the legs for each
of the three cases. Results showed excellent agreement (difference of less than 1%) between 3D
CFD-TE model and 1D TE model predictions. The comparison confirms correct implementation
of the Joule heating and Thomson effect terms in the 3D CFD-TE model. In the second step, the
TE efficiency requiring evaluation of the Peltier effect at the junctions was computed by both
models. For the 3D CFD-TE model, the heat transfer rate at the hot and cold surfaces (Qh and
Qc) were used to calculate the TE efficiency. Results summarized in Table 3-2 showed that the
TE efficiency computed by both models agreed with each other, verifying correct
implementation of Peltier effect in 3D CFD-TE model.
Table 3-2. Total Surface Heat Transfer and Thermoelectric Efficiencies.
Qh (W)

Qc (W) CFD (%) num (%)

355.93

336.22

5.54

2.89

Case II 1083.89 797.10

26.46

25.76

Case III 1897.96 1256.68

33.79

33.48

Case I
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Figure 3-3. Comparison of temperature profiles in p-type and n-type legs determined by
1D model (Sherman, Heikes, and Ure, 1960) and present 3D CFD-FE model.

IV. Model Implementation
The 3D CFD-TE model was used to investigate a simple TE system with elements installed
within a counterflow arrangement shown in Figure 3-4. Fluid-solid interactions are analyzed for
two test cases. The first case utilized idealized TE material with ZT = 1 over the temperature
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range of 300 K - 2000 K. Published data on TE material properties of Si-Ge are used for the
second case.
3.4.1. Boundary Conditions and Physical Properties
Figure 3-4 shows the geometry and key dimensions of the TE system. The origin of the
coordinate system in Figure 3-4 is located at the center of the domain, with x-direction along the
TE legs and z coordinate along the flow direction normal to the cross-section (or paper). The TE
element thickness between hot and cold junctions is 5-mm, which is typical of commercial
products. A constant flow cross-sectional area along a domain length of 20 mm (-10 mm ≤ z ≤
10 mm) is used to simplify the geometry. The flow directions of the hot and cold fluids are
parallel but opposite to maximize the heat transfer by counterflow arrangement (Min and Rowe,
2007).
A constant mass flux of 1.8 kg/m²∙s of air, with uniform axial velocity and temperature
profiles, is specified at both fluid inlets. The temperature at the hot and cold fluid inlets is
Periodic Boundary

z

x

Hot Junction

Cold Junction

y

Hot
Fluid
Flow
(+z direction)

n-type leg

3.25

Periodic Boundary
5.00

6.00

Cold
Fluid
Flow
-z direction)

Adiabatic Boundary

Adiabatic Boundary

p-type leg

3.25

Figure 3-4. Computational domain for the TE System. Dimensions are in mm.
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specified as 1500 K and 300 K, respectively, which results in nearly five times higher inlet
velocity for the hot fluid. The flow is laminar with inlet Reynolds number of 211 and 643 at hot
and cold inlets, respectively, based on channel height. At the outlets, the axial diffusion is
neglected and constant ambient pressure is specified. The heat loss from the system is neglected
by specifying adiabatic surfaces in the exterior x-direction. Note that in practical systems, the
parasitic heat loss must be minimized.

Periodic condition was imposed at the exterior

boundaries in the y-direction to represent a large TE module with multiple but identical TE
elements. No slip condition is specified on all solid surfaces. The emissivity of boundaries in
the x-direction is specified as 0.85. The emissivity of the surfaces outside the domain is
specified as zero, which yields zero net radiation at the inlet and outlet fluid boundaries. Air is
assumed to be transparent and non-absorbing to radiation.
3.4.2. Fluid and Material Properties
The thermal conductivity, specific heat, and dynamic viscosity of the hot and cold fluids are
specified polynomial functions of temperature determined from curve fits of experimental data of
air published by Turns (2000). The fluid density was computed from the ideal gas law. Vining
(1995) has published temperature-dependent data on TE material properties of Si-Ge n-type and
p-type materials chosen for this study. Figure 3-5 presents these data together with comparison
with polynomial curve fits. Figure 3-5 also shows the Thomson coefficient and ZT profiles
computed from curve fits.

Table 3-3 lists the coefficients for the polynomial curve fits of TE

properties for Si-Ge n-type and p-type materials. Note that the specific heat, cp is the same for
both n-type and p-type materials. For the ideal case of ZT = 1, the polynomial curve fit functions
for k and ρe are similar to those for Si-Ge, but the Seebeck coefficient is recomputed to yield ZT
= 1.

The curve-fits for ZT = 1 are also shown in Figure 3-5 and their coefficients are
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Figure 3-5. TE material properties of n-type and p-type legs (Vining, 1995).
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Table 3-3. Material Properties for Silicon Germanium (Vining, 1995).
Property

Polynomial function

n-type
 (V/K)

-6.3238×10-6 -3.4428×10-7·T + 1.0058×10-13·T3 – 1.1046×10-24·T6

e (·m)

2.0163×10-6 + 2.0557×10-8·T – 2.2643×10-24·T6

k (W/m·K)

4.9411 – 0.0012653·T + 2.5637×10-19·T6

p-type
 (V/K)

7.6132·10-5 +1.6401·10-7·T – 1.1480×10-23·T6

e (·m)

3.9908·10-6 + 2.2591·10-8·T

k (W/m·K)

5.2871 – 0.0010532·T – 6.2116×10-10·T3 + 4.7419×10-19·T6

cp (J/kg·K)

0.63084 + 8.5536×10-8·T2

Table 3-4. Material Properties for ZT=1.
Property

Polynomial function

n-type
 (V/K)

-6.8876×10-4 + 1.50383×10-6·T - 2.46025×10-9·T2 + 2.35193×10-12·T3
- 1.32623×10-15·T4 + 3.9674×10-19·T5 - 4.8447×10-23·T6

e (·m)

6.833×10-6 + 1.15597×10-8·T

k (W/m·K)

5.93593 - 0.0046065·T + 2.66541×10-6·T2 - 5.2281×10-12·T3

p-type
 (V/K)

6.7302×10-4 - 1.21445×10-6·T + 1.94315×10-9·T2 - 1.85283×10-12·T3
+ 1.0712×10-15·T4 - 3.2737×10-19·T5 + 4.0574×10-23·T6

e (·m)

4.98843×10-6 + 1.96361×10-8·T + 1.84571×10-12·T2

k (W/m·K)

6.72441 – 0.0057046·T + 3.1708×10-6·T2

summarized in Table 3-4. The TE legs must be electrically and thermally insulated from each
other, except at the junctions. This requirement is fulfilled by specifying TE materials with
orthotropic thermal conductivity. Thus, the thermal conductivity along the TE leg (x-direction)
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is specified according to the TE material properties, while that in the y-direction and z-direction
is set to a very small value, ky = kz = 1.0×10-8 W/m∙K.
3.4.3. Computational Procedure
The governing equations are discretized using the finite volume approach.
discretization scheme is used for momentum and energy equations.

QUICK

Second-order upwind

scheme is used to discretize the radiation model. Pressure-velocity coupling is provided by the
SIMPLEC algorithm (Patankar, 1980). The Nelder-Mead optimization method is utilized to
determine Jp and Anp with the maximum system efficiency (Nelder and Mead, 1965). The area
ratio, Anp, was constrained to positive values to ensure a finite cross-sectional area for both legs.
Grid convergence test was performed with uniform grid spacing S = 0.50 mm, 0.25 mm,
0.167 mm, and 0.125 mm for both cases. Figure 3-6 shows the total TE power generation rate
(computed from the difference between the heat input rate at the hot junction and heat rejection
rate at the cold junction) normalized by the total TE power generation rate for the finest grid (S =
0.125 mm) was greater than 0.99 for all but the coarsest grid (S = 0.50 mm). Similar conclusions

Figure 3-6. Normalized total TE power generation rate versus grid spacing.
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were reached from comparison of velocity and temperature profiles obtained for different grids
at several locations within the domain. Thus, grid independent results are obtained with grid
spacing S ≤ 0.25 mm. In this study, computations utilize uniform grid spacing S = 0.125 mm for
both cases. It resulted in 92 grids in the x-direction, 48 grids in the y-direction, and 160 grids in
the z-direction for a total of 706,560 cells in the computational domain. First, the Nelder-Mead
method was applied to a course grid (S = 0.25 mm) to obtain an estimate of the optimum current
density and TE leg area ratio. Next, the fine grid was used to compute the fluid flow and heat
transfer, and to optimize the current density and TE leg area ratio to maximize the TE system
efficiency. On a PC platform with 3.33 GHz processor, a typical computation required 1.5 CPU
hours for the coarse estimate and 12 CPU hours for results with the fine grid.

V. Results and Discussion
3.5.1. Fluid Flow
The 3D CFD-TE model accounts for the complex fluid-solid interactions to incorporate
details of the fluid flow, heat transfer, and TE material properties to compute the total TE power
generation (loss) resulting from Joule heating, Thomson effect, and Peltier effect. In fluid zones,
the velocity and temperature fields were nearly identical for ZT = 1 and Si-Ge cases and the
variations in the periodic direction (y-direction) were negligible. The velocity and temperature
fields however changed significantly in the transverse (x) and streamwise (z) directions. Figure
3-7 shows the contour plot (in x-z coordinates) and transverse profiles of absolute axial velocity
at the midplane of the p-type leg (y = 1.5 mm). The axial velocity of the hot fluid is higher
because of its higher temperature, as discussed previously. Contour plot shows that the axial

75

Figure 3-7. Absolute axial velocity contour plot (top) and transverse profiles (bottom)
through the midplane of p-type leg (y = 1.5 mm). Hot fluid enters at z = -10 mm and cold
fluid enters at z = 10 mm.
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velocity is higher in the center region of the channel and it decreases to zero at the solid surfaces
with no slip.
Details of the flow field are depicted by transverse profiles of axial velocity at different axial
planes (z) in Figure 3-7(b). Near the hot inlet (z = -8.0 mm), the axial velocity of the hot fluid
increases from zero at the hot junction to a peak value of about 9.0 m/s across the momentum
boundary layer. At z = -4.0 mm, the peak axial velocity increases to 10.2 m/s at the center.
Radiation heat transfer shifts the velocity peaks away from the mid-plane of the channel. Farther
downstream, the axial velocity profile changes slightly, indicating nearly fully-developed flow at
z = -4.0 mm. Near the cold fluid inlet (z = 8 mm), the peak axial velocity is 2.0 m/s. At z = - 8.0
mm, the peak axial velocity in the center region increases to about 3.5 m/s as the cold fluid
approaches fully developed flow conditions. The velocity profiles have a direct impact on the
heat transfer and temperature field as discussed next.
3.5.2. Heat Transfer
Contour plot and transverse profiles of temperature at the x-z plane in Figure 3-7 are shown
in Figure 3-8. The temperature distributions in the hot and cold fluid channels are linked with
each other through the heat input and energy transfer mechanisms within the TE module. The
TE module in this study can be created by stacking identical or different TE elements in the flow
direction (z-direction). Thermal boundary layers are depicted by regions of steep temperature
gradients near junctions in the contour plot of Figure 3-8(a). At the exit, the temperature in the
center region is still high for the hot fluid and low for the cold fluid, indicating large fraction of
thermal energy exiting the system without transfer across TE elements.
Figure 3-8(b) shows the transverse profiles of temperature distribution at several axial planes
to quantitatively illustrate the fluid-solid interactions. Near the hot fluid inlet (z = -8 mm), the
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Figure 3-8. Temperature contour plot (top) and transverse profiles
(bottom) through the midplane of p-type leg (y = 1.5 mm). Hot fluid
enters at z = -10 mm and cold fluid enters at z = 10 mm.
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temperature of the hot fluid decreases from a peak value of 1500 K in the center region to about
1190 K near the hot junction. The temperature decreases linearly across the TE element to 1120
K at the cold junction. Then, the temperature decreases sharply in the cold fluid channel to reach
350 K in the center region. Note that the temperature difference across the fluids is 1150 K,
while that between the junctions is only 70 K. Temperature profiles at different axial locations
show similar trends; a sharp temperature drop in the boundary layer regions of hot and cold
fluids and linear but relatively small temperature drop across the TE junctions.
The TE junction temperatures also vary in the flow direction. For example, near the hot fluid
inlet (z = -8 mm), the hot junction temperature is 1190 K, but it decreases to 970 K near the cold
fluid inlet (z = 8 mm). The corresponding change in the cold junction temperature is from 1120
K to 900 K. The analysis reveals significant effects of fluid flow on junction temperature
variations in the flow direction. In practice, a TE module might require TE elements of different
materials since high performance for a material is achieved only within a narrow temperature
range.
Results were processed to obtain the bulk-average fluid temperatures and average junction
temperatures at each flow cross-section. Figure 3-9(a) shows that the bulk-average hot fluid
temperature decreases linearly from 1500 K at the inlet to about 1300 K at the exit, i.e., 200 K
drop. The bulk-average cold fluid temperature increases from 300 K at the inlet to about 530 K at
the exit. The average temperature of the hot junction varies from the high of 1350 K at the hot
inlet to 760 K at the hot outlet. The corresponding variation in the average temperature of the
cold junction is from 1240 K to 620 K. Next, Figure 3-9(b) shows that between the hot fluid and
hot junction, the temperature drop is the minimum at the hot inlet (about 150 K) and it increases
to nearly 540 K at the hot outlet. Between the cold junction and cold fluid, the temperature drop
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Figure 3-9. Axial profile of a) mean temperature of fluids and junctions, and b) mean
temperature differences.
of about 320 K is the minimum at the cold inlet and it increases to about 710 K at the cold outlet.
The temperature drop across the TE junctions is much smaller, only between 50 and 150 K. The
same results shown by the symbols in Figure 3-6 were also obtained for Si-Ge case indicating
negligible effects of TE material properties on heat transfer.
A large temperature drop across the TE element is necessary to increase TE power
generation. However, large temperature drops in the fluid regions are counter-productive since
they decrease the heat input rate to the hot junction and temperature drop across the junctions. In
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the TE system of the present study, the thermal resistance (or temperature drop) by convection is
much greater than by conduction between the junctions. Further the thermal resistance of the
cold fluid is greater than that of the hot fluid, except near the cold inlet (z > 8.5 mm). Thus, the
greatest benefit will be achieved by decreasing the thermal resistance of the cold fluid, for
example, by increasing the inlet velocity and/or the surface area in contact with the fluid.
3.5.3. Conversion Efficiency
Min and Rowe (2007) predicted TE module efficiency of 15% to 20% in a similar
configuration with ZT = 1. However, the thermal resistance by convection heat transfer was
neglected to equate junction and adjacent fluid temperatures. Without this assumption, the
computed TE module efficiency in the present study is 0.86% for ZT = 1. TE power generation
rate decreased slightly for Si-Ge case with TE module efficiency of 0.61%.
Next, the TE system efficiency was computed for two different definitions of the heat input
rate (Qin): (1) heat input rate required to raise the fluid temperature from ambient (or cold fluid
inlet, Hc,in) to hot inlet (Hh,in), i.e., no heat recirculation case, and (2) heat input rate required to
raise the fluid temperature from cold outlet (Hc,out) to hot inlet, i.e., with heat recirculation case.
In the latter case, the heat rejected at the cold junction is recovered to preheat the hot fluid.
Thus,
No heat recirculation:

Qin,nr  [ H h,in  H c,in ]

(3-17a)

With heat recirculation:

Qin ,wr  [ H h,in  H c,out ]

(3-17b)

For ZT = 1, the system efficiency with no heat recirculation and with heat recirculation was
0.15% and 0.18%, respectively. For Si-Ge case, these values were 0.11% and 0.13%. The TE
system efficiency is smaller than the TE module efficiency because of the small heat input ratio
(Qc < 1), i.e., only a fraction of the heat input used to raise the hot fluid temperature reaches the
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hot junction. Heat recirculation recovers the heat rejected at the cold junction to increase the
heat input ratio and hence, the TE system efficiency. In this study, the heat input ratio with no
heat recirculation was 0.18 for both ZT = 1 and Si-Ge cases. The heat input ratio with heat
recirculation increased to 0.21 for both cases. These results suggest that the heat input ratio and
TE system efficiency can be increased by effective heat transfer strategies. Moreover, high ZT
materials do not always result in high TE system efficiency.
3.5.4. Thermoelectric Power Generation
TE material properties had negligible effect on fluid flow and heat transfer, but TE power
generation rate for the ZT = 1 case was slightly higher than that for the Si-Ge case. However,
the actual ZT in an application can be affected by the operating conditions. Figure 3-10 shows
that ZT = 0.65 along most of the axial length, but smaller values occur near inlets/outlets where
the junction temperatures are outside the optimal temperature range of 900 K to 1200 K for SiGe. Detailed analysis of the effects of TE material properties on the heat input rate, TE power
generation rate, and TE efficiency is presented next.

Figure 3-10. Axial profile of figure-of-merit, ZT, in hot junction and cold junction.
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Figure 3-11(a) shows that the heat input rate (Qh) is the same for ZT = 1 and Si-Ge cases. In
both cases, the heat input rate near inlets/outlets is nearly twice of that in the mid-section, where
the thermal resistance by fluid flows is higher.

Figure 3-11(b) shows that the TE power

generation rate for ZT = 1 is higher than that for Si-GE at all axial locations. The total TE power
generation rate was 71 mW and 51 mW for the ZT = 1 and Si-Ge, respectively. TE power
generation rate is higher near inlets/outlets because of the (a) higher temperature difference
across the junctions resulting in higher TE efficiency (Figures 3-9(b) and 3-11(c)), and (b) the
higher heat input rate as shown in Figure 3-11(a). For Si-Ge, these thermal effects more than
overcome the negative aspects of low ZT (between 0.3 and 0.6) near the inlets/outlets (Figure 310).
Figure 3-11(c) also presents the axial profile of TE efficiency for ZT = 1 using Equation 3-2
and junction temperature profiles in Figure 3-9(a). Good agreement with the TE efficiency
profiles obtained from the 3D CFD-TE model suggests that Equation 3-2 provides a reasonable
estimate of TE element efficiency if the correct junction temperatures are used. Still, Equation
3-2 over-predicts the TE efficiency especially near the inlets/outlets. For example, at the hot
fluid outlet, the TE efficiency predicted by Equation 3-2 is more than twice of that obtained by
the 3D CFD-TE model. A large junction temperature difference at the hot outlet violates the
validity of Equation 3-2 derived by assuming constant material properties in TE elements with
small temperature difference between the junctions. Use of Equation 3-2 for applications with
large junction temperature difference can provide highly inaccurate results.
Computed results were analyzed to obtain Figure 3-12 showing the axial profiles of heat
source (or sink) by the Joule heating, Thomson effect, and Peltier effect.

Positive heat

generation (or heat source) pertains to loss of TE power. Conversely, negative heat generation is
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Figure 3-11. Axial profile of a) heat input rate at the hot junction, b) total TE power
generation, and c) TE efficiency.
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Figure 3-12. Axial profile of heat source rate due to a) Joule heating, b) Thomson effect,
and c) Peltier effect.
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desirable since it results in TE power generation. Joule heating always converts electrical energy
to thermal energy to yield a positive heat source.

Figure 3-12(a) shows that the Joule heating

source for ZT = 1 is higher compared to that for Si-Ge. This result is explained by the difference
in the current density: |Jp| = 5.00 A/cm² (Anp = 0.930) for ZT = 1 and |Jp| = 4.90 A/cm² (Anp =
0.991) for Si-Ge. The net Joule heating source was 37 mW for ZT = 1 and 34 mW for Si-Ge.
Axial profiles of the Thomson heat source in Figure 3-12(b) show regions of positive and
negative heat source depending upon the sign of the Thompson coefficient gradient with
temperature, dα/dT. The net Thomson heat source is -0.1 mW (net power generation) for ZT = 1
case and 18 mW (net power loss) for Si-Ge. Results show that the Thomson effect might be
important locally, but its overall contribution to the TE power generation is relatively small in
the present study.
The Peltier effect results in negative heat source at the hot junction and positive heat source
at the cold junction as shown by the axial profiles in Figure 3-12(c). The net effect is a negative
heat source (TE power generation) also shown in Figure 3-12(c). For ZT = 1, the heat source
rate at the hot and cold junctions is -2015 mW and 1907 mW, respectively, or net Peltier heat
source rate of -108 mW. For Si-Ge, the heat source rate in the hot and cold junctions in -1507
mW and 1402 mW, respectively, with net Peltier heat source rate of -105 mW. The total TE
power generation rate (∑We) is the reverse of the total heat source rate by the Joule heating,
Thomson effect, and Peltier effect at the hot and cold junctions. For ZT = 1, these values are 37
mW, -0.1 mW, -2015 mW, and 1907 mW to result in total TE power generation rate of 71.1
mW. For Si-Ge, the corresponding values are 34 mW, 18 mW, -1505 mW, and 1402 mW to
result in the total TE power generation rate of 51 mW. Results show that Peltier effect is much
more significant than the Joule heating or Thomson effect.
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VI. Concluding Remarks
In this study, a 3D CFD-TE model has been developed to analyze the complex fluid-solid
interactions affecting TE power generation. The model is applied to a simple TE system with
hot and cold fluids in the counterflow arrangements. Major findings of the study are:


While a simplified analysis for a similar system with ZT = 1 predicts TE module efficiency
of 15 to 20% (Min and Rowe, 2007), the detailed 3D CFD-TE model predicted TE module
efficiency of 0.86%. Nearly 20-fold decrease in the TE module efficiency is attributed to
the common but unrealistic assumption of equating junction temperatures to fluid
temperatures in the simplified models.



In the present study, only 18% of the heat input rate to the hot fluid reached the hot
junction, while the remaining 82% was discarded at hot fluid exit (heat input ratio of 0.18).
Predicted TE system efficiency was 0.15% and 0.11% for the ZT = 1 case and Si-Ge case,
respectively.



By recirculating heat rejected at the cold junction, the heat input ratio increased to 0.21 and
TE system efficiency increased to 0.18% for the ZT = 1 case and to 0.13% for the Si-Ge
case. Evidently, TE material properties had minor effect on TE system efficiency.



The temperature drop in the fluid flow was greater than that across the TE junction. Low
temperature drop across TE junctions results in poor TE module efficiency. Effective
thermal strategies to reduce thermal resistance by convection are crucial to increase the
heat input ratio and temperature drop across the junctions.



TE material properties had a negligible effect on the fluid flow and heat transfer. Thus,
thermal effects were more pronounced than TE material properties in determining TE
junction temperature variations in the flow direction.
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TE power generation rate was affected by TE material properties, with the ideal ZT = 1
case yielding slightly greater power output compared to the Si-Ge case with realistic
material properties (ZT < 1).



Simplified Equation 3-2 applies to TE elements with small temperature difference across
the junctions and constant TE properties over the junction temperature range. Significant
errors are introduced if Equation 3-2 is used outside these constraints.



Joule heating, Thomson effect, and Peltier effect were all important in different sections of
the TE module. In this study, Joule heating and Thomson effect were much smaller than
the Peltier effect.
Results of this study show that increasing TE system efficiency requires an integrated

approach with fluid flow, heat transfer, and material considerations. Developing such strategies
requires insight into complex fluid-solid interactions in TE systems, possible by the present 3D
CFD-FE model. The integrated analysis offers the opportunity to identify and minimize parasite
losses by analyzing detailed flow and temperature fields. The total TE power generation rate can
be increased (1) by employing heat recirculation and/or other advanced thermal strategies to
increase the heat input ratio, and (2) by manipulating temperature-dependence of TE material
properties to yield favorable outcomes; large heat sink at the hot junction and small heat source
at the cold junction to maximize TE power generation by the Peltier effect.
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CHAPTER 4
ROLE OF THERMAL STRATEGIES IN THERMOELECTRIC POWER GENERATION
I. Introduction
A thermoelectric (TE) element consists of p-type and n-type semiconductor materials
connected together as a thermocouple. Several TE elements combined together make TE module
to generate electrical power when heat is supplied at the hot junction and rejected at the cold
junction.

Thermoelectric devices require no moving parts, and they can provide high

performance for applications such as waste heat recovery and portable power generation (Vining,
2009; Bell, 2002). Figure 4-1 illustrates typical schematic of a TE module with heat and current
flow directions. The TE power generation (We) is the difference between heat transfer rates at
the hot and cold TE junctions (Qh – Qc). The TE efficiency, ηTE, is estimated from Equation 4-1.
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Figure 4-1. Fluid flow and thermoelectric module schematic.
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where ηc is the Carnot efficiency and γ is a function of TE material properties characterized by
the non-dimensional TE figure of merit, ZT defined as:
ZT 

2
T
e  k

(4-2)

where α is the Seebeck coefficient, ρe is the electrical resistivity, k is the thermal conductivity,
and absolute temperature, T = (Th+Tc)/2 is the algebraic mean of the hot (Th) and cold (Tc)
junction temperatures. Equation 4-1 can be used to obtain the TE module efficiency, ηm, as:

m 

We
 Qh

(4-3)

where summation is taken over all TE elements of the TE module. TE junction temperatures
depend upon the heat exchanger geometry and heat transfer fluids on the hot and cold sides, and
they generally vary in the direction of the fluid flow. TE module can also be made of elements
with TE materials optimized for different junction temperatures. Thus, generally, ηm ≠ ηTE.
In practice, TE module must be integrated with heat exchangers to facilitate heat transfer
between fluid media and TE junctions on hot and cold sides, as shown by the TE system in
Figure 4-2. TE module(s) are embedded within the TE system, which requires effective thermal
strategies to maximize heat transfer rates at the hot and cold junctions, especially in case of gas
flows with poor heat transfer coefficients. The TE system efficiency, ηs, is defined as:

s 

We   Qh . We  Q .
R m
Qin
Qin  Qh

(Min and Rowe, 2007)

(4-4)

where Qin is the net heat input rate to the hot fluid and the heat input ratio, QR is the ratio of heat
input rates to the hot junction and hot fluid. Heat input ratio can be greater or less than unity
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depending upon the thermal strategy utilized. The TE system efficiency must be maximized to
achieve high conversion of heat input rate from the hot fluid into TE power generation. Equation
4-4 shows that the TE system efficiency can be increased by increasing the heat input ratio and
TE module efficiency, both of which would depend upon the thermal strategy. For example,
extended surfaces can be employed to increase the heat input rate (to the hot TE junction), and
hence, QR. High heat input rate in turn increases the TE junction temperature, and hence, ηm
(Dent and Agrawal, 2012).

In spite of the twin roles of thermal strategy on TE system

efficiency, few studies have reported detailed heat transfer analysis of TE power generation
systems.

In contrast, significant research effort has been devoted to develop high ZT TE

materials to increase the TE element efficiency given by Equation 4-1.
Relationships between temperature and voltage potential fields in a TE element are well
established (Domencali, 1953; Rowe, 2006). TE elements are typically analyzed by 1D models
accounting for the Peltier effect at the junctions and Thomson and Joule heating effects in TE
legs (Chen et al., 2009). The commercial software ANSYS incorporates 3D models to analyze
voltage and temperature fields in TE elements as discussed by Cochran and Babin (Cochran and
Babin, 2007).

Bell (2002) extended the 1D TE analysis model to include the effects of

convection heat transfer. Similar 1D models accounting for heat transfer in TE systems have
been presented by several investigators for different heat exchanger designs (Dent and Agrawal,
2012; Esrte et al., 2001; Kyono et al., 2003; de Bock and Novak, 2008; Astrain et al., 2010).
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However, these models lack flow structural details and thus, they are limited to analysis with
simple heat exchanger configurations.
In recent years, 3D computational fluid dynamics (CFD) models have been proposed to
link the heat transfer in fluid flows with heat conduction and current flow in the TE
elements/module. Hogan and Shih (2006) and Harris et al. (2006) presented 3D models of heat
transfer and electrical current flow in TE elements with and without insulation material between
the TE legs. Later, Hu et al. (2009) used these models to examine two compact gas-phase heat
exchanger designs to increase heat transfer rate to the hot TE junction. Results show highly
multidimensional heat transfer process providing opportunity to improve TE system efficiency
through shape optimization. Chen et al. (2011) presented a similar 3D CFD model to study heat
flux and voltage potential in a TE element with soldering bridges. Recently, Dent and Agrawal
(2012) presented a 3D CFD-TE model to analyze TE power generation in a simple system with
counterflow heat exchangers. They concluded that increasing TE system efficiency requires an
approach integrating fluid flow, heat transfer, and TE material considerations. The integrated 3D
CFD-TE analysis offers the opportunity to identify and minimize parasitic losses by examining
detailed flow field within the heat exchanges and the resultant coupling of the temperature field
between fluid flows and TE elements/module.
In the present study, the role of thermal strategies is analyzed in-depth to gain
understanding of the factors affecting the TE system efficiency. The TE system consists of a
finned heat exchanger with heated air flow to supply heat to the hot TE junction. Two test
scenarios are considered for the cold junction: (1) finned heat exchanger with cold air flow – fins
are deemed necessary to improve the poor convection heat transfer rate associated with gas
flows, and (2) an unfinned channel with water flow allowing higher convection heat transfer rate
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compared to gas flows. Baseline case with air flows in unfinned channels on both hot and cold
sides is also considered. Fluid-solid interactions in these TE systems are studied using 3D CFDTE model developed by Dent and Agrawal (2012). The paper presents a brief description of the
governing equations for fluid flow, heat transfer, and TE power generation in section II. Model
implementation details for the baseline TE system, finned TE system, and water-cooled system
are described in section III. Results of the study are discussed in section IV. Finally, the major
conclusions of the study and recommendations for future work are summarized in section V.

II. Governing Equations
The 3D CFD-TE model in Cartesian coordinates treats the TE module as internal solid
object within the flow domain. For fluid flows, the conservation equations of mass, momentum,
and energy in steady state form are represented by Equations 4-5 to 4-7 (ANSYS, 2009):
Conservation of mass equation:


  v   S m

(4-5)

Conservation of momentum equations in (a) x, (b) y, and (c) z directions:
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Conservation of energy equation:
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(4-7)

With appropriate thermodynamic and state relationships for physical properties,
Equations 4-5 to 4-7 with specified boundary conditions can be solved simultaneously to obtain
the dependent variables, i.e., velocity components in x, y, and z directions (vx, vy, vz), and
temperature (T). The radiation heat transfer, Sr is computed using the discrete ordinate model of
Raithby and Chui (1990). In the solid TE region, vx = vy = vz = 0, which means that Equations 45 and 4-6 are trivial and Equation 4-7 simplifies to the right-hand-side (RHS) terms representing
the conduction heat transfer and the energy source term, SE or the Domenicali equation
governing the energy transfer in a TE element (Domenicali, 1953).


   k  T    e J 2  T .J    0

(4-8)

where J (A/m²) is the electrical current density defined as the electrical current per unit crosssectional area. The first term in the Domenicali equation represents the heat conduction related
to thermal conductivity and temperature gradient.

The second term is the Joule heating

representing the conversion of the electrical energy to the thermal energy. The Seebeck effect is
represented by the last term, where the Seebeck coefficient, α, depends on temperature and
material variations in a non-isothermal, inhomogeneous medium.

The TE power loss

(generation) by the Seebeck effect is linked to the heat source (sink) by the Thomson effect in a
homogeneous medium with temperature gradient, and by the Peltier effect resulting from the
change in the material (m) at a constant temperature. The energy source term to account for
Joule heating and Thomson effect in p-type and n-type TE legs is given by Equations 4-9(a) and
4-9(b).
p-type leg:

S E , p   e, p J 2p  J p   p 
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The Peltier effect and Joule heating at hot and cold junctions is given by Equations 410(a) and 4-10(b), respectively.
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In an open circuit with no current flow, the current density is zero and thus, the Seebeck
effect generates no power. For a large current flow, the Joule heating dominates to convert TE
power into thermal energy. In between these limits, the Seebeck effect produces voltage potential
and current flow to generate TE power. However, the current density, J p and n-p semiconductor
area ratio, Anp must be chosen to achieve the desired objective, for example, maximum TE power
generation or maximum TE system efficiency.

III. Model Implementation
The 3D CFD-TE model was used to investigate a simple TE system with elements
installed within a counterflow arrangement shown in Figure 4-3(a). Fluid-solid interactions are
compared for with the finned TE system and water-cooled TE system shown in Figures 4-3(b)
and 4-3(c), respectively.
4.3.1. Boundary Conditions and Physical Properties
Figure 4-3 shows the geometry and key dimensions of the TE system. The origin of the
coordinate system in Figure 4-3 is located at the center of the TE module with x-coordinate along

97

Periodic Boundary

x
z

Hot
Fluid
Flow
(+z direction)

Hot Junction

Cold Junction

y

n-type leg

6.00

Cold
Fluid
Flow
(-z direction)

Adiabatic Boundary

Adiabatic Boundary

p-type leg

Periodic Boundary
3.25

a)

1.00

5.00

1.00

3.25

Periodic Boundary
0.5
1

x

z

Hot Junction

Cold Junction

y

Adiabatic Boundary

Adiabatic Boundary

p-type leg

n-type leg

1
1
1
1
0.5

Periodic Boundary
3.25

b)

1.00

5.00

1.00

3.25

Periodic Boundary
0.5
1

y
x

z

Hot Junction

Cold Junction

Cold
water
flow

Adiabatic Boundary

Adiabatic Boundary

p-type leg

n-type leg

1
1
1
1
0.5

Periodic Boundary
c)

3.25

1.00

5.00

1.00

3.25

Figure 4-3. Thermoelectric module design a) without fins, b) with fins, and c) cold water
flow (bottom). Dimensions in mm. Fins shown in yellow with hot fluid flow in red and cold
fluid flow in blue.
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the TE legs and z-coordinate along the flow direction normal to the cross-section (or paper). The
TE element thickness between hot and cold junctions is 5 mm, which is typical of commercial
products. The TE systems often utilize fins or extended surfaces to enhance the heat transfer,
which is represented by the geometry in Figure 4-3(b) utilizing copper fins with kfins = 367
W/m∙K. Water cooling, represented in Figure 4-3(c), also enhances the heat transfer compared to
air cooling. The cross-sectional dimensions shown in Figure 4-3 remain constant along the
domain length of 20 mm (-10 mm ≤ z ≤ 10 mm). The flow directions of the hot and cold fluids
are parallel but opposite to each other to maximize the heat transfer by counterflow arrangement.
Different combinations of mass flux, and velocity and temperature profiles could be used at the
inlets. In this study, a constant mass flux of 1.8 kg/m²∙s of air with uniform axial velocity and
temperature profiles is specified at both fluid inlets for the unfinned and finned TE systems. The
same conditions are utilized for the hot fluid inlet of the water-cooled TE system. A constant
mass flux of 84.53 kg/m²∙s of water was calculated for the cold fluid inlet to maintain the same
Reynolds number. The flow is laminar with inlet Reynolds number of 211 and 643 based on
channel height at hot and cold fluid inlets, respectively. The temperature at the hot and cold
fluid inlets is specified as 1500 K and 300 K, respectively, for all cases. For the air-cooled cases,
the temperature difference between hot and cold fluids results in nearly five times higher inlet
velocity for the hot fluid compared to the cold fluid. At the outlets, the axial diffusion is
neglected and a constant ambient pressure is specified.

The heat loss from the system is

neglected by specifying adiabatic surfaces in the exterior x-direction. Note that in practical
systems, the heat loss is parasitic and must be minimized. Periodic condition is imposed at the
exterior boundaries in the y-direction to represent a large TE module with multiple TE elements.
No slip condition is specified on all solid surfaces. The emissivity of boundary surfaces in the x-
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direction is specified as 0.85. The emissivity of the surfaces outside the domain is specified as
zero, which yields zero net radiation heat transfer at the inlet and outlet fluid boundaries. Air is
assumed to be transparent and non-absorbing, while absorption coefficient of 4.5 m-1 is specified
for the water.
4.3.2. Fluid and Material Properties
The thermal conductivity, specific heat, and dynamic viscosity of the hot and cold air are
specified by polynomial functions of temperature determined from curve fits of experimental
data of air published by Turns (2000). Constant properties of k=0.6130 W/m∙K, cp = 4179
J/kg∙K and μ = 8.55×10-4 kg/m∙s were specified for water at 300 K. The fluid density was
computed from the ideal gas law. Vining (1995) has published temperature-dependent data on
TE material properties of Si-Ge n-type and p-type materials chosen for this study. Figure 4-4
presents these data together with comparison with polynomial curve fits. Figure 4-4 also shows
the Thomson coefficient and ZT profiles computed from curve fits.

Table 4-1 lists the

coefficients for the polynomial curve fits of TE properties for Si-Ge n-type and p-type materials.
Note that the specific heat, cp is the same for both n-type and p-type materials. The TE legs
must be electrically and thermally insulated from each other, except at the junctions. This
requirement is fulfilled by specifying TE materials with orthotropic thermal conductivity. Thus,
the thermal conductivity along the TE leg (x-direction) is specified according to the TE material
properties, while that in the y-direction and z-direction is set to a very small value, ky = kz =
1.0×10-8 W/m∙K.
4.3.3. Computational Procedure
The governing equations are discretized using the finite volume approach.
discretization scheme is used for momentum and energy equations.
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Figure 4-4. Data for material properties of n-type and p-type Silicon Germanium and
temperature-dependent polynomials for material properties.
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Table 4-1. Material Properties for Silicon Germanium (Vining, 1995).
Property

Polynomial function

n-type
 (V/K)

-6.3238×10-6 -3.4428×10-7·T + 1.0058×10-13·T3 – 1.1046×10-24·T6

e (·m)

2.0163×10-6 + 2.0557×10-8·T – 2.2643×10-24·T6

k (W/m·K)

4.9411 – 0.0012653·T + 2.5637×10-19·T6

p-type
 (V/K)

7.6132·10-5 +1.6401·10-7·T – 1.1480×10-23·T6

e (·m)

3.9908·10-6 + 2.2591·10-8·T

k (W/m·K)

5.2871 – 0.0010532·T – 6.2116×10-10·T3 + 4.7419×10-19·T6

cp (J/kg·K)

0.63084 + 8.5536×10-8·T2

scheme is used to discretize the radiation model. Pressure-velocity coupling is provided by the
SIMPLEC algorithm (Patankar, 1980). The Nelder-Mead optimization method is utilized to
determine Jp and Anp with the maximum system efficiency (Nelder, 1965). This method is a
simplex optimization routine utilizing n + 1 vertex for n independent variables and 1 dependent
variable. In this study, the two independent variables are Jp and Anp with system efficiency as
the dependent variable. Initial guesses are made for 3 vertices of {Jp,Anp} and the system
efficiency, ηs, is calculated for each vertex by the CFD model. The vertex with the lowest ηs is
then reflected through the centroid of the other 2 vertices to determine a new vertex. If ηs of the
new vertex is greater than at least one of the other 2 vertices, then the reflection is performed
with the new vertex with the lowest ηs. If the new vertex ηs is less than the ηs of the other 2
vertices, the peak ηs has likely been bracketed and the next vertex is the midpoint between the
new vertex and the centroid of the other 2 vertices. The Nelder-Mead optimization method is
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effective for the simple 3D surface formed by Jp, Anp and ηs. Figure 4-5 illustrates the results
obtained during optimization procedure for the water-cooled TE system.

Figure 4-5. System efficiency versus p-type leg current density (Jp) by area ratio (Anp).
A grid convergence test was performed with uniform grid spacing of S = 0.50 mm, 0.25
mm, 0.167 mm, and 0.125 mm for each case. Figure 4-6 shows the total TE power generation
rate (computed from the difference between the heat input rate at the hot junction and heat
rejection rate at the cold junction) normalized by the total TE power generation rate for the finest
grid (S = 0.125 mm) versus grid spacing for each case. For all cases, the change is less than 3%
when the grid is refined from S = 0.167 mm to S = 0.125 mm. Analysis of the heat transfer rate
to and from the TE module resulted in a change of less than 0.6 % as the grid was refined from S
= 0.167 mm to S = 0.125 mm. Similar results were obtained from the comparison of velocity
and temperature profiles from computations with different grid sizes at several locations within
the domain. Based on these tests, in this study, S = 0.125 mm was determined to yield grid
independent results for all of the cases. It resulted in 108 grids in the x-direction, 48 grids in the
y-direction, and 160 grids in the z-direction for a total of 829,440 cells in the computational
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Figure 4-6. Normalized power generation rate versus grid spacing plot.
domain. The Nelder-Mead method was applied first with a coarse grid (S = 0.25 mm) to
estimate the optimum current density and TE leg area ratio. Next, the fine grid was used to
optimize the current density and TE leg area ratio yielding maximum TE system efficiency with
the corresponding results of fluid flow and heat transfer for analysis. On a PC platform with
3.33 GHz processor, a typical computation required 1.5 CPU hours for the coarse estimate and
12 CPU hours for results with the fine grid.

IV. Results and Discussion
4.4.1. Fluid Flow
The 3D CFD-TE model incorporates the complex fluid-solid interactions to account for
details of the fluid flow, heat transfer, and TE material properties to compute the total TE power
generation (loss) resulting from Joule heating, Thomson effect, and Peltier effect. In the fluid
zones in y-direction, the temperature and velocity fields varied periodically because of the fins,
while the variations resulting from the n-type and p-type TE legs were negligible. Figure 4-7
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presents the contour plot (in x-z plane) and transverse profiles of absolute axial velocity at y = 1
mm (midplane across the p-type leg). For each case, the higher temperature results in higher
absolute axial velocity of the hot fluid compared to that of the cold fluid in the heat rejection
channel. The absolute axial velocity is greater in the center region of the hot fluid channel and it
decreases to zero at the solid surfaces where the no slip condition is imposed. The peak axial
velocity for the finned case is slightly higher than that for the unfinned case because of the
increase in surfaces with boundary layers. In comparison to unfinned case (Figure 4-7(a)),
Figure 4-7(b) shows that the fins resulted in the cold fluid absolute axial velocity more than
doubling and hot fluid absolute axial velocity slightly decreasing. Evidently, with fins, the
higher heat transfer rate from the hot to cold fluid, results in lower hot fluid axial velocity and
higher cold fluid axial velocity, compared to the no fin case. A more dramatic drop in the hot
fluid axial velocity signifies much greater heat transfer rate for the water-cooled case (Figure 47(c)). In this case, the peak cold fluid (water) absolute axial velocity of 0.12 m/s is much lower
than the axial velocity of the air flow in the cold fluid channels for both unfinned and finned
cases, since water has higher density and heat capacity compared to air.
4.4.2. Heat Transfer
Contour plot and transverse profiles of temperature at the same x-z plane as in Figure 4-7
are shown in Figure 4-8. The temperature distributions in the hot and cold fluid channels are
linked with each other through the heat transfer and power generation mechanisms within the TE
module. For each case, the hot fluid enters at a uniform temperature of 1500 K. For the
unfinned case shown in Figure 4-8(a), the peak fluid temperature at the exit decreases to 1390 K
while the surface temperature of the conducting plate is 1070 K. For the finned case shown in
Figure 4-8(b), the peak temperature of the fluid decreases to about 1000 K at the exit,
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a)

b)

c)

Figure 4-7. Absolute axial velocity contour plot (top) and transverse profiles (bottom)
of x-z plane for a) no fin case, b) fin case, and c) water-cooled case at y = 1 mm. Hot
fluid (right) enters at z = -10 mm. Cold fluid (left) enters at z = 10 mm.
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a)

b)

c)

Figure 4-8. Temperature contour plot (top) and transverse profiles (bottom) of x-z plane
for a) no fin case, b) fin case, and c) water-cooled case at y = 1 mm. Hot fluid (right) enters
at z = -10 mm. Cold fluid (left) enters at z = 10 mm.
107

and the surface temperature of the conducting plate is about 990 K. For the water-cooled case
shown in Figure 4-8(c), the hot fluid exit temperature varies from 540 K to 590 K, and the
conducting plate surface temperature is about 540 K. The cold fluid temperature distributions
show similar trends for the unfinned and finned cases. The cold fluid temperature for the watercooled case is nearly constant except near the fluid-solid interface where the water temperature
reaches a peak value of 390 K. Figure 4-8 shows that the temperature in the thermal conducting
plate, and fins in the respective cases, is nearly uniform in the axial direction indicating
significant axial heat conduction for each case. The TE junction temperatures and thus, the
temperature profile within the TE module is also independent of the axial coordinate. Note that
the temperature uniformity in the axial direction could only be achieved by utilizing the copper
plate of high thermal conductivity to thermally integrate TE module junctions in the axial
direction.

In the transverse direction, the temperature drop between the hot and cold TE

junctions progressively increases as the heat transfer rate through the TE module increases from
the no fin case to fin case to the water-cooled case.
The importance of axial heat conduction in plate and fin surfaces on the TE modules is
demonstrated by the heat flux vector plots in Figure 4-9. These plots are shown in an x-z plane
at y = 2 mm, through the midplane of the fins, and parallel to the y = 1 mm x-z plane in Figures
4-7 and 4-8. The vector length is proportional to the conduction heat flux and the same scale is
used for each case to allow for a direct comparison. Vector orientation represents the direction
of the heat flow. Heat transfer rate across the TE module can be readily inferred from the heat
flux vector lengths in the TE region, i.e., -2.5 mm < y < 2.5 mm. Figure 4-9 shows that the heat
transfer rate increases from the no fin to the fin to the water-cooled cases. For each case, the
heat transfer rate to the TE module is nearly independent of the axial coordinate (notice parallel,
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a)

b)

c)

Figure 4-9. Conduction heat flux vector plot of x-z plane (y = 2 mm) for a) no fin case, b)
fin case, and c) water-cooled case.
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equal length vectors within the TE module for each case in Figure 4-9) as discussed previously.
The transverse domain outside y = +/- 2.5 mm includes the conducting plate and fins for the
respective cases. Each case depicts noticeable axial conduction in these metal surfaces; from the
hot fluid inlet at z = -10 mm to the cold fluid inlet at z = 10 mm. Axial conduction is relatively
small for the no fin case but much greater for the water-cooled case. The extent of axial
conduction would depend upon the fluid temperature variation in the axial direction, and the
metal surface cross-section available for conduction heat transfer. For the no fin case, the axial
conduction is small since the fluid temperature change between inlets and outlets is small and
only the conducting plate is available for the axial conduction. The metal cross-sectional area
and fluid temperature change increase for the fin case, which also increases the heat transfer by
the axial conduction. Figure 4-9(c) shows that the water-cooled case has much higher axial
conduction heat flux in the fins on the hot side than the fin case with cooling by air. Large
change in hot fluid temperature between inlet and outlet, and thus, high heat transfer rate through
the TE module, is responsible for this result.
Next, Figure 4-10 presents temperature contour plots on an x-y plane at mid-length of the
system, i.e., z = 0.0 mm to demonstrate the benefits of fins and water cooling. Results show that
the TE module temperature is constant in the transverse direction, i.e., y-direction. Likewise, the
fluid (air) temperature for the no fin case in Figure 4-10(a) and water temperature for the watercooled case in Figure 4-10(c) is also independent of the y-coordinate with the periodic boundary
conditions at y = -3 mm and y = 3 mm. In these cases, the thermal boundary layer on the solid
surfaces results in fluid temperature varying the x-direction. With fins, the thermal boundary
layer develops both in x- and y-directions, and thus, the fluid temperature varies periodically
between fins as seen in Figure 4-10(b) for the fin case and in Figure 4-10(c) for the hot side of
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a)

b)

c)

Figure 4-10. Temperature contour plot (top) and transverse profiles (bottom) through x-y
midplane (z = 0.0 mm) for a) no fin case, b) fin case, and c) water-cooled case.
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the water-cooled case.

The high thermal conductivity of the fins results in their uniform

temperature.
Heat flux vector plots in Figure 4-11, at the same plane as Figure 4-10, offer insight into
how fins affect thermal pathways within the TE system. Figure 4-11(a) shows that fins on the
hot side collect heat from fluid zones away from the TE module and channel it to increase the
heat transfer rate through the TE module. A similar process takes place on the cold side,
whereby fins aid in channeling the heat from the cold junction and rejecting it to the cold fluid
away from the TE module. Note that the heat flux through the fins is much greater than that
through unfinned conducting plate surfaces in direct contact with hot or cold fluids. For the
water-cooled case, fins aid in collecting and channeling heat on the hot side. However, on the
cold side, water’s high density and heat capacity result in high heat transfer rate directly from the
unfinned conducting plate to the water.
4.4.3. Averaged Axial Temperature Profiles
Computed 3D temperature field was used to obtain the bulk-average fluid temperatures
and average junction temperatures at each flow cross-section. Figure 4-12(a) shows the axial
profiles of bulk-averaged hot fluid temperature for each of the three cases. The hot fluid
temperature for the no fin case decreases almost linearly from 1500 K at the inlet (z = -10 mm)
to 1320 K at the exit. However, the hot fluid temperature for the fins case and water-cooled case
decreases sharply near the inlet before leveling off around mid-length (z = 0.0 mm) of the TE
system. Thus, the heat transfer rate between the hot fluid and adjacent surfaces (fins and/or
conducting plate) is much greater at the inlet than that towards the exit. Since the heat transfer
rate to the TE module itself is independent of the axial coordinate, the heat transferred near the
inlet is channeled in part to the downstream region by axial conduction through conducting
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a)

b)

Figure 4-11. Conduction heat flux vector plot at x-y midplane (z = 0.0 mm) for a) fins case,
and b) water-cooled case.
surface and fins as discussed previously. The heat transfer rate for the water-cooled case is much
greater than that for the fins case, which results in a larger decrease in the bulk-average hot fluid
temperature for the former case.
For the no fin case, the bulk-averaged cold fluid temperature profile, shown in Figure 412(b), is nearly linear similar to the hot fluid side. Likewise, for the fins case, the bulk-averaged
cold fluid temperature follows the same trend as the hot fluid side, i.e., the temperature increases
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a)

b)

c)

Figure 4-12. Axial profile of mean temperature of a) hot fluid, b) cold fluid
and c) junctions.
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sharply at the cold fluid inlet and levels off around the mid-length of the TE system. Again, the
heat transfer rate between the cold fluid and adjacent surfaces is greater near the cold fluid inlet
than that towards the exit. Moreover, the heat rejected by the cold TE junction near the cold
fluid exit is channeled towards the cold fluid inlet by axial conduction through fins and
conducting plate. The bulk-averaged cold fluid temperature of the water-cooled case is nearly
constant, only increasing from 300 K at the inlet to 303 K at the outlet, because of water’s high
heat capacity.
Figure 4-12(c) presents axial profiles of the mean TE junction temperatures for each case.
The junction temperatures for each case are nearly constant in the axial direction, in spite of the
large axial variations in the bulk-averaged fluid temperatures; the maximum change in the mean
hot junction temperature is 22 K for the water-cooled case. The conducting plate and fins
channeling heat from hot to cold regions by axial conduction as explained previously are
responsible for this outcome. The hot junction temperature is highest for the no fin case (about
1070 K), lowest for the water-cooled case (about 540 K), and between these limits for the fins
case (990 K). The cold junction temperature also follows a similar trend; 1000 K for no fin case,
about 890 K for fins case, and about 370 K for the water-cooled case.

Figure 4-12(c)

demonstrates that the thermal strategy dictates the TE junction temperatures.
Temperature profiles in Figure 4-12 were used to obtain axial profiles of the mean
temperature difference shown in Figure 4-13. The mean temperature difference between the hot
fluid and hot junction in Figure 4-13(a) follows a pattern similar to that of the mean hot fluid
temperature in Figure 4-12(a). This result is expected since the hot junction temperature is
independent of the axial coordinate. For the no fin case, the mean temperature difference
(between hot fluid and hot junction) varies from about 400 K at the hot fluid inlet to about 250 K
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a)

b)

c)

Figure 4-13. Axial profile of temperature difference between mean temperatures of a) hot
fluid - hot junction, b) cold junction - cold fluid, and c) hot junction - cold junction.
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at the hot fluid exit. For the fins case and water-cooled case, the mean temperature difference is
large only near the inlet, and it decreases to rather smaller values thereafter.

The mean

temperature different is less than 100 K for the fins case after z > -4.5 mm, and for the watercooled cases after z > 0.5 mm. These results show that a large downstream segment of the TE
system is ineffective in transferring heat directly from the hot fluid to hot junction for fins case
and water-cooled case. In these regions, heat transfer to the hot junction occurs primarily by
axial heat conduction from the hot inlet region.
Axial profiles of mean temperature difference between cold junction and cold fluid in
Figure 4-13(b) follow a similar trend. For the no fins case, the mean temperature difference
(between cold junction and cold fluid) varies from about 700 K at the cold fluid inlet (or hot fluid
exit) to about 500 K at the cold fluid exit (or hot fluid inlet). For the fins case, the mean
temperature differences drops to below 100 K at z = 1.5 mm, indicating that more than half of
the channel provides little heat transfer directly from the cold junction to the cold fluid. Instead,
heat from the cold junction near the cold fluid outlet is channeled by axial heat conduction (in
the conducting plate and fins) to the cold fluid near the cold fluid inlet. For the water-cooled
case, the mean temperature difference is less than 100 K and it changes slightly because of the
high heat capacity of water.
Temperature difference between TE junctions is one of the most important parameter for
TE power generation. For the no fin case, Figure 4-13(c) shows that the junction temperature
difference is only 62 K. For all three cases, the junction temperature difference is much smaller
compared to the maximum possible temperature difference of 1200 K between hot and cold fluid
inlets. Thus, the heat transfer rate through the TE module is constrained by the large thermal
resistance (or low convection heat transfer coefficient) between fluids and adjacent solid
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surfaces. The junction temperature difference for the fins case and water-cooled case is 86 K
and 151 K, respectively. Thermal resistance is the least for water-cooled case and greatest for
the no fin case. Results show that all of the present thermal strategies incur large thermal
resistance by convection heat transfer, and that none of these methods can achieve mean junction
temperature difference on the same order as the mean temperature difference between fluid
streams. Therefore, fundamentally different approaches with innovative concepts to channel
heat between fluids and TE junctions are necessary to develop practical TE systems with high
performance.
4.4.4. Conversion Efficiency
Following Equation 4-1, the TE power generation is determined by TE junction
temperatures and TE material properties. In this study, the TE material is the same for all three
cases and thus, the thermal strategy is the primary factor for differences in the TE power
generation and related parameters. Recall from Figures 4-12(c) and 4-13(c) that the thermal
strategy determines the junction temperatures and hence, the junction temperature difference.
The junction temperature difference in turn determines the heat input rate, Qh to the hot junction.
In fact, the heat input rate is directly proportional to the junction temperature difference since the
thermal resistance by conduction in the intervening TE legs is nearly the same for all three cases,
except for minor effects of temperature-dependent thermal conductivity of TE leg materials. For
the no fin case, Figure 4-14(a) shows heat input rate of about 0.4 W/mm or 8.0 W for the 20 mm
long TE module. For the fins case, the total heat input rate is 11.1 W, representing a 39%
increase from the no fin case. Note that the junction temperature difference for the fins case (86
K) is also 39% greater than that for the no fin case (62 K). For the water-cooled case, the total
heat input rate of 19.7 W is 2.46 times that for the no fin case. This result is consistent with the

118

a)

b)

c)

Figure 4-14. Axial profile of a) heat transfer rate into the thermoelectric module, b)
thermoelectric efficiency, and c) thermoelectric power generation rate.
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146% increase in the junction temperature difference from the no fin case to the water-cooled
case.
The TE efficiency, shown in Figure 4-14(b), is also affected by junction temperatures.
The TE efficiency for the no fin case, fins case, and water-cooled case is 0.62%, 0.86% and
1.08%, respectively. Thus, in comparison to no fin case, the TE efficiency increases by 40%
with fins and nearly 70% with water-cooling. The TE power generation rate shown in Figure 414(c) is multiple of the heat input rate and TE efficiency. The TE power generation rate for the
no fin case is 2.47 W/m or 49 mW over the length of the TE module. The TE power generation
rate for the fins case and water-cooled case is higher than that for no fin case by a factor of 0.95
and 3.3, respectively.
Further insight into TE power generation is gained from Figure 4-15 showing plots of
Carnot efficiency, TE material performance parameter (γ), and dimensionless TE figure of merit
(ZT).

The Carnot efficiency is defined in Equation 4-1 and calculated from junction

temperatures determined by the CFD model.

The TE parameter γ is computed from ZT

determined by the average of the junction temperatures. The ZT axial profiles for the hot and
cold junctions are calculated for each TE junction using temperature dependent TE material
properties at each location. Figure 4-15(a) shows Carnot efficiency of 5.8%, 8.7%, and 28.0%,
respectively for no fin case, fins case, and water-cooled case. Thus, poor performance for TE
power generation for the no fin case can be attributed to its low Carnot efficiency. The Carnot
efficiency for the water-cooled case is the highest, even though the junction temperatures for this
case are the lowest. Clearly, the Carnot efficiency is determined by hot and cold junction
temperatures and both are affected by the thermal strategy employed. Figure 4-15(b) shows that
the TE parameter γ is 0.13, 0.12, and 0.05, respectively for no fin case, fins case, and water-
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b)

c)

Figure 4-15. Axial profile of a) Carnot efficiency; b) TE parameter, γ; and c) figure-ofmerit, ZT, in hot junction and cold junction.
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cooled case. These results show that the TE material is most effective for no fin case and fins
case, and least effective for water-cooled case. Note that the Si-Ge p-type and n-type TE
material provides high performance in the temperature range of 800 K - 1200 K only. In spite of
non-optimal TE material, the water-cooled case results in the highest TE efficiency and highest
TE power generation as discussed previously. Thus, the TE efficiency of the water-cooled case
would improve if TE material better suited to the temperature range of 400 K - 600 K was
selected.
This result is corroborated further from the axial profiles of ZT shown in Figure 4-15(c).
For no fin case, the junction temperatures were the highest and hence, the ZT is also highest;
about 0.67 at the hot junction and 0.64 at the cold junction. For the fins case, the hot and cold
junction ZT values are 0.61 and 0.55, respectively. Finally, for water-cooled case, ZT values are
0.24 and 0.14, respectively, for the hot and cold junctions, which are much smaller values than
the previous two cases. The higher TE power generation of the water-cooled case demonstrates
that the junction temperature difference can be more important than the TE figure-of-merit.
Since the ZT itself depends upon the junction temperatures, a TE material would perform poorly
if it is not chosen synergistically with the thermal strategy to achieve the desired junction
temperatures.
Next, the computed results are processed to obtain the key performance parameters in
Equation 4-4. Recall that the heat input ratio, QR, is the ratio of the heat input rate into the TE
module, Qh, and the heat input rate to the hot fluid, Qin. Two different definitions of the heat
input rate (Qin) are used: (1) heat input rate required to raise the fluid temperature from cold fluid
inlet (or ambient) to hot fluid inlet (Hh,in), i.e., no heat recirculation case, and (2) heat input rate
required to raise the fluid temperature from cold fluid exit to hot fluid inlet or heat recirculation
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case. In the latter case, the heat rejected at the cold junctions is recycled to preheat the hot fluid.
Thus,
No heat recirculation case:

Qin ,nr  [ H h,in  H c,in ]

(4-11)

With heat recirculation case:

Qin ,wr  [ H h,in  H c,out ]

(4-12)

For no fin case, the heat input ratio is 0.17 and 0.20, respectively, for no heat
recirculation case and with heat recirculation case. Thus, recovering heat rejected at the cold
junction does not provide a significant benefit. Moreover, a large fraction of the heat added to
the fluid (0.83 to 0.80) bypasses the hot junction to escape through the hot fluid exit. For the fins
case, the heat input ratio is 0.5 and 0.8, respectively, for no heat recirculation and with heat
recirculation cases. In this case, half of the heat added to the fluid reaches the hot junction, and
this fraction increases to 80% if the heat rejected at the cold junction is recycled to preheat the
hot fluid. Clearly, heat recirculation is distinctly beneficial in this case. For the water-cooled
case, the heat input ratio is 0.8 and 4.1 for no heat-recirculation case and heat-recirculation case,
respectively. Thus, 80% of the external heat input to the fluid reaches the hot junction, and if the
heat rejected at the cold junction could be recycled to preheat the hot fluid, a remarkable, fivefold increase in the heat input ratio is possible. In the latter case, the heat input rate to the hot
junction will be more than four times the external heat input to the hot fluid. Thus, heat
recirculation offers an untapped opportunity to raise the performance of TE power generation
systems.
The TE system efficiency is the product of the heat input ratio and TE module efficiency
(see Equation 4-4). For no fin case, the TE system efficiency is approximately 0.1% without or
with heat recirculation. The performance is rather poor even though TE material had high ZT for
this case. For the fins case, TE system efficiency is 0.4% and 0.7%, respectively, for no heat
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recirculation and with heat recirculation. Thus, fins increase TE system efficiency by a factor of
4 to 7 times compared to no fin case, although the actual values are still small. For the watercooled case, the TE system efficiency for no heat recirculation and with heat recirculation is
0.9% and 4.4%, respectively. In this case, heat recirculation is a major benefit to achieve TE
system efficiency much greater than the TE module efficiency. For heat-recirculation, watercooled case ηc = 28%, γ = 0.05, ηm = 1.1%, QR = 4.1, and ηs = 4.4%. Further increase in TE
system efficiency will require increasing the TE module efficiency, in particular, by through
proper choice of the TE material.
4.4.5. Thermoelectric Effects
Computed results were analyzed to obtain Figure 4-16 showing axial profiles of the heat
source rate by Joule heating, Thomson effect, and Peltier effect. Positive heat source rate
represents TE power loss by Joule heating and Thomson effect. Negative heat source rate by the
Peltier effect is a desirable outcome since it relates to the TE power generation. The magnitude
for each mechanism follows the same trend as the net TE power generation with the highest TE
power generation from the Peltier effect, but also the highest power loss by Joule heating and
Thomson effect, for the water-cooled case. A primary cause is the current density affecting each
of the mechanisms. The magnitude of p-type leg current density, |Jp| was 15.7 A/cm², 6.7 A/cm²,
and 4.1 A/cm² for the water-cooled case, fins case and no fin case, respectively. The area ratio,
Anp, was 0.948, 0.848 and 0.894 for the respective cases, resulting in the n-type leg current
density, |Jn|, of 16.6 A/cm², 7.9 A/cm², and 4.6 A/cm². The current density is similar for the ptype legs and n-type legs for each of the individual cases, so |J p| will be utilized in the following
analysis. For the water-cooled case, the current density is approximately 3.8 times the current
density of the fins case and 2.4 times the current density of the no fin case. Since Joule heating
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a)

b)

c)

Figure 4-16. Axial profile of heat source rate due to a) Joule heating and b) Thomson effect
and c) Peltier effect.
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is a function of Jp², Joule heating for the water-cooled case would be 14.5 times higher than the
fins case and 5.5 times higher than the no fin case, around 25 - 30 W. However, electrical
resistivity for the TE module is temperature dependent. The result is that the electrical resistivity
of water-cooled TE module, at 400 K - 550 K, is about one half that of the fins case and no fin
case.
The Thomson effect represents a higher portion of the power loss compared to the net
power generation by the Peltier effect. For the no fin case and fins case, the magnitude of the
Thomson effect heat source rate is 0.23 and 0.35, respectively, of the magnitude of the Peltier
effect heat source rate. For the water-cooled case, this ratio reaches 0.49. Reduction of the
Thomson effect, while maintaining or increasing the Peltier effect, would be beneficial to the net
TE power generation. The Thomson effect and Peltier effect are both linearly proportional to
current density. However, the current density was determined to provide the highest TE system
efficiency for each case. The Thomson effect is also dependent on the temperature gradient in
the legs, which is related to the difference in junction temperatures. The net Peltier effect is
likewise dependent on the difference in junction temperatures. The difference between junction
temperatures is highest for the water-cooled case and lowest for the no fin case, thus contributes
to the trend seen in Figures 4-16(b) and 4-16(c) of the heat source rate of the Thomson effect and
Peltier effect. By increasing the difference in junction temperatures, both the Thomson effect
and Peltier effect increase in magnitude. However, it would be possible to maintain the Peltier
effect and decrease the Thomson effect by maintaining the junction temperatures but increasing
the distance between the junctions, thus lowering the temperature gradient within the legs.
Lastly, there is the effect of the TE properties represented by the Thomson coefficient, τ, and
Seebeck coefficient, α. Since these coefficients are interrelated by τ = T∙dα/dT, changes in one
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property affects the other. If the Seebeck coefficient is a constant, the Thomson coefficient
reduces to zero. Thus, the Thomson effect would reduce to zero, though the Peltier effect would
be reduced as well.
The effect of the temperature-dependent Seebeck coefficient can be observed by
analyzing the Peltier effect in the cold junction and hot junction individually as shown in Figure
4-17. As seen in Figures 4-16(a)-(c) and 4-17, the TE power generation is due solely to the
Peltier effect in the hot junction. The power loss due to the Peltier effect in the cold junction is
higher than the combined power loss due to Joule heating and Thomson effect for each case,
especially for the no fin case and fins case. For the no fin case and fins case, the power loss in
the cold junction is 92.1% and 85.6%, respectively, of the power generation in the hot junction.
The combined power loss from Joule heating and Thomson effect only reduces the power
generation by 4.7% and 10.6%. The result is the net power generation rate is 3.2% and 3.8% of
the power generation rate due to the Peltier effect in the hot junction. For the water-cooled case,
the power loss due to Peltier effect in the cold junction and due to the combined Joule heating

Figure 4-17. Axial profile of heat source rate due to Peltier effect in hot and cold junctions.
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and Thomson effect is 49.8% and 42.5%, respectively, resulting in the net power generation of
7.7% of the power generation in the hot junction.
Since the current is the same in both the hot and cold junction, the reduction in the Peltier
effect magnitude is product of the temperature reduction and change in the temperaturedependent Seebeck coefficients as shown in:







I  T  ( p   n ) c Tc ( p   n ) c
E  ,c

 
 RT  R
I  T  ( p   n ) h Th ( p   n ) h
E  ,h

(4-13)

The reduction in absolute temperature is RT = 94.2% and RT = 91.3% for the no fin case
and fins case resulting in Rα = 97.8% and Rα = 93.8% due to variation in the Seebeck coefficient.
The minor change in temperature results in minor changes in the Seebeck coefficients. However,
RT = 72% for the water-cooled case resulting in Rα = 69.2%, which is a significant change in the
Seebeck coefficients due to the temperature dependence.

If the Seebeck coefficients were

constant, the power loss due to the Thomson effect, which is 26.3% of the power generation,
would be negated, but so would the reduction of the power loss due to the Peltier effect in the
cold junction. Thus, additional study is required to determine the net effect of temperaturedependent Seebeck coefficients on TE power generation as well as TE system efficiency.
Understanding of this effect would aid development of thermal strategies as well as research of
TE semiconductor materials. Current materials research utilizes the figure-of-merit, ZT, to
analyze TE materials, however ZT is computed with constant material properties based on the
average of the absolute junction temperatures. The no fin case and fins case show this is
adequate when the temperature differential across the TE module is small, but as thermal
strategies are developed that increase the temperature differential, the current method of
calculation of ZT could be inadequate.
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V. Concluding Remarks
In this study, the role of thermal strategies on power generation in TE systems was
investigated.


Reduction of the thermal resistance between the fluid and surface has the benefit of
reducing overall thermal resistance between hot and cold fluids, increasing heat transfer
into the TE module and temperature difference between the junctions.



The addition of fins increases the surface area in contact with the fluid, which resulted in
the TE system efficiency to quadruple from 0.10% to 0.40% with no heat recirculation.
With heat recirculation, the system efficiency improved from 0.13% for the no fin case to
0.72% with the fins.



The water-cooled case further reduced the thermal resistance to heat transfer from the cold
surface, yielding TE system efficiency of 0.87% with no heat recirculation. With heat
recirculation, the TE system efficiency increased to 4.4% by achieving a heat input ratio of
4.1.



Heat input ratio was 0.17 and 0.46 for the no fin case and fins case, respectively, with no
heat recirculation. With heat recirculation, the heat input ratio increased to 0.20 for the no
fin case and 0.84 for the fins case.

The water-cooled case demonstrated dramatic

improvement, from 0.81 with no heat recirculation to 4.1 with heat recirculation.


As the heat transfer increased, the difference between junction temperatures increased,
since thermal resistance between the junctions is nearly constant for all the cases. The heat
input into the TE module was 8.0 W for the no fin case and 11.1 W for the fins case,
resulting in an average difference of 62 K and 86 K between junction temperatures for the
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respective cases. The water-cooled case had a heat input rate of 19.7 W into the TE
module with an average junction temperature difference of 151 K.


Thermoelectric module efficiency, related to the difference in junction temperatures,
increased with the reduction in thermal resistance between the fluids and surfaces. For the
no fin case, fins case and water-cooled case, the thermal resistance was progressively
reduced, resulting in the TE module efficiencies of 0.6%, 0.9%, and 1.1%, respectively.



While the TE figure-of-merit is an indication of the performance of a TE module, the cases
in this study demonstrated that the TE system efficiency improved, even as the TE figureof-merit decreased. The TE power generation rate nearly doubled for each case from 49
mW for the no fin case to 96 mW for the fins case and finally to 213 mW for the watercooled case. However, the average ZT values decreased from 0.65 for the no fin case and
0.58 for the fins case to 0.19 for the water-cooled case.



The magnitude of the heat source rate due to Joule heating, Thomson effect, and Peltier
effect increased with increase in the net TE power generation rate. A primary cause is that
the magnitude of each mechanism is dependent on the optimum current density, which
increased with the TE power generation rate. The temperature difference between the
junctions also contributed to the increase in the magnitude of the Thomson effect and
Peltier effect.
Results of this study demonstrate the importance of thermal strategies in improving the

efficiency of TE modules. Current TE research primarily focuses on the TE materials, especially
the TE figure-of-merit. However, this study indicates that significant opportunity exists to
improve the TE system performance through thermal strategies, even for a TE module with low
TE figure-of-merit. The strategies investigated in this study focused on reducing the thermal
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resistance between the fluid and surface by changing the surface area with fins and selecting a
fluid with higher thermal conductivity. The reduction in thermal resistance increased the heat
input into the TE module and junction temperature difference as well as the TE module and TE
system efficiency.

131

REFERENCES
ANSYS® FLUENT (2009), Release 12.0, Theory Manual, Sections 1.2 and 5.2.1, ANSYS, Inc.
Astrain, D., Vian, J.G., Martinez, A., and Rodriguez, A. (2010), Study of the Influence of Heat
Exchangers’ Thermal Resistances on a Thermoelectric Generation System, Energy, 35,
602-610.
Bell, L.E. (2002), Increased Thermoelectric System Efficiency by Use of Convective Heat
Transport, Proceedings 21st International Conference on Thermoelectrics, Long Beach,
CA, August 2002.
Chen, M., Rosendahl, L.A., Condra, T.J., and Pedersen, J.K. (2009), Numerical Modeling of
Thermoelectric Generators with Varying Material Properties in a Circuit Simulator, IEEE
Transactions on Energy Conversion, 24(1), 112-124.
Chen, M., Rosendahl, L.A., Condra, T. (2011), A Three-Dimensional Numerical Model of
Thermoelectric Generators in Fluid Power Systems, International Journal of Heat and
Mass Transfer, 54, 345-355.
Cochran, M.P., and Babin, B.R. (2007), Finite Element Modeling of Thermoelectric Effects in
ANSYS, 45th AIAA Aerospace Science Meeting and Exhibit, AIAA Paper 2007-620.
de Bock and Novak (2008), Evaluation of System Configuration for Thermoelectric Power
Generation, IEEE paper 978-1-4244-1701-8/08.
Dent, T.J., Agrawal, A.K. (2012), 3D Computational Fluid Dynamics-Thermoelectric (CFD-TE)
Model to Analyze Fluid-Solid Interactions in TE Power Generation Systems, IEEE
Transactions on Energy Conversion, (submitted for review).
Domenicali, C.A. (1953), Irreversible Thermodynamics of Thermoelectric Effects in
Inhomogeneous, Anisotropic Media, Physical Review, 92(4), 877-881.
Esrte, T., Gao, M, and Rowe, D.M. (2001), Modeling Heat Echangers for Thermoelectric
Generator, Journal of Power Sources, 93, 72-76.
Harris, R., Hogan, T., Hschock, H.J., and Shih, T. (2006), Heat Transfer and Electric Current
Flow in a Thermoelectric Couple, 44th AIAA Aerospace Science Meeting and Exhibit,
AIAA Paper 2006-575.
Hogan, T., Shih, T. (2006), in: Rowe, D.M., (Ed.), Thermoelectrics Handbook: Macro to Nano,
Boca Raton, CRC Press.
Hu, K., S-Y., Chi, X., Shih, T., and Schock, H.J. (2009), Heat Transfer Enhancement in
Thermoeletric Power Generation, 44th AIAA Aerospace Science Meeting and Exhibit,
AIAA Paper 2009-1210.

132

Kyono, T., Suzuki, R.O., and Ono, K. (2003), Conversion of Unused Heat Energy to Electricity
by Means of Thermoelectric Generation in Condenser, IEEE Transactions on Energy
Conversion, 18(2), 330-334.
Min, G., Rowe, D.M. (2007), Conversion Efficiency of Thermoelectric Combustion Systems,
IEEE Transactions on Energy Conversion, 22(2), 528-534.
Nelder, J.A., Mead, R. (1965), A Simplex-Method for Function Minimization, Computer
Journal, 7(4), 308-313.
Patankar, S.V., Numerical Heat and Fluid Flow, New York, McGraw Hill, 1980.
Raithby, G.D. & Chui, E.H. (1990) A Finite-Volume Method for Predicting a Radiant Heat
Transfer in Enclosures with Participating Media. Journal of Heat Transfer, 112(2), 415423.
Rowe, D.M. (2006), (Ed.), Thermoelectrics Handbook: Macro to Nano, CRC Press, Boca Raton.
Turns, S.R., Introduction to Combustion: Concepts and Applications, New York, McGraw Hill,
2000.
Vining, C.B., in: Rowe, D.M., (Ed.), CRC Handbook of Thermoelectrics, Boca Raton, CRC
Press, 1995.
Vining, C.B. (2009), An Inconvenient Truth about Thermoelectrics, Nature Materials, 8(2), 8385.

133

CHAPTER 5
COMPUTATIONAL STUDY OF DESIGN PARAMETERS FOR IDEAL NOVEL
THERMOELECTRIC MODULE DESIGN
I. Introduction
The basic thermoelectric (TE) energy conversion unit, denoted as TE element, consists of
n-type and p-type semiconductor materials connected together as a thermocouple. A multiple of
such elements arranged in series form a TE module shown in Figure 5-1. TE devices can be
highly reliable and noise-free because no moving parts are required.
In recent years, the interest in TE power generation has increased, however, practical
implementations are hampered by very low conversion efficiency (Thatcher et al., 2007). The
overall conversion efficiency or system efficiency is the electric power output divided by the
total thermal input into the system (Min and Rowe, 2007).

System efficiency (ηs) can be
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Figure 5-1. Thermoelectric module schematic.
134

expressed as the product of two factors: (1) heat input ratio (QR) which is the fraction of heat
input into the system that is transferred to the TE module and (2) TE module efficiency, ηm,
which is the fraction of heat input into the TE module converted into electric power as shown in
Equation 5-1.

s 

We  We .  Qh
Qin
 Qh Qin

  m .QR

(5-1)

Lertsatitthanakorn’s (2007) analysis of a biomass cook stove TE generator demonstrated
that ηm increased as the temperature difference across the TE module increased.

System

efficiency was not reported and the higher temperature difference was achieved by higher heat
input into the system, so it is not possible to deduce a trend for the system efficiency from the
data. However, higher temperature differences are possible by other means than increasing Qin.
Qiu and Hayden (2008) incorporated TE power generation to capture waste heat from a
residential heating system. The low system efficiency of the system was attributed to low heat
input into the TE module due to the high temperature difference between the combustion
products and TE module inner wall. The addition of fins improved the TE power generation by
reducing the thermal resistance, thus increasing the heat input ratio. Similar practical devices
have shown very low TE system efficiency, which has been attributed to the poor heat transfer
resulting in low TE module efficiency and/or small heat input ratio (Keiko et al., 1999; Bass et
al., 2001; Yang, 2005).
In spite of these examples of the importance of thermal strategy in TE power generation,
attempts to improve TE modules have been limited to developing better TE semiconductor
materials. As discussed in chapter 4, the interactions among heat transfer, fluid flow and TE
power generation need to be taken into account in the design of TE module if high TE
performance is to be achieved. In this study, a novel TE module design is proposed and
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analyzed with a 3D CFD-TE model developed by Dent and Agrawal (2012) shown in Figure 5-2.
Figure 5-2 shows the novel TE module design, outlined by the red dotted line, placed in series to
increase the power output and accommodate various system sizes. The design extends the TE

z
y

x

Figure 5-2. Novel thermoelectric module design.
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legs into the fluid flow, replacing a finned surface, thus increasing the spacing and temperature
difference between the junctions without increasing the dimensions of the system. A higher
temperature difference across the TE module should increase the TE module efficiency (ηm) as
shown in chapter 4. The extended surface area is utilized to increase the heat transfer between
the working fluids and TE module by covering the surface of the TE legs and junctions with a
layer of material with high thermal conductivity. The layer is insulated from the TE legs and
should increase the heat transfer to the junctions, similar to a finned surface, which should
increase the heat input ratio, QR. The combination of improving ηm and QR would achieve
higher ηs than current TE designs. Following a baseline analysis of the novel TE design, a
computational study of the design parameters is performed to determine the effect of geometry
and material properties on TE performance. The rest of the paper is organized as follows: the
governing equations of fluid flow, heat transfer, and TE power generation are presented in
section II. Results of the parametric study are discussed in section III. Finally, the major
conclusions of the study and recommendations for future work are summarized in section IV.

II. Computational Setup
The integrated 3D Computational Fluid Dynamics - Thermoelectric (CFD-TE) model
developed by Dent and Agrawal (2012.) consists of steady-state conservation equations of mass,
momentum and energy to analyze TE power generation. For this study, the 3D CFD-TE model
will demonstrate that the novel TE design improves the system efficiency of TE power
generation systems. The novel TE design extends the TE legs into the hot and cold fluid flows
as shown in Figures 5-2 and the top view in Figure 5-3. The design increases the distance the hot
and cold junctions, which will increase the temperature differential across the TE module. The
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Figure 5-3. Thermoelectric module schematic. Dimensions in mm.
fluid flow is arranged in a counterflow heat exchanger setup as shown in Figure 5-2 with the hot
fluid flow in the positive z-direction and cold fluid flow in the negative z-direction.
5.2.1. Governing Equations
The conservation equations of mass, momentum, and energy for steady state are
represented by Equations 2 to 4 (ANSYS, 2009).
Conservation of mass equation:


  v   S m

(5-2)

Conservation of momentum equations in (a) x, (b) y, and (c) z directions:
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Conservation of energy equation:
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  v c pT  v
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(5-4)

The terms Sm, Sx, Sy, Sz, and SE represent source terms for the respective equations. For
the 3D CFD-TE model, TE power generation is represented by an energy (or heat) sink term
represented by SE in the energy conservation equation.
5.2.2. Physical Models
5.2.2.1. Thermoelectric Zone Model
The TE power generation is implemented by an energy sink term that represents the
conversion of thermal energy into electrical energy as presented by Dent and Agrawal (2012).
There are four different source terms for the model. Two terms shown in Equations 5-5(a) and
5-5(b) represent the Thomson effect and Joule heating in the p-type material and n-type material
legs, respectively.
p-type leg:

n-type leg:

S E , p   e, p J p2  J p  p 

S E ,n   e,n

J 2p
2
Anp



Jp
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T p

(5-5a)
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(5-5b)

where ρe (Ω∙m) is the electrical resistivity and τ is the Thomson coefficient with the p and n
subscripts designating the p-type or n-type material. Jp (A/m²) is the current density in the p-type
leg and Anp is the ratio of cross-sectional areas, perpendicular to the current flow, of the n-type
leg to p-type leg. The remaining two terms represent the Peltier effect and Joule heating in the
hot and cold junctions.
Hot junction:
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Cold junction:
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(5-6b)

where α is the Seebeck coefficient and t is the thickness of the junction in the x-direction. The
values of Jp and Anp are determined by optimization of system efficiency for each case as
discussed in chapter 3 and 4. The constant, C, in Equations 5-6(a) and (b) is the ratio of the
cross-sectional area of the junction (y-z plane) to the sum of the cross-sectional area of the legs
in the y-z plane. Since the junction and legs both extend the entire length of the system in the zdirection, C reduces to the ratio of junction width to the width of the TE legs in the y-direction as
shown in:

C

Aj
Ap  An



wj

(5-7)

w p  wn

For the dimensions shown in Figure 5-2, C = 4 mm / (1 mm + 1 mm) = 2.
5.2.2.2. Radiation Heat Transfer Model
The radiation heat transfer was modeled by the discrete ordinates (DO) radiation model
developed by Raithby and Chui (1990). The DO radiation model uses a finite number of discrete
solid angles to calculate the radiation heat transfer between surfaces and accounts for absorption
and scattering by the intermediate fluid. The radiative transfer equation is given as:

T 4  s
 
 
  I r , s s      s I r , s    n 2


4

4
 
0 I r , s 

(5-8)


 

where I r , s  is the radiation intensity at position vector, r , in direction, s . The physical
properties of the fluid are the absorption coefficient, κ; scattering coefficient, σs; and refractive
index, n. The local fluid temperature is represented by T and σ is the Stefan-Boltzmann constant.
Radiant heat transfer in fluid zones does not interact with the hot or cold fluid flows and, thus,
the absorption and scattering coefficients were specified to zero.
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The radiation model is

incorporated into the energy conservation equation by setting SE equal to the net change in
radiation intensity in the fluid cell.
At the solid-fluid interface on the inner surfaces as well as the inlet and outlet boundaries
of the model, the net radiation heat flux is computed by integrating the radiation intensity
approaching each face as in Equation 5-9.

qin 

 

 I in  s  n  d


(5-9)

s n 0


where Iin is the intensity of the incoming ray, n is the normal vector from the surface and Ω is

the hemispherical solid angle on the surface into the fluid. The radiative heat flux from the
surface, qout, is computed as the sum of the reflected radiative heat flux and the emitted radiative
heat flux from the surface, represented by the first and second terms, respectively, on the righthand side of Equation 10.

qout  (1   w )qin   wTw4

(5-10)

where εw is the emissivity of the wall and Tw is the surface temperature of the wall. The net
radiative heat flux is an energy source term on the wall surface equal to the difference between
qin and qout.
5.2.3. Physical Setup and Boundary Conditions
Figure 5-3 shows the top view of the TE module, normal to the fluid flow in the zdirection as shown in Figure 5-2. The p-type and n-type TE legs are connected by junctions at
the ends. A thermal conductor is placed along the TE legs to increase the surface area exposed
to the fluid flow on either side of the TE module. A 3-mm thick divider separates the hot and
cold fluid flows. The computational domain represents a segment of the TE module outlined by
the red dotted line in Figure 5-2. Thus, periodic boundary conditions were specified at the
external boundaries at y = -1.5 mm and y = 1.5 mm. The fluid flow is arranged in a counterflow
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heat exchanger arrangement with the hot fluid flow (right) entering at z = -10 mm and the cold
fluid flow (left) entering at z = 10 mm. Both fluid flows enter the system with a constant mass
flux of 1.8 kg/m²∙s of air with uniform axial velocity and temperature profiles. The cold and hot
fluid inlet temperatures are 300 K and 1500 K, respectively. For both fluid flows, the outlets
were specified at a constant atmospheric pressure of 101325 Pa. For the radiation heat transfer,
the emissivity of the interior surfaces was specified as ε = 0.85. The emissivity for the exterior
surfaces outside the inlets / outlets was set to ε = 0.0, so there was no radiation heat into or out of
the system. Thermal conductivity, specific heat and dynamic viscosity of air were specified for
the hot and cold fluids by temperature-dependent polynomial curve fits, in Table 5-1, of
experimental data (Turns, 2000).
Table 5-1. Material properties of methane / air combustion gas products
for ϕ = 0.7 over 300 K to 3000 K
Property

Polynomial function

Cp (J/kg·K)

1112.7 - 0.20433·T + 4.5713×10-4·T2 - 3.1350×10-7·T3 + 1.1211×10-10·T4
- 2.0851×10-14·T5 + 1.5903×10-18·T6

k (W/m·K)

9.9902×10-5·T - 4.6093×10-8·T2 + 1.4301×10-11·T3

μ (kg/m·s)

1.3095×10-6 + 6.5402×10-8·T - 3.2924×10-11·T2 + 8.8854×10-15·T3

In this study, several assumptions were made to minimize heat transfer inefficiencies.
First, the divider between the fluids was specified as adiabatic to channel heat transfer through
the TE module, rather than directly through the divider wall. Next, the interface between the TE
legs and conductor was specified as adiabatic to block heat input to the TE legs in the ydirection. Thus, all of the heat transfer must channel through the TE junctions. Finally, heat loss
to ambient was neglected by specifying adiabatic boundaries at x = ±6.75 mm and z = ±10 mm.
Thermal conductivity of the conductor material on the TE legs was specified as kz = 1×10-8
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W/m·K in the flow direction to eliminate axial conduction, while a constant kx = ky = 367
W/m·K, based on the thermal conductivity of copper, was specified in the transverse directions.
Similarly, the thermal conductivity of the n-type and p-type materials was orthotropic with kz =
1×10-8 W/m·K in the flow direction to eliminate axial conduction in the TE module. The
orthotropic thermal conductivity is an idealized representation of insulating layers to reduce axial
conduction and increase the temperature difference between the junctions.

The thermal

conductivity in the transverse directions (kx and ky) as well as the specific heat and TE material
properties (Seebeck coefficient, α, and electrical resistivity,ρe) are temperature dependent
polynomial curve fits of experimental data for Si-Ge p-type and n-type materials published by
Vining (1995) as shown in Figure 5-4. These temperature-dependent polynomials for the n-type
and p-type Si-Ge material properties are shown in Tables 5-2 and 5-3, respectively. The specific
heat for the n-type and p- type Si-Ge materials is the same.
Table 5-2. Material Properties for n-type silicon germanium (Vining, 1995)
Property

Polynomial function

α (V/K)

-6.3238·10-6 -3.4428·10-7·T + 1.0058×10-13·T3 – 1.1046×10-24·T6

ρe (Ω·m)

2.0163·10-6 + 2.0557·10-8·T – 2.2643×10-24·T6

k (W/m·K)

4.9411 – 0.001.2653·T + 2.5637×10-19·T6

cp (J/kg·K)

0.63084 + 8.5536×10-8·T2

Table 5-3. Material Properties for p-type silicon germanium (Vining, 1995)
Property

Polynomial function

α (V/K)

7.6132·10-5 +1.6401·10-7·T – 1.1480×10-23·T6

ρe (Ω·m)

3.9908·10-6 + 2.2591·10-8·T

k (W/m·K)

5.2871 – 0.0010532·T – 6.2116×10-10·T3 + 4.7419×10-19·T6
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Figure 5-4. TE material properties of n-type and p-type legs.
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5.2.4. Computational Procedure
The governing equations were discretized with a finite volume approach.

QUICK

discretization scheme was specified for the momentum and energy equations. Second-order
upwind discretization scheme was specified for the DO radiation model. Pressure-velocity
coupling was managed by the SIMPLEC algorithm (Patankar, 1980). The computational domain
was meshed with uniform grid spacing. The Nelder-Mead optimization method (Nelder and
Mead, 1965) determined the Jp and Anp values that maximized system efficiency for each case.
5.2.5. Grid Size Convergence
The numerical accuracy of the model was determined by analysis of the TE power
generation rate for varying grid sizes starting at 0.500 mm. The TE power generation rate is
calculated as the difference between the heat transfer into and out of the TE module. For the
constant grid spacing ratio of r = 2, the predicted power generation, W e,0 , for zero grid spacing is
computed by Equation 5-11 (Roache, 1988):
e
W e,0  W e,1  p12
r 1

(5-11)

where p = ln(e23/e12)/ln(r) is the order of convergence and e12 = (We,1 - We,2) is difference in TE
power generation from S2 = 0.250 mm to S1 = 0.125 mm. Figure 5-5 shows the relative error
from the predicted value for each grid spacing and demonstrates that the residual error is less
than 0.2% for S = 0.125 mm and S = 0.167 mm. The grid spacing S = 0.125 mm resulted in 108
grids in the x-direction, 48 grids in the y-direction, and 160 grids in the z-direction for a total of
829,440 cells in the computational domain.
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Figure 5-5. Relative error of power generation rate versus grid spacing.
III. Results and Discussions
5.3.1. Baseline Configuration
For the baseline configuration, the TE legs were 1 mm thick in the y-direction and 12.5
mm long in the x-direction (see Figure 5-3). The conducting layer on the TE legs had a uniform
thickness of 0.5 mm. The TE module height in the z-direction is 20 mm. The 3D CFD-TE
model solves the governing equations for the steady-state system, which determines the velocity
and temperature profiles of the fluid flows as well as the TE power generation based on the
temperature profiles. Figure 5-6 shows the development of the velocity and thermal boundary
layers in terms of absolute axial velocity and temperature contour plots in the flow region in the
x-z midplane at y = 0. The contour plot in Figure 5-6(a) shows an increase in the hot fluid flow
axial velocity from the inlet to z = -9 mm due to boundary layer development. Then heat transfer
from the hot fluid flow results in a reduction of the peak absolute axial velocity. The cold fluid
flow shows a continuous increase in the peak absolute axial velocity due to boundary layer
development and heat transfer into the fluid.

The transverse profiles in Figure 5-6(a)
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a)

b)
Figure 5-6. Contour and transverse profile plots of a) absolute axial velocity and
b) temperature in x-z midplane through fluid at y = 0.

demonstrates that the hot fluid absolute axial velocity along the centerline continues to increase
to approximately z = -4 mm, but then begins decreasing due to heat transfer to the TE module.
The transverse profiles of absolute axial velocity show that the absolute axial velocity of the hot
fluid flow is nearly double the absolute axial velocity of the cold fluid flow.
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The temperature contour plots and transverse profiles in Figure 5-6(b) show a change in
temperature gradient in the axial direction between the cold fluid flow and surface of the
conducting layer at x = -5.75 mm due to the development of the thermal boundary layer. The
temperature change of both the hot fluid and cold fluid in the axial direction is nearly uniform,
suggesting a nearly uniform heat transfer rate from the hot fluid to the cold fluid through the TE
module.
In addition to the velocity and temperature profiles of the fluid, the CFD model also
computes the temperature field in the solid regions. Figure 5-7 shows the temperature contour
plots and transverse profiles at two x-z planes; through the conducting layer at y = 0.75 mm and
the TE leg at y = 1.5 mm. Results in Figure 5-6(a) show a nearly uniform temperature profile in
the x-direction because of the high thermal conductivity, kx = 367 W/m∙K, of the conducting
layer in the x-direction. The temperature of the conducting layer and TE leg varied in the axial
direction because of the orthotropic thermal conductivity limiting axial conduction. The TE leg
material has a smaller thermal conductivity, k ~ 4.5 W/m∙K, which results in a significant
temperature gradient in the x-direction from the hot junction to cold junction. Within the TE
legs, the temperature profiles are nearly linear, indicating minor effects of heat addition by Joule
heating and the Thomson effect.
The temperature contour plot of the flow cross-section (x-y plane) at z = 0 mm in Figure
5-8(a) shows similar temperature variations in both TE legs. The temperature in the conducting
layers is nearly uniform because of the high transverse thermal conductivity as discussed
previously. In the fluid regions, the thermal boundary layer results in a high temperature core
region in the hot channel and low temperature core region in the cold channel. The conduction
pathway at this cross-section is depicted by the heat flux vector plot in Figure 5-8(b). The hot
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a)

b)
Figure 5-7. Temperature contour and transverse profile plot in x-z plane through a)
conductor at y = 0.75 mm and b) leg at y = 1.5 mm.

side conducting layer collects heat from the hot fluid flow and conducts it to the TE hot junction.
Thus, the heat is conducted from the hot to cold junction through the TE legs. From the cold
junction, heat is conducted to the cold side conducting layer then to the cold fluid flow. The heat
flux vector plot demonstrates that the conducting layers provide the same benefit as fins by
increasing the surface area in contact with fluids.
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a)

b)
Figure 5-8. a) Temperature contour plot and b) heat flux vector plot of the
flow cross-section (x-y plane) at z = 0.

The Nelder-Mead optimization method determines the current density, J p, and area ratio,
Anp, that yields the maximum system efficiency for each configuration.

The baseline

configuration had a maximum system efficiency without heat recirculation of ηs,nr = 2.1% at |Jp|
= 17.0 A/cm² and Anp = 0.827 with a heat input ratio of QR

s,nr

= 0.38. Accounting for heat

recirculation, where the heat rejection from the TE module preheats the cold reactant flow,
system efficiency increases to ηs,wr = 3.3% with a heat input ratio of QR s,nr = 0.60 for the baseline
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configuration. The TE module efficiency was ηm = 5.4%. As ηs is typically about 1% for
current TE module designs in practical application, these results are a significant improvement.
5.3.2. Thickness of Conducting Layer
Increasing the system efficiency requires increased heat input ratio, QR, and/or the TE
module efficiency, ηm, related to the temperature difference between the junctions. One method
to increase both parameters would be to reduce the thermal resistance between the junction and
the fluid. From Figure 5-8(b), the heat flux in the conducting layer is primarily in the x-direction
and, thus, the thermal resistance of the conducting layer can be reduced by increasing the crosssectional area of the conductor perpendicular to the heat flux. Uniform conductor thicknesses of
tc = 0.25 mm and tc = 0.75 mm were investigated in this study. The dimensions of the TE legs
and system remain the same with the cross-section area of the flow channels varied to
accommodate the changes in conducting layer thickness. The mass flux and temperatures were
also kept the same as the baseline configuration. However, the total mass flow rate and, thus, the
energy input into the system varied in proportion to the cross-sectional area of the fluid zones.
The temperature contour plots for the flow cross-section (x-y plane) at z = 0 in Figure 5-9
show the temperature variations with changes in tc. Figure 5-9(a) for tc = 0.25 mm has large
temperature gradients from the core of the flow channels to the conducting layers along with a
large temperature difference between the TE junctions. Figures 5-9(b) and 5-9(c) for tc of 0.5
mm and 0.75 mm, respectively, demonstrate that these temperature gradients decrease as tc
increases. Figure 5-9(a) shows the temperature difference between the centerline temperatures
of the fluids is about 900 K for tc = 0.25 mm. In contrast, the temperature difference between the
centerline fluid temperatures reduces to about 800 K and 500 K for tc = 0.5 mm in Figure 5-9(b)
and tc = 0.75 mm in Figure 5-9(c), respectively.
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The reduction in temperature difference

a)

b)

c)
Figure 5-9. Temperature contour plot of a) tc = 0.25 mm, b) tc = 0.5 mm and c) tc = 0.75 mm
of the flow cross-section (x-y plane) at z = 0.
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between the fluids causes a reduction in the temperature difference between the TE junctions
which will lead to a reduction in ηm. Since the thermal resistance between the TE junctions is
approximately constant with changes in tc, the reduced temperature gradient along the TE leg
with increasing tc would indicate a reduction in heat input in the TE module (Qh). However, Qin
is also reduced as tc increases since Qin is proportional to the flow cross-sectional area.
The normalized conduction heat flux vector plots in Figure 5-10 are normalized with
respect to Qin,nr, so the vector length represents the percentage of Qin,nr conducted through each
point. The increase in normalized heat flux as tc increases indicates an increase in QR with
increasing tc. The cross-sectional area of the conducting layers normal to the heat flux increases
proportionally with tc, reducing the thermal resistance of the conducting layers and the total
thermal resistance between the fluids. Thus the normalized heat flux increases as tc increases.
While the normalized heat flux increases as tc increases, there is little difference in the direction
of the normalized heat flux.
Figure 5-11(a) shows that the axial profiles of the bulk-averaged fluid temperatures are
linear indicating approximately uniform heat transfer along the length of the system. The slope
of each temperature profile increases as tc increases. Mean junction temperature profiles in
Figure 5-11(b) show similar trends. Slight non-linearity is observed near the hot and cold fluid
inlet, which is likely caused by the development of the thermal boundary layers near the inlets,
affecting the thermal resistance between the fluid and junction. The difference in mean junction
temperature between the respective inlets and outlets increases similar to the increased
temperature difference in the bulk-averaged fluid temperatures as tc and the total QR increases.
The temperature difference between the fluid and TE junction on Figures 5-12(a) and (b)
decreases with increasing tc. The reduction in the temperature difference is partially due to the
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a)

b)

c)
Figure 5-10. Heat flux vector plot normalized by Qin,nr for a) tc = 0.25 mm, b) tc = 0.5 mm
and c) tc = 0.75 mm through x-y midplane at z = 0.
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a)

b)
Figure 5-11. Axial profiles of a) bulk-averaged fluid temperatures and
b) mean junction temperatures.

reduction in thermal resistance but also due to an increase in heat transfer rate through the TE
module with decreasing tc. The increase in the heat transfer rate is shown by the increased
temperature difference between the junctions as tc decreases. The primary factor increasing the
temperature difference between the junctions with decreasing tc is the increased heat input rate
through the TE module as shown in Figure 5-13(a). The high temperature difference between
the junctions in Figure 5-12(c) compared to the temperature differences in Figures 5-12 (a) and
(b) demonstrates that the thermal resistance between fluid and junction is low compared to the
thermal resistance between the junctions. A low thermal resistance between the fluids and TE
module improves the heat input ratio as well as TE module performance by increasing the
temperature difference between the junctions.
As mentioned earlier, the heat input rate, Qh, is fairly uniform along the TE module
length as shown in the axial profile in Figure 5-13(a). There are slight peaks in the profiles near
the inlets / outlets at z = 10 mm and z = -10 mm, where the thermal and velocity boundary layers
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a)

b)

c)
Figure 5-12. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.
are developing. The increasing heat input rate with decreasing tc follows the same trend as the
increasing temperature difference in Figure 5-12(c). The increase in Qh from 6.6 W for tc = 0.75
mm to 9.5 W for tc = 0.25 mm agrees with the trend of increasing temperature gradient within
the TE leg in Figure 5-9 as tc increases.
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a)

b)

c)
Figure 5-13. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
The TE module efficiency, ηm, profiles in Figure 5-13(b) show an increase in ηm as tc
increases. Both Qh in Figure 5-13(a) and ηm in Figure 5-13(b) are approximately proportional to
the temperature difference between the junctions in Figure 5-12(c). As a result, the axial profile
of TE power generation rate, We, in Figure 5-13(c), which is the product of Qh and ηm, is
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approximately proportional to the square of the mean junction temperature difference in Figure
5-12(c). Thus, We increases significantly as tc decreases.
Figure 5-14(a) shows, as conducting layer thickness increases from tc = 0.25 mm to tc =
0.75 mm, that the heat input ratio without heat recirculation, QR,nr, increases from 0.27 to 0.59,
representing more than a two fold increase. The increase in tc reduces the thermal resistance
along the heat flow pathway and thus a greater fraction of heat input to the system is transferred
through the conducting layer to the hot TE junction. The effect of tc on heat input ratio is more
significant with heat recirculation whereby QR,wr increases from 0.36 for tc = 0.25 mm to 1.38 for
tc = 0.75 mm, representing an increase by a factor of 4. In this case, the increase in Qh relative to
Qin,nr, shown by QR,nr, corresponds to the proportional increase in heat recirculation reducing
Qin,wr. As shown in Figure 5-14(b), ηm is reduced from 5.9% to 4.1% as tc increases from 0.25
mm to 0.75 mm. Figure 5-14(b) shows that increased tc also increases ηs,nr and ηs,wr as shown in
Figure 5-14(b). Without heat recirculation, ηs,nr increased from 1.6% for tc = 0.25 mm to 2.4%
for tc = 0.75 mm. With heat recirculation, ηs,wr increased from 2.1% for tc = 0.25 mm to 5.6% for

a)

b)
Figure 5-14. Effect of conductor thickness, tc, on a) heat input ratio and b) efficiency.
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tc = 0.75 mm. This is a dramatic improvement in the system efficiency for TE power generation
systems.
Joule heating axial profiles in Figure 5-15(a) shows a slight reduction in heat source rate
for each configuration from z = -10 mm to z = 10 mm, due to the reduction in electrical
resistivity as temperature decreases towards the cold inlet at z = 10 mm. The Thomson effect in

a)

b)

c)
Figure 5-15. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.
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Figure 5-15(b) and Peltier effect in Figure 5-15(c) show larger variations in the axial profiles.
The slopes along axial profiles of the Thomson effect and Peltier effect appear to be inversely
proportional for these effects. The relationship between Peltier effect and Thomson effect is due
to the relationship between the Seebeck coefficient and Thomson coefficient. Since these effects
are interrelated by their respective material properties and both are dependent on the temperature
difference across the TE module, the inverse relationship shown in Figures 5-15(b) and (c) is
likely inherent in the Peltier and Thomson effects. The optimum current densities with respect to
tc were | Jp| = 19.5 A/cm² for tc = 0.25 mm, |Jp| = 18.6 A/cm² for tc = 0.5 mm, and| Jp| = 13.7
A/cm² for tc = 0.75 mm. The trend in |Jp| with respect to tc is similar to the trends of We and
individual TE effects.
5.3.3. TE Leg Thickness
Similar to the conductor thickness, the total thermal resistance between the fluids can be
reduced by increasing the cross-sectional area of the TE legs. The leg thickness was investigated
for tleg = 0.5 mm and tleg = 1.5 mm for comparison to tleg = 1.5 mm from the baseline
configuration. The temperature contour plots of the flow cross-section in Figure 5-16 shows a
trend similar to tc with the temperature gradients decreasing with increasing tleg. There is a
decrease in the temperature difference between the TE junctions as tleg increases, which would
indicate a decrease in ηm.
The normalized heat flux vector plots in Figure 5-17 demonstrate that the normalized
heat flux in the TE legs increases with increasing tleg.

This is expected as increasing tleg

decreases the thermal resistance between the fluids, which would increase the heat transfer
proportional to the available energy shown by the normalized heat flux. This trend, along with
the reduced temperature difference between the fluids shown in Figure 5-16, indicates that QR
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a)

b)

c)
Figure 5-16. Temperature contour plot of a) tleg = 0.5 mm, b) tleg = 1.0 mm and c) tleg = 1.5
mm through x-y midplane at z = 0.
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a)

b)

c)
Figure 5-17. Heat flux vector plot of a) tleg = 0.5 mm, b) tleg = 1.0 mm and c) tleg = 1.5 mm
through x-y midplane at z = 0.
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increases as tleg increases. Similar to the results for tc, the normalized heat flux increases in
magnitude with little difference in the direction of the heat flow.
The axial profiles of the bulk fluid temperature in Figure 5-18(a) are linear which
indicates uniform heat transfer rate from the hot fluid to the cold fluid along the flow path. The
increase in slope of the temperature profiles as tleg increases further corroborates the indications
of increasing QR. The increase in the slope of bulk fluid temperature in Figure 5-18(a) results in
an increased slope in the mean junction temperature profiles in figure 5-18(b). The mean
junction temperature profiles in Figure 5-18(b) does show a non-linearity in the mean junction
temperature profiles near the inlets that is attributed to the development of the thermal boundary
layer, similar to the mean junction temperature profiles for tc in Figure 5-11(b).
The temperature difference axial profiles in Figures 5-12 and 5-19 provide insight into
the effect of tleg and tc. For tleg, the temperature difference between the hot fluid and hot TE
junction in Figure 5-19(a) ranged from 40 K to 80 K and from 40 K to 140 K for the temperature

a)

b)

Figure 5-18. Axial profiles of a) bulk-averaged fluid temperatures and b) mean junction
temperatures.
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a)

b)

c)
Figure 5-19. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.
difference between the cold TE junction and cold fluid. The variation is lower than that for tc
where the TE junction-fluid temperature difference ranged from 40 K to 120 K on the hot side
and 40 K to 200 K on the cold side. This is due to changes in tc changing the thermal resistance
between the fluid and TE junctions where changes in tleg does not appear to significantly affect
the thermal resistance between the fluid and TE junction. Since changes in tleg affect the thermal
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resistance between the TE junctions, where tc does not, the changes in tleg results in greater
variation in the mean TE junction temperature difference profiles, shown in Figure 5-19(c), than
the mean TE junction temperature difference profiles for tc shown in Figure 5-12(c). The mean
TE junction temperature difference in Figure 5-19(c) ranges from 300 K to 800 K as tleg
decreases from 1.5 mm to 0.5 mm as opposed to the range of 400 K to 600 K shown in Figure 512(c) as tc decreases from 0.75 mm to 0.25 mm.
Another difference from the effect of tc, where Qh, ηTE, and TE power generation rate all
increased as tc decreased, is the heat input rate, Qh, into the TE module peaks at tleg = 1.0 mm in
Figure 5-20(a). The heat input rate, Qh, into the TE module decreases from 8.8 W for tleg = 1 mm
to 7.6 W for tleg = 1.5 mm and 6.3 W for tleg = 0.5 mm. Qh is fairly uniform along the axial
profiles, which corresponds to the linear profile of the bulk fluid temperature in Figure 5-18(a).
In Figure 5-20(b), ηm reduces by half from 6.4% to 3.2% as tleg increases from 0.5 mm to
1.5 mm, which roughly agrees with the trend in Figure 5-19(c) where the mean junction
temperature difference decreases from 800 K to 300 K. The drop in ηm is smaller than the drop
in mean junction temperature difference, which is likely due to the temperature dependent TE
material properties, since ηm is affected by Carnot efficiency, ηc , and TE material parameter, γ,
as explained in earlier chapters. The influence of γ is illustrated by the results for tleg = 1.5 mm.
The mean junction temperature difference in Figure 5-19(c), and therefore ηc, is fairly uniform at
300 K for tleg = 1.5 mm, but ηm in Figure 5-20(b) shows a peak in the midrange along the axial
length, which roughly corresponds to the location where the TE module is in the optimum
temperature range of 800 K - 1200 K for Si-Ge performance, as shown in Figure 5-18(b).
The trend in TE power generation, We, in Figure 5-20(c), corresponds with the trend in
Qh with the peak We for tleg = 1.0 mm rather than the trend of ηm. As tleg increases from 0.5 mm
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a)

b)

c)
Figure 5-20. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
to 1.0 mm, Qh increases from 6.3 W to 8.8 W, whereas ηm only decreases from 6.4% to 5.4%.
As tleg increases from 0.5 mm to 1.5 mm, We reduces because ηm is halved from 6.4% to 3.2%,
while Qh only increases from 6.3 W to 7.6 W.
The trend of QR with tleg shown in Figure 5-21(a) does not show the peak seen in Qh at tleg
= 1.0 mm in Figure 5-20(a), but instead increases as tleg increases, due to the change in the heat
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a)

b)
Figure 5-21. Effect of TE leg thickness, tleg, on a) heat input ratio and b) efficiency.

input rate, Qin, into the system, with and without heat recirculation. The heat input rate, Qin,nr,
reduces by about a third from 34.4 W for tleg = 0.5 mm to 11.5 W for tleg = 1.5 mm since the
cross-sectional area of the inlets and resulting fluid flow is reduced by about a third, which
results in QR,nr increasing from 0.18 to 0.66 as tleg increases. With heat recirculation, the effect is
more significant as Qin,wr reduces by about a factor of 7 from 28.5 W to 4.2 W as tleg increases
from 0.5 mm to 1.5 mm and QR,wr increases by nearly a factor of 9 from 0.22 to 1.81 as tleg
increases.
The efficiencies in Figure 5-21(b) show the increasing trend in ηm with decreasing tleg
seen in Figure 5-20(b). Figure 5-21(b) shows a general increasing trend for ηs as tleg increases,
which corresponds with the increase in QR. The exception is ηs,nr remains at 2.1 % as tleg
increases from 1.0 mm to 1.5 mm as the change in QR,nr and ηm are inversely proportional. With
heat recirculation, ηs,wr increases nearly linearly from 1.4% for tleg = 0.5 mm to 5.8% for tleg = 1.5
mm. This increase by about a factor of 4 corresponds with QR,wr increasing by nearly a factor of
9 whereas ηm is reduced by half.

167

The Joule heating axial profile in Figure 5-22(a) shows a decreasing trend in the positive
z-direction, which corresponds with the decreasing TE module temperature from the hot inlet at
z = -10 mm to cold inlet at z = 10 mm and thus a reduction in the electrical resistivity. The peak
Joule heating, Thompson effect and Peltier effect for tleg = 1.0 mm corresponds with the peak We
for tleg = 1.0 mm. The optimum current density, |J p| increased with decreasing tleg with 10.7

a)

b)

c)
Figure 5-22. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.
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A/cm² for tleg = 1.5 mm, 18.6 A/cm² for tleg = 1.0 mm, and 23.2 A/cm² for tleg = 0.5 mm, which
would increase the magnitude of each TE effect, however, calculating the current by multiplying
current density by tleg and 20 mm height yields 32.2 A for tleg = 1.5 mm, 37.2 A for tleg = 1.0 mm,
and 23.2 A for tleg = 0.5 mm. The current with respect to tleg is similar to the magnitude of We
and the TE effects with a peak for tleg = 1.0 mm.
5.3.4. TE Leg Length
Another design parameter that affects the thermal resistance between the junctions is the
length of TE legs. For this design parameter, the system volume was expanded and contracted
with the TE leg length, lleg, such that the TE junctions remained adjacent to the exterior
boundary. The spacing between the legs remained constant as well as the mass flux at the inlets,
so Qin varied with lleg. With the baseline lleg = 12.5 mm, lleg of 8 mm and 17 mm were tested as
well.
The bulk-averaged fluid temperatures in Figures 5-23(a) have the same linear profile as
the previous configurations, indicating uniform heat transfer from the hot fluid to the cold fluid.
The higher slope of the bulk-averaged temperature profile as lleg decreases indicates an increase
in Qh. This agrees with the concept of shorter lleg reducing the thermal resistance between the
hot and cold fluid and increasing QR. The slope of the mean junction temperatures in Figure 523 (b) is affected by the fluid temperature profiles, similar to the previous cases. The thermal
boundary layer development length, indicated by the non-linear section of the mean TE junction
temperature profiles, is similar for each lleg as opposed to the previous parameters where the
boundary layer development length varied as the parameter varied. This is expected since the
width of the flow channel in the y-direction did not change with lleg.
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a)

b)

Figure 5-23. Axial profiles of a) bulk-averaged fluid temperatures and b) mean junction
temperatures.
The similarity in boundary layer development length is shown in the temperature
difference profiles in Figures 5-24(a)-(c). Compared to the other parameters, the trends in the
temperature difference profiles are fairly consistent with each reduction in lleg resulting in a 30K40K increase in temperature difference between the fluid and junction in Figures 5-24(a) and 524(b) and about a 240 K decrease in the mean junction temperature difference profile in Figure
5-24(c).
The heat input rate, Qh, into the TE module is nearly identical for lleg = 12.5 mm and hleg
= 17.0 mm as shown in Figure 5-25(a) with Qh lower for lleg = 8.0 mm. As lleg increases, the
thermal resistance for convection reduces as the surface area between the fluid and conductor
increases, but the thermal resistance for conduction along the conductor and TE legs increases as
the length increases. The trade-off in thermal resistance for convection and conduction likely
results in a maximum Qh between lleg = 12.5 mm and lleg = 17.0 mm. The axial profiles of ηm is
approximately uniform in the axial direction with an increasing trend as lleg decreases, which is
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a)

b)

c)
Figure 5-24. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.
similar to the trends in the mean TE junction temperature difference in Figure 5-24(c). This
demonstrates the influence of TE junction temperature difference and ηc based on TE junction
temperatures on ηm. The axial profiles of We in Figure 5-25(c) are similar to the axial profiles of
ηm due to the higher variation in ηm with respect to lleg than Qh.
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a)

b)

c)
Figure 5-25. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.

The heat input ratio, QR,nr, in Figure 5-26(a) increases almost linearly as lleg decreases
from 0.27 for lleg = 17 mm to 0.55 for lleg = 8 mm. With heat recirculation, the effect of lleg on
QR,wr increases with ranging from 0.35 for lleg = 17 mm to 1.18 for lleg = 8 mm. A nearly linear
increase in ηm as lleg increases is seen in Figure 5-26(b) as ηm varies from 2.7% for lleg = 8 mm to
7.3% for lleg = 17 mm. The opposing trends in QR and ηm result in minor variation in ηs. The
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a)

b)
Figure 5-26. Effect of TE leg length, lleg, on a) heat input ratio and b) efficiency.

peak ηs,nr = 2.1% occurs for lleg = 12.5 mm with ηs,nr = 1.5% for lleg = 8 mm and ηs,nr = 2.0% for
lleg = 17 mm. With heat recirculation, ηs,wr increases to 3.2% for lleg = 8 mm and 2.6% for lleg =
17 mm, but the baseline configuration with lleg = 12.5 mm has the peak ηs,wr = 3.3%.
There is an increasing trend in the magnitude of the individual TE effects with increasing
lleg as well. The increase in TE leg volume would affect the volumetric TE effects of Joule
heating and Thomson effect; however, while the volume increase was linear, the trends for Joule
heating and Thomson effect are nonlinear with respect to lleg as shown in Figures 5-27(a) and 527(b). Another factor is the current density determined for each lleg. Joule heating is a function
of Jp², so the Joule heating for lleg = 8.0 mm with 12.5 A/cm² is significantly lower than lleg =
12.5 mm with 18.6 A/cm² and lleg = 17.0 mm with 18.1 A/cm², respectively.
Jp has a proportional effect on the Thomson effect and Peltier effect in Figures 5-26(b)
and 5-26(c), since these effects are a function of Jp. The effect of Jp is evident on the Thomson
effect where lleg = 12.5 mm and lleg = 17.0 mm have similar Jp and Thomson effect profiles and
lleg = 8.0 mm has a reduce current density and Thomson effect. The Thomson effect is affected
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a)

b)

c)
Figure 5-27. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.
by the Thomson coefficient as well which results in the sign change in the Thomson effect.
While the temperature difference increases nearly uniformly with lleg, the average temperature
gradient in the TE legs is 35 K/mm for lleg = 8.0 mm and 43 K/mm and 44 K/mm for lleg = 12.5
mm and lleg = 17.0 mm, respectively. Since Thomson effect is dependent on the temperature
gradient in the TE legs, the temperature gradient accentuates the effect of J p resulting in a similar
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magnitudes of Thomson effect for lleg = 12.5 mm and lleg = 17.0 mm and a reduced magnitude for
lleg = 8.0 mm. The Peltier effect is affected by changes in the temperature-dependent Seebeck
coefficient shown in the decreased magnitude towards z = -10 mm as well as the temperature
difference between the junctions. Consistent with the other parameters, reduction in the parasitic
power loss from the Thomson effect corresponds with reduced power generation from the Peltier
effect.

IV. Conclusions
This study of the novel TE module design analyzed the effect of design parameters on
system efficiency with and without heat recirculation. The analysis demonstrated a trade-off in
heat input ratio and TE module efficiency which both have a proportional effect on system
efficiency. The result of this trade-off varied with each design parameter.


Reduction in the thermal resistance by increasing conducting layer thickness and TE leg
thickness or reducing TE leg length resulted in a higher heat input ratio for the parameters
studied.



Variation in TE leg thickness had the largest effect with heat input ratio varying from 0.18
for 0.5 mm to 0.66 for 1.5 mm.



The effect of conducting layer thickness and TE leg length were similar over the ranges
investigated with increasing conducting layer thickness resulting in an increase of heat
input ratio from 0.27 to 0.59 and decreasing TE leg length resulting in an increase of heat
input ratio from 0.27 to 0.55.



There is a consistent trade-off with increases in QR corresponding to a reduction in ηm for
variations in each of the parameters. The primary reason is the increase in QR results in a
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decrease in temperature difference between the fluids and between the TE junction,
resulting in a reduction of ηm.


Over the ranges tested, TE leg length had the largest effect on ηm varying from 2.7% for TE
leg length = 8 mm to 7.3% for TE leg length = 17 mm. Comparatively, ηm doubled from
3.2% to 6.4% as TE leg thickness decreased and ηm increased from 4.1% to 5.9% as
conducting layer thickness decreased.



With the parameters conducting layer thickness and tleg, the trend in ηs generally followed
the trend in QR with ηs,nr = 2.4% and ηs,nr = 2.1% for conducting layer thickness = 0.75 mm
and TE leg thickness = 1.5 mm, respectively. With heat recirculation, these two cases
achieved ηs,wr = 5.6% and ηs,wr = 5.8%, respectively.



The trade-off between ηTE and QR resulted in a maximum ηs,nr = 2.1% and ηs,wr = 3.3% for
TE leg length = 12.5 mm as TE leg length was varied. In spite of having the highest ηTE of
7.3%, hleg = 17.0 mm only had ηs,nr = 1.9% and ηs,wr = 2.6%.



Results show that ηm was significantly affected by the temperature difference between the
junctions, which corresponds to the importance of Carnot efficiency in previous chapters.



The parametric study demonstrates that TE module design significantly affects TE module
performance and system efficiency.



The results of this study shows the novel TE module design has higher ηs than current TE
module designs that typically have efficiencies ~ 1%.
Analysis of design parameters permits further improvement of the system efficiency. An

increase in tc and tleg results significant improvement in ηs by increasing QR. While tleg = 1.5 mm
yields slightly better ηs,wr, the lower cost of conductor material than TE semiconductor material
could make increasing tc a more cost effective solution. The results from the parametric study

176

could be combined to yield even higher system efficiencies. The high ηm for lleg = 17.0 mm did
not yield improved system efficiency due to a reduction in QR, however the combination of
longer TE legs combined with a thicker conducting layer could result in an improvement in both
ηm and QR, yielding higher system efficiency. The net effect on system efficiency of altering
multiple parameters would need to be analyzed to determine the benefit. Further research
suggested by this study would be the effect of surface area to volume ratio of the flow channels
which affects the convection heat transfer as well as fluid flow rates and inlet temperatures.
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CHAPTER 6
COMPUTATIONAL ANALYSIS OF NON-IDEAL NOVEL THERMOELECTRIC MODULE
DESIGN
I. Introduction
In chapter 5, a parametric study of the novel thermoelectric module design demonstrated
the effects of the module geometry on the TE module performance. However, certain idealized
conditions were assumed to simplify the analysis of the TE module, such as an adiabatic divider
between the fluids and orthotropic conducting layer to limit axial conduction.

These

assumptions affect the system heat transfer and the performance of the TE module. In this
chapter, a computational analysis is performed on the effects of these ideal assumptions on TE
performance.
In chapter 4, axial conduction in the isotropic conducting layer resulted in nearly uniform
temperatures in the conducting layer and TE module in the axial direction. Thus the fluid
temperatures were limited by the conducting layer temperatures and heat transfer was limited to
near the inlets, as in a parallel flow heat exchanger, thus lacking the benefit of a counterflow heat
exchanger. In chapter 5, the orthotropic conducting layer limited axial conduction and the
conducting layer and junction temperatures followed the same trend as the fluid temperatures
and benefitted from the counterflow setup in terms of uniform heat exchange and higher total
heat transfer. The changes made by these assumptions in heat transfer into the TE module
(∑Qh) and resulting temperature profile of the TE module will affect the TE power generation
(∑We) in Equation 6-1.

s 

We  We .  Qh
Qin
 Qh Qin
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  m .QR

(6-1)

With an adiabatic divider between the hot and cold fluids, the heat transfer pathway
between the fluids is limited to through the TE module. With a non-adiabatic divider, heat
transfer could occur through the divider as well as the TE module which could divert some of the
energy available for conversion, ∑Qh, from the TE module. The reduction in heat input rate to
the TE module would reduce the TE power generation. When heat recirculation is taken into
account, the heat transfer through the divider would provide additional preheating, reducing
Qin,wr which could offset the reduction in ∑We.
In this chapter, a novel TE module design is analyzed with the 3D CFD-TE model
developed by Dent and Agrawal (n.d.). Section II discusses the changes to the computational
setup from the model presented in chapter 5. Results of the study are discussed in section III.
Finally, the major conclusions of the study and recommendations for future work are
summarized in section IV.

II. Computational Setup
The study begins with the same baseline model as chapter 5 with regards to physical
models, boundary conditions and material properties. The dimensions of the TE module are
shown in Figure 6-1 with hgap = 0 for the baseline case. For the first comparison, the thermal
conductivity of the conducting layer is changed from orthotropic to isotropic with k = 367
W/m·K. The second series of computations changes the adiabatic divider to a glass-mica
composite divider with a thermal conductivity of k = 1.02 W/m·K. For the second series, the
isotropic thermal conductivity of the conducting layer is maintained. Since the heat transfer
through the divider would be affected by contact or proximity with the conducting layer, the gap
height, hgap in Figure 6-1, between the conducting layer and divider is varied. The conducting
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Figure 6-1. Schematic of TE module.
layer is reduced in length to increase hgap, which increases the flow cross-sectional area, while
domain size and other dimensions are held constant.

III. Results and Discussions
6.3.1. Baseline Configuration
The absolute axial velocity contour plots in the x-z midplane through the fluid flow at y =
0 in Figure 6-2 show the development of the velocity boundary layer. The transverse profiles of
absolute axial velocity in Figure 6-2 show that the hot fluid flow has a significantly higher
absolute axial velocity than the cold fluid flow in both cases. The change in absolute axial
velocity along the flow path is higher and more uniform for the orthotropic conducting layer case
than the isotropic conducting layer case. The only change in the boundary of the flow channel is
the computed heat transfer to the conducting layer, so the differences in the absolute velocity
profiles between the two cases is due to differences in fluid temperatures shown in Figure 6-3.
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The temperature contour plots and transverse profiles on the same midplane as Figure 6-2
show that the isotropic conducting layer case in Figure 6-3(a) has a large temperature gradient
near the fluid flow inlets and asymptotically approaches the temperature of the conducting layer,
which has a nearly uniform temperature due to axial conduction. In the midplane used for Figure
6-3, the temperature of the conducting layer on the cold side is shown in the range of -6.25 mm ≤

a)

b)

Figure 6-2. Absolute axial velocity contour and transverse profile plots for a) isotropic case
and b) orthotropic case in x-z midplane through fluid at y = 0.
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a)

b)

Figure 6-3. Temperature contour and transverse profile plots for a) isotropic case and b)
orthotropic case in x-z midplane through fluid at y = 0.
x ≤ -5.75 mm.

With reduced axial conduction in the conducting layer, the local fluid

temperature along the flow path has greater influence on the local orthotropic conducting layer
temperature, resulting in a uniform rate of change in temperature for both the fluid and
conducting layer. The temperature gradient between the fluid and surface is similar at difference
axial locations for the orthotropic conducting layer case, whereas temperature gradients between
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the fluid and surface near the inlets is high for the isotropic conducting layer case and the fluid
temperature is nearly uniform near the outlet.
The normalized heat flux vector plot of the isotropic case in Figure 6-4 demonstrates the
high axial conduction in the z-direction in the conducting layer, relative to the transverse
conduction heat transfer with the TE junctions. The axial conduction heat transfer is away from
the hot fluid inlet at z = -10 mm and toward the cold fluid inlet at z = 10 mm. The transverse
heat flow is in the positive x-direction with the novel TE design due to the adiabatic divider that
limits the heat flow through the junctions of the TE module on the sides of the model.

Figure 6-4. Normalized heat flux vector plot for isotropic case in x-z plane through
conducting layer at y = 0.75 mm.
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6.3.2. Conducting Layer Axial Conduction
The conduction heat flux vector plot of the conducting layer in the x-z plane at y = 0.75
mm for the isotropic conducting layer case demonstrates that axial conduction heat transfer
dominates the conduction heat transfer in the conducting layer. The conduction heat flux vectors
are primarily in the z-direction representing the axial conduction in the conducting layer. By
limiting the axial conduction, it is possible to achieve a higher temperature difference between
the hot and cold conducting layers and thus a higher temperature difference between the hot and
cold junction as shown in the temperature contour plots in the x-y midplane at z = 0 mm in
Figure 6-5. The isotropic case in Figure 6-5(a) has a lower temperature variation between the
hot and cold sides of the system. With the orthotropic conducting layer, there is a larger
difference between the hot and cold conducting layer temperatures, since the temperature is
allowed to vary with fluid temperature by limiting axial conduction. This results in a greater
difference in the hot and cold fluid temperatures. The collective effect is a larger temperature
difference between the junctions, which will improve the performance of the TE module. The
orthotropic conducting layer increases the magnitude of conduction heat flux through the
conducting layer and TE module as shown in Figure 6-6, but does not alter the conduction heat
flow pathways in the transverse directions.
The limiting effect on fluid temperature caused by axial conduction can be seen in the
axial profiles of the bulk-averaged fluid temperatures in Figure 6-7(a). The isotropic conducting
layer case has the large temperature gradient near the inlets and then asymptotically approaches
the nearly uniform mean junction temperatures in Figure 6-7(b), which is a result of axial
conduction in the isotropic conducting layer. Conversely, the bulk-averaged fluid temperatures
of the orthotropic conducting layer case have a linear trend, which is reflected in the mean
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a)

b)
Figure 6-5. Temperature contour plots for a) isotropic case and b)
orthotropic case in x-y midplane at z = 0.
junction temperatures. There is a slight non-linearity in the mean junction temperature profile
near the inlets for the orthotropic conducting layer case in Figure 6-7(b) as a result of the
development of the thermal boundary layer in the fluid flow.

The temperature difference

between the fluid and junction on the hot and cold side shown in Figures 6-8(a) and 6-8(b),
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a)

b)
Figure 6-6. Heat flux vector plots for a) Isotropic case and b) Orthotropic case in x-y
midplane at z = 0.
respectively, demonstrates the asymptotic trend in the isotropic conducting layer case and linear
trend in the orthotropic case. A higher temperature difference between the fluid and junction
often reduces the temperature difference between the junctions, which affects TE module
performance. However, the temperature difference between the junctions in Figure 6-8(c) for the
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a)

b)

Figure 6-7. Axial profiles of a) bulk-averaged fluid temperatures and b) mean junction
temperatures.
orthotropic conducting layer case is approximately 70 K - 80 K higher than the isotropic
conducting layer case, in spite of having a higher temperature difference between the fluids and
junctions along a majority of the flow path. The higher temperature difference between the
junctions results in a higher ηm = 5.4% compared to the isotropic conducting layer case with ηm =
4.7%.
The higher temperature difference between the junctions for the orthotropic case is a
result of higher heat transfer through the TE module demonstrated by a higher heat input rate,
Qh, into the thermoelectric module in Figure 6-9(a). The higher heat input rate, Qh, into the
thermoelectric module results in a higher heat input ratio, QR,nr = 0.38, for the orthotropic
conducting layer case since the heat input rate, Qin, into the system is the same for both cases.
The heat input ratio for the isotropic conducting layer case is QR,nr = 0.31. The product of QR,nr
and ηm yields ηs,nr = 2.1% for the orthotropic case and ηs,nr = 1.5% for the isotropic case. With
heat recirculation taken into account, the difference in QR,wr and ηs,wr increases between the
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a)

b)

c)
Figure 6-8. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.
orthotropic conducting layer case (QR,wr = 0.60, ηs,wr = 3.3%) and isotropic conducting layer case
(QR,wr = 0.44, ηs,wr = 2.1%) due to increased preheating with the orthotropic conducting layer.
The isotropic conducting layer case has uniform Qh, ηm and We in Figures 6-9(a)-(c) due to
uniform junction temperature and uniform difference in junction temperatures as shown in
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a)

b)

c)
Figure 6-9. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
Figures 6-7(b) and 6-8(c), respectively. The orthotropic conducting layer case has non-uniform
profiles due to the thermal boundary layer development near the inlets as well as the linear axial
temperature profiles of the junctions, which affects the temperature-dependent TE material
properties. Due to the higher temperature difference between the junctions, the orthotropic
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conducting layer case has higher ηm than the isotropic conducting layer case as shown in Figure
6-9(b). Thus, the orthotropic conducting layer case achieves a higher TE power generation rate
(We) than the isotropic conducting layer case due to having higher Qh and higher ηm.
In the CFD-TE model, the TE power generation is represented as a heat source term
where a TE power generation rate corresponds to a negative heat source rate and a positive heat
source rate represents parasitic losses. By separating the TE power generation into the individual
TE effects, Figures 6-10(a) and 6-10(b) demonstrate that Joule heating and Thomson effect,
respectively, result in parasitic power losses with the TE power generation rate due to the Peltier
effect. Since the isotropic conducting layer case is thermally uniform in the axial direction, the
heat source rates due to the individual effects are uniform as well. Joule heating in Figure 610(a) is higher for the orthotropic conducting layer case than the isotropic case due to a higher
current density. The current density magnitude in the p-type and n-type legs varies based on the
area ratio, Anp, and the orthotropic conducting layer case and isotropic conducting layer case
have different area ratios of Anp = 0.827 and Anp = 1.080, respectively. An area-weighted
average of the current density for the orthotropic case is 18.6 A/cm² and 15.6 A/cm² for the
isotropic conducting layer case. Since Joule heating is a function of current density squared, the
difference in current density from the isotropic conducting layer case to the orthotropic
conducting layer yields results in an increase of approximately 6 W/m in Joule heating. The
change in current density affects the Thomson effect and Peltier Effect as well but it is
proportional to the magnitude rather than the magnitude squared.

The higher temperature

difference between the junctions for the orthotropic conducting layer case results in more power
generation due to the Peltier effect, but also results in a higher temperature gradient in the TE
legs increasing the magnitude of the Thomson effect. The Thomson effect and Peltier effect are
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a)

b)

c)
Figure 6-10. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.
proportional to the temperature-dependent Thomson coefficient and Peltier coefficient,
respectively, resulting in the decrease in magnitude of both effects in the lower portion of the
system (z < 0) shown in Figures 6-10(a) and 6-10(b). The axial profiles of the Thomson effect
and Peltier effect demonstrates the interaction between the Thomson coefficient and Peltier
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coefficient where a decrease in the power generation rate from the Peltier effect corresponds to a
drop in the parasitic power losses from the Thomson effect.
6.3.3. Divider - Conducting Layer Gap Height
The orthotropic case represents an idealized design that shows the importance of limiting
axial conduction in conducting layer. Similarly, the adiabatic boundary condition between the
fluids that limits the heat flow pathway through the TE module is an ideal goal. In a practical
application of the design, a non-adiabatic divider would separate the fluids, creating another heat
flow pathway from the hot fluid to the cold fluid in addition to the pathway through the TE
module. Contact between the conducting layer and the divider increases the heat transfer
through the divider, which decreases the heat transfer through the TE module and decreases the
temperature difference between the fluids. Thus, a gap between the conducting layer and divider
would improve the performance of the TE module. However, as the gap height, hgap, increases,
the surface area between the fluid and conducting layer decreases, reducing the convection heat
transfer. The analysis of the practical application of the novel TE design was performed by
replacing the adiabatic boundary condition with a 3-mm thick glass-mica composite divider with
a thermal conductivity of 1.02 W/m∙K and 3 different gap heights of 0 mm, 0.5 mm and 1.0 mm.
The effect of trade-off between decreased heat transfer through the divider and reduced
convection heat transfer as hgap increases is shown in the heat input ratio plot in Figure 6-11(a).
As hgap increases from 0 to 0.5 mm, QR,nr increases from 0.16 to 0.23 by increasing the thermal
resistance between the fluids and divider. However, QR,nr reduces to 0.22 for hgap = 1.0 mm due
to the decreased surface area between the conducting layer and fluid. The effect increases when
heat recirculation is included with QR,wr = 0.26, QR,wr = 0.35, and QR,wr = 0.34 for hgap = 0, hgap =
0.5 mm and hgap = 1.0 mm, respectively. The reduction in QR as hgap is increased from 0.5 mm to
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a)

b)
Figure 6-11. Effect of gap height, hgap, on a) heat input ratio and b) efficiency.

1.0 mm results in an increased temperature difference between the hot and cold fluids. Thus, a
higher difference between the hot and cold junction temperatures, which results in the increase in
ηm from 3.9% to 4.2% in Figure 6-11(b) as hgap increases from 0.5 mm to 1.0 mm. The net effect
of decreased QR and increased ηm as hgap increases from 0.5 mm to 1.0 mm is both cases have
ηs,nr = 0.9% without heat recirculation and ηs,wr = 1.4% with heat recirculation. The increased
heat transfer through the divider with hgap = 0 not only reduces QR but also reduces the
temperature difference between the fluids and between the junctions, resulting in a reduced ηm =
2.4%. The combined effect of reduced QR and reduced ηm results in ηs,nr = 0.4% without heat
recirculation and ηs,wr = 0.6% with heat recirculation.

The results from the orthotropic

conducting layer and isotropic conducting layer cases with an adiabatic wall, included in Figure
6-11(a), demonstrate the reduction in QR with the introduction of the heat flow pathway through
the TE module. Similarly, the additional heat transfer pathway through the non-adiabatic divider
reduces ηm and ηs in Figure 6-11(b), due to the combination of reduced heat transfer through the
TE module and lower temperature difference between the fluids.
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With axial conduction in the conducting layers, there is a nearly uniform temperature
profile in the axial direction. The transverse temperature profiles in Figure 6-12(a) through the
conducting layer at y = 0.75 mm and z = 0 demonstrates the advantage of hgap > 0. For hgap = 0.5
mm and hgap = 1.0 mm, there is a steep temperature gradient between the end of the conducting
layer and surface of the divider, indicating a high thermal resistance due to the gap between the
two surfaces. The result is a larger temperature difference between the conducting layers and,
therefore, a large temperature gradient between the junctions shown by the transverse
temperature profile through the legs in Figure 6-12(b), which improves the performance of the
thermoelectric module.
The isotropic conducting layer results in a non-linear temperature profile in the bulk fluid
temperature profiles in Figure 6-13(a). The temperature gradient from inlet to outlet increases as
hgap decreases indicating increased heat transfer from the hot fluid flow to the cold fluid flow.
However, the increased heat transfer is through the divider in addition to diverting some of the

a)

b)

Figure 6-12. Transverse temperature profiles through a) conducting layer at y = 0.75 mm
and b) leg at y = 1.5 mm and z = 0.
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a)

b)

Figure 6-13. Axial profiles of a) bulk-averaged fluid temperatures and b) mean junction
temperatures.
heat transfer from the TE module as indicated in Figure 6-13(b). Since there are only minor
changes in the thermal resistance between the junctions due to the temperature-dependent
thermal conductivity, the reduced temperature differences between the junctions are primarily
due to a reduction in heat transfer through the TE module.
The temperature difference profiles between the fluid and junction for the hot side in
Figure 6-14(a) and cold side in Figure 6-14(b) are similar for the composite divider cases and
adiabatic wall case. The primary change was the increase in temperature difference between the
mean junction temperatures in Figure 6-14(c) with increasing hgap due to the change in heat
transfer through the TE module.

Since TE performance is dependent on the temperature

difference between the junctions, the temperature profiles in Figure 6-14(c) indicates better TE
performance with increasing hgap.
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a)

b)

c)
Figure 6-14. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.

The heat flux vector plots in Figures 6-15(a)-(c) for the composite divider cases show the
same axial conduction in the conducting layer as in the adiabatic wall case in Figure 6-4. The
difference between Figures 6-15(a)-(c) and Figure 6-4 is the direction of the transverse portion of
the heat flux in the x-direction. For the adiabatic divider, the transverse heat flux was solely in
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a)

b)

c)
Figure 6-15. Heat flux vector plots for a) hgap = 0.0, b) hgap = 0.5 mm, c) hgap = 1.0 mm in xz plane through conducting layer at y = 0.75 mm.
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the positive x-direction since the heat flow pathway was only through the TE module. With the
composite divider, some of the transverse heat flux in the conducting layer is in the negative xdirection towards the divider. The transverse heat flux in the negative x-direction demonstrates
the heat transfer being diverted from the TE module heat flow pathway to the divider heat flow
pathway. The heat flux vector plots indicate that the degree of heat transfer diverted from the TE
module increases with as hgap decreases. In Figure 6-15(a) with hgap = 0, the transverse heat flux
in the negative x-direction occurs along the entire axial length of conducting layer.

The

transverse heat flux in the negative x-direction for hgap = 1 mm in Figure 6-15(c) only occurs
near the inlets at z > 5 mm on the hot side and z < -5 mm on the cold side and significantly lower
in magnitude than for hgap = 0. The low thermal conductivity, k = 1.02 W/m∙K, of the composite
divider limits axial conduction within the conducting layer with the conduction heat flux
primarily in the negative x direction.
The temperature contour plot in the x-y midplane at z = 0 in Figures 6-16(a)-(c)
illustrates the increase in temperature variation as hgap increases. The temperature gradient of the
divider in Figures 6-16(b) and 6-16(c) for hgap = 0.5 mm and hgap = 1.0 mm is similar, indicating
there is a similar amount of heat transfer through the divider since the thermal resistance of the
divider is constant. This is supported by the conduction heat flux vector plot in the same plane
for hgap = 0.5 mm and hgap = 1.0 mm in Figures 6-17(b) and 6-17(c). In comparison, the
temperature gradient in the divider in Figure 6-16(a) for hgap = 0 and the conduction heat flux
through the divider in Figure 6-17(a) for hgap = 0 is higher, with the incoming heat flux at x = 1.5
mm angling out from the conducting layer and the outgoing heat flux angling into the conducting
layer at x = -1.5 mm. The conduction heat flux vector plot shows the reduction in heat flux
through the TE module when hgap = 0. Ideally, the heat flux in the conducting layer would be in
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a)

b)

c)
Figure 6-16. Temperature contour plots for a) hgap = 0.0, b) hgap = 0.5 mm, c) hgap = 1.0 mm
through x-y midplane at z = 0.
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a)

b)

c)
Figure 6-17. Heat flux vector plots for a) hgap = 0.0, b) hgap = 0.5 mm, c) hgap = 1.0 mm
through x-y midplane at z = 0.
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the positive x-direction towards the hot junction and out from the cold junction as in Figure 617(c) for hgap = 1.0 mm. Instead, the heat flux coming out from the divider at -4.5 mm < x < -1.5
mm and into the divider at 1.5 mm < x < 4.5 mm for hgap = 0 in Figure 6-17(a). The effect is
reduced for hgap = 0.5 mm but there is still heat flux in negative x-direction in the conducting
layer at -3 mm < x < -2 mm and 2 mm < x < 3 mm. These results correspond with the results
shown in Figures 6-15(a)-(c).
There is a large increase in the heat input rate in Figure 6-18(a) as hgap increases from 0 to
0.5 mm. Qh increases slightly as hgap increases from 0.5 mm and 1.0 mm. The slight decrease in
QR in Figure 6-11(a) for hgap = 1.0 mm is due to an increase in the heat input rate, Qin, into the
system. The mass flux and temperature at the inlets is uniform and kept constant between the
cases, so when the cross-section area of the inlets increased with increasing hgap, Qin increased
proportionally. As hgap increases, ηm in Figure 6-18(b) increases from 2.4% to 4.2%. The axial
profiles of Qh and ηm in Figures 6-18(a) and 6-18(b) are proportional to the temperature
difference between the junctions in Figure 6-14(c). The indication is that the temperature
differential between the junctions is a primary factor in the TE power generation rate in Figure 618(c) for these cases, which is roughly proportional to the square of the temperature difference
between the junctions since it is a product of Qh and ηm which are proportional to the
temperature difference between the junctions.
The individual TE effects are influenced by current density as discussed earlier. The
area-weighted average of the current density similar for hgap = 0.5 mm and hgap = 1.0 mm at 12.5
A/cm² and 12.8 A/cm², respectively, with hgap = 0 at 8.7 A/cm². The similarity in increasing
current density and increasing temperature difference between the junctions may be coincidental,
but the result is that there are similar trends in the magnitudes of Joule heating, Thomson effect
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a)

b)

c)
Figure 6-18. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
and Peltier effect in Figures 6-19(a)-(c), since Joule heating is a function of current density
squared and the Thomson effect and Peltier effect are functions of current density and
temperature gradient between the junctions.

204

a)

b)

c)
Figure 6-19. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.

IV. Conclusions
The novel TE module design presented in this study offers improved system efficiency
by increasing the temperature difference between the junctions by increasing the spacing
between the junctions. The increased surface area created by extending the TE legs is utilized to
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improve convection heat transfer to the junction with the addition of thermal conducting layer
along the length of the TE legs. The analysis of the novel TE module design yields some design
specific conclusions as well as a few conclusions for TE power generation systems in general.


The novel TE module design with isotropic conducting layer, composite divider between
the fluids and hgap = 0.5 mm or 1.0 mm achieves ηs,nr = 0.9% without heat recirculation and
ηs,wr = 1.4% with heat recirculation.



The analysis of gap height between the divider and conducting layer demonstrates the
importance of increasing the temperature difference between the junctions.



The gap between the conducting layer and divider is vital to the novel TE design since it
increases both the heat transfer rate through the TE module and TE module performance by
reducing heat transfer rate through the divider between the fluids.



An adiabatic divider between the fluids achieves ηm = 4.7% and QR,nr = 0.31, resulting in
ηs,nr = 1.5%. With heat recirculation, the design improves to QR,wr = 0.44 and ηs,wr = 2.1%.



While an adiabatic divider is impractical, the system efficiency can be improved by
reducing the heat transfer through the divider. This can be achieved by utilizing a material
with lower thermal conductivity or increasing the thickness of the divider. A thicker
divider would, however, decrease the cross-sectional area of the fluid flow or increase the
overall system size.



The system efficiency increased to ηs,nr = 2.1% without heat recirculation and ηs,wr = 3.3%
with heat recirculation by utilizing an orthotropic conducting layer that limits axial
conduction along the surface of the TE module.
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The orthotropic conducting layer would be beneficial to any TE power generation system
with a counterflow heat exchanger setup as it increases the temperature difference between
the junctions by limiting axial conduction.
An effective orthotropic conducting layer can be achieved by utilizing strips of

conducting material that are separated by gaps in the axial direction to interrupt axial conduction.
Another method of creating an effective orthotropic conducting layer while maintaining a
smooth surface in the axial direction would be alternating strips of thermal conducting layer and
insulator in the axial direction. The novel TE module design is able to achieve higher system
efficiency of 3% than current TE module designs, which have system efficiencies around 1% in
practical applications. Previous research on TE module design has focused on improvement of
TE semiconductor materials or placement of TE modules within the system. The analysis of the
novel TE module design in this study demonstrates the importance of comprehensive research
into TE module design, including heat transfer and fluid flow analysis. The integrated CFD-TE
model utilized in this study is a vital tool in the comprehensive analysis of TE module design.
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CHAPTER 7
COMPUTATIONAL ANALYSIS OF HEAT TRANSFER AND POWER
GENERATION IN INTEGRATED MESOSCALE COMBUSTOR - THERMOELECTRIC
(MSC-TE) SYSTEM
I. Introduction
Realization of machine-enhanced human-endeavors has been impeded by the lack of
compact, efficient, human compatible, lightweight power sources. Dunn-Rankin et al. (2005)
point out challenges and limitations of small-scale power generation concepts using biochemical,
electrochemical, and thermochemical approaches.

Biochemical metabolic processes are

remarkable energy converters, but little research has been done to duplicate and harness many of
the natural processes. Electrochemical systems relying on fuel cell show great promise for low
power density applications, but they cannot yet deliver high peak powers nor respond quickly to
variable loads. Current thermochemical systems such as small-scale engines are too inefficient
for portable power, although they can provide extraordinary power densities. This paper is
motivated by the basic purpose to create liquid-fueled portable power systems that can efficiently
convert fuel’s chemical energy into electrical power using thermoelectric (TE) modules.
Liquid fuel combustion at small-scales is a topic of significant fundamental and practical
importance. The high reactant mass flow rate needed to achieve high energy density (heat
release rate per unit volume) at small-scales shortens the residence time for fuel vaporization,
fuel-air mixing, and chemical reactions. Inadequate vaporization, fuel-air mixing and/or poor
combustion degrade the overall system performance. Moreover, the large surface area to volume
ratio of small-scale combustor (up to two orders of magnitude higher than a conventional
combustor) increases the surface heat loss resulting in flame quenching and/or poor thermal

209

efficiency. Recently, several studies have sought to overcome these constraints by recirculating
thermal energy from the products to preheat the reactants (Weinberg et al., 2002a, 2002b; Ahn et
al., 2005; Marbach and Agrawal, 2006a; Marbach et al., 2007; Sadasivuni and Agrawal, 2009).
Essentially, the heat transferred from the combustor surface is recovered to increase the reactant
temperature, which greatly increases the reaction rates in the flame zone.
Prior studies have sought to couple the mesoscale combustor with a miniature heat engine
such as gas turbine, rotary, reciprocating, or Stirling engine to generate power (Waitz et al.,
1998; Fernandez-Pello, 2002; Epstein, 2004; Huth and Collins, 2007). However, successful
realization of these systems has been difficult because of the mechanical complications and poor
thermal efficiency associated with small-scale heat engines. Alternatives to heat engines are
solid state devices such as thermionic, photovoltaic, and thermoelectric converters. Such devices
can be coupled directly to the combustor to produce the electricity. They have no moving parts
and maintenance requirements are greatly reduced. Thermionic generators consist of parallel
plate electrodes at different temperatures with a vacuum gap in-between (Gerstenmaier and
Wachutka, 2007).

High operating temperatures and the need for small gap between the

electrodes poses problems of material durability, although some innovative designs have been
initiated (Zhang et al., 2003). Thermophotovoltaic power generators use photovoltaic cells to
generate electric energy from thermal radiation (similar to solar cells converting sunlight into
electricity) resulting from the combustion process (Lee and Kwon, 2008). The efficiency of such
systems is still low because only a small portion of fuel’s chemical energy is converted to
thermal radiation.
In TE conversion, a temperature difference drives electron charge carriers from hot to
cold junctions, causing an electric current to flow in the circuit. A practical TE conversion
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system consists of TE module(s) sandwiched between a heat source and a heat sink. A number
of portable power system concepts using combustion coupled with TE modules have appeared in
the recent literature (Posthill et al., 2005; Federici et al., 2006; Yoshida et al, 2006; Funahashi et
al., 2006; Karim et al., 2008). Based on experiments and analysis, Federici et al (2006) conclude
that a thermoelectric device integrated with a microburner clearly offers a simpler design over a
reformed fuel cell system at a comparable efficiency. Thermoelectric modules are composed of
inter-metallic compounds, such as Si-Ge, Pb-Te, and Bi2TE3 (Noudem et al., 2008). Attempts to
increase the efficiency of TE converters have focused mainly on developing high figure-of-merit
TE materials.

ZT   2T /  e k is the dimensionless figure-of-merit, where  is the Seebeck

coefficient, e is the electrical resistivity, k is the thermal conductivity, and T is the absolute
average temperature. The TE efficiency, ηTE, is estimated from Equation 7-1.

TE 
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(7-1)

where ηc is the Carnot efficiency and γ is a function of TE material properties. TE junction
temperatures depend upon the heat exchanger geometry and heat transfer fluids on the hot and
cold sides, and they generally vary in the direction of the fluid flow. Equation 7-1 can be used to
obtain the TE module efficiency, ηm, as:

m 

We
 Qh

(7-2)

where summation is taken over all TE elements of the TE module. TE module can be made of
elements of different TE materials optimized for junction temperatures. In general, ηm ≠ ηTE.
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In practice, TE module must be integrated with heat exchangers to facilitate heat transfer
between fluid media and TE junctions on hot and cold sides, as shown by the TE system in
Figure 7-1. The TE system efficiency, ηs, is defined as:

s 

We   Qh . We  Q .
R m
Qin
Qin  Qh

(7-3)

where Qin is the net heat input rate to the hot fluid and the heat input ratio, QR is the heat input
ratio or the ratio of heat input rates to the hot junction and TE system. Heat input ratio can be
greater or less than unity depending upon the thermal strategy utilized. Equation 7-3 shows that
the TE system efficiency can be increased by increasing the heat input ratio and TE module
efficiency, both of which depend upon the thermal characteristics. For example, extended
surfaces can be employed to increase the heat input rate (to the hot TE junction), and hence, Q R.
High heat input rate in turn increases the TE hot junction temperature, and hence, ηm.
Weinberg et al (2002b) and Weinberg (2004) point out that it should be possible to
recycle a large portion of the heat rejected at the cold junction of the TE element. They
conducted theoretical studies to develop novel designs which substantially improve the overall
efficiency of the TE converter system. Similar results were obtained by Peterson (2007), who
concluded that significant benefits accrue by incorporating a high degree of heat recirculation
and taking care to minimize the thermal conduction loss to the surroundings. Min and Rowe

Hot fluid flow
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x
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Tc
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Qc
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z
y

Cold fluid flow

Figure 7-1. Thermoelectric module schematic.
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(2007) theoretically analyzed several heat recirculation concepts and found that an appropriate
design of heat recirculation via TE elements can result in a significant increase in the system
efficiency. These studies provide clear evidence that combustion with heat recirculation permits
TE modules to convert a greater portion of fuel’s chemical energy into electric power. Although
informative, these studies suffer from several drawbacks: (1) the assumptions made in the
analysis are difficult to realize in practice, and (2) the analysis is based on simple
thermodynamics and 1-D heat transfer principles, and (3) convection heat transfer, property
variations, thermal radiation, and other non-linear and multi-dimensional effects are ignored.
Dent and Agrawal (2010) developed 3D computational fluid dynamics-thermoelectric
(3D CFD-TE) model to predict the performance of integrated combustor-TE modules accounting
for fluid flow, combustion, heat transfer, and material properties. Two integrated combustor-TE
module designs proposed by Weinberg (2004) were analyzed.

Results revealed peak TE

efficiency of 0.22% and 0.51%, respectively, for the exterior and interior TE modules. Poor
convection heat transfer resulted in large temperature difference between fluids and TE
junctions. Consequently, the temperature difference across the TE junctions was small, which
reduced the TE efficiency. In the present study, the novel TE design proposed in chapters 5 and
6 is integrated with mesoscale combustion, and the combined system is analyze using the 3D
CFD-TE model of Dent and Agrawal (2012).
The previous chapters utilized a simple counterflow heat exchanger with uniform mass
flux and uniform temperature at the inlets. The heat input into the system, Qin, with and without
heat recirculation, was calculated based on the enthalpy of fluids entering and leaving the heat
exchanger. In this study, the novel TE module model is integrated with a mesoscale combustor
and the heat input into the system is the heat release rate (HRR) based on the mass flow rate and
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equivalence ratio of the reactants.

Additionally, the distribution of mass flow rate and

temperature of the fluid entering the TE module will be determined from the model rather than
the uniform distribution in the previous chapters. The study will cover the computational setup
of the TE module and mesoscale combustor in section II, results of the model in section III and
concluding remarks in section IV.

II. Computational Setup
The power generation system model in this study combines mesoscale combustion with
thermoelectric power generation (MSC-TE) based on the steady-state conservation equations of
mass, momentum and energy. The mesoscale combustor is based on a design by Dent and
Agrawal (2008) that utilizes porous inert media (PIM) and heat recirculation to achieve flame
stability and low emissions. The symmetric mesoscale combustor model in this study utilizes
similar physical models for the inlet, combustion and PIM zones in Figure 7-2(a) as the
axisymmetric 2D model developed by Dent, Marbach and Agrawal (2012). A thermoelectric
module was integrated into the design with the 3D CFD-TE model developed by Dent and
Agrawal (n.d.) to develop a complete mesoscale power generation system. The placement of the
TE module in Figures 7-2(b) and (c) from the cold reactant gases in the annulus and hot product
gas in the combustion chamber should maximize the temperature differential across the TE
module and utilize the heat recirculation of the combustor design.
7.2.1. Governing Equations
The steady state form of the conservation equations of mass, momentum, and energy are
represented by Equations 7-4 to 7-6.
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computational domain.
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Conservation of mass equation:
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(7-4)

Conservation of momentum equations in (a) x, (b) y, and (c) z directions:
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Conservation of energy equation:
2
 
 v 

  v c pT  v
   kT   Sr  S E


2



(7-6)

The terms Sm, Sx, Sy, Sz, and SE represent source terms for the respective equations. For
the 3D CFD-TE model, TE power generation is represented by an energy (or heat) sink term
included as SE in the conservation of energy equation.
7.2.2. Physical Models
The conservation equations are modified by the inclusion of source terms to create the
physical models in this study. The source terms include a mass source term to model the reactant
inlet flow, momentum source term to model the PIM, and energy source terms to model
combustion, radiation heat transfer and TE power generation.
7.2.2.1. Inlet Zone Model
While the reactants would be injected at discrete points through nozzles, the reactant flow
was approximated by a uniform mass source term in a 1-mm thick section at the top of the outer
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channel.

The reactant mass flow rate into the MSC-TE system is approximated with a

volumetric mass source term, Sm, included in the conservation of mass equation (Equation 7-4).
A constant value for Sm was calculated by dividing the total reactant mass flow rate by the
volume of the inlet zone, as shown in Equation 7-7.
Sm 

m total
Viz

(7-7)

Any potential localized effect of the nozzles on the flow and heat transfer was ignored,
with no momentum or energy source term included in the inlet zone, so the mass is initially
stationary with an enthalpy relative to the reference temperature of 300 K.
7.2.2.2. Combustion Zone Model
Experimentation with the annular mesoscale combustor demonstrated stable combustion
in a 1-mm thick volume above the PIM referred to as surface combustion by Dent, Marbach and
Agrawal (n.d.). The heat release rate from combustion was model by a volumetric energy source
term that is proportional to the local axial mass flux as shown in Equation 7-8.
SE 

Qin m i

VCZ m 

(7-8)

where Qin is the total heat release rate based on reactant flow rate and equivalence ratio, Vcz is

  is the average axial mass flux through the combustion zone,
the combustion zone volume, m
 i  i  v z ,i is the local axial mass flux computed from the product of local density and
and m
local axial velocity determined by the solution of the governing equations.
The combustion model was validated with experimental data for the annular mesoscale
combustor over a range of flow rates and equivalence ratios. In this study, the change to a
channel design was assumed to not affect the behavior of the combustion zone. Likewise,
though the experimental data demonstrated that the range of equivalence ratios for stable surface
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combustion expanded at lower flow rates, lower mass flow rates and lower equivalence ratios
than were validated were investigated in this study. These assumptions seem reasonable and the
results will yield important information on the behavior of MSC-TE system but the assumptions
would need to be validation.
7.2.2.3. PIM Zone Model
The PIM is modeled as a fluid zone but results in a pressure gradient due to the flow
restriction by the PIM and affects heat transfer by conduction heat transfer through the solid
portion of the PIM. The flow restriction is modeled as a momentum source term in Equations 75(a)-(c) determined by the power law correlation in Equation 7-9.
S i  C0 vi

C1

(7-9)

where the subscript, i, in Si and vi represents the respective directions, x, y, and z. C0 and C1 are
empirical constants determined from experimental data for the PIM. The momentum source
term introduces a local pressure gradient in the PIM based on the local fluid velocity.
Experimentally measured pressure drop in the PIM was used to determine C0 = 841.12 and C1 =
1.65 in Equation 7-9, where Si is in Pa/m and vi is in m/s.
The conduction heat transfer by the solid material of the PIM is accounted for by an
effective thermal conductivity, keff.

Assuming thermal equilibrium, the effective thermal

conductivity is defined as a volume-weighted average of the fluid (kf) and solid (ks) thermal
conductivities, in terms of the porosity, γ, of the porous media (Bauer, 1993). Porosity is the
fraction of the total volume occupied by the fluid. Thus,
keff    k f  1    k s

(7-10)

The porosity of the PIM was set to 0.85 based on specifications by the manufacturer.
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7.2.2.4. Thermoelectric Zone Model
The thermoelectric power generation is implemented by an energy sink term that
represents the conversion of thermal energy into electrical energy as presented by Dent and
Agrawal (n.d.). There are four different source terms for the model. Two terms shown in
Equation 7-11(a) and (b) represent the Thomson effect and Joule heating in the p-type material
and n-type material legs, respectively.
S E , p   e, p J 2p  J p  p 

p-type leg:

S E ,n   e,n

n-type leg:

J p2
2
Anp



Jp
Anp

T p

(7-11a)
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(7-11b)

where ρe (Ω∙m) is the electrical resistivity and τ is the Thomson coefficient with the p and n
subscripts designate the p-type or n-type material. Jp (A/m²) is the current density in the p-type
leg. Anp is the ratio of cross-sectional areas, perpendicular to the current flow, of the n-type leg
to p-type leg and correlates the current densities in the p-type and n-type legs by Jn = -Jp/Anp. The
remaining two terms represent the Peltier effect and Joule heating in the hot and cold junctions.
Hot junction:

Cold junction:
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(7-12a)

(7-12b)

where α is the Seebeck coefficient and t is the thickness of the junction in the x-direction. The
values of Jp and Anp are determined by optimization of system efficiency for each case. The
constant, C, is the ratio of the cross-sectional area of the junction in the y-z plane to the sum of
the cross-sectional area of the legs in the y-z plane. Since the junction and legs both extend the
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entire length of the system in the z-direction, C reduces to the ratio of widths in the y-direction as
shown in:

C

Aj
A p  An



wj

(7-13)

w p  wn

With the 4-mm wide junctions and each leg is 1-mm wide, the constant C = 4 mm / 2 mm = 2 for
this study.
7.2.2.5. Radiation Heat Transfer Model
The radiation heat transfer was modeled by the discrete ordinates (DO) radiation model
developed by Raithby and Chui (1990). The DO radiation model uses a finite number of discrete
solid angles to calculate the radiation heat transfer between surfaces and accounts for absorption
and scattering by the intermediate fluid. The radiative transfer equation is given as:

T 4  s
  
 
  I r , s s      s I r , s    n 2


4


 
 I r , s 
4

0

(7-14)

 


where I r , s  is the radiation intensity at position vector, r , in direction, s . The physical
properties of the fluid are the absorption coefficient, κ, scattering coefficient, σs, and refractive
index, n. The local fluid temperature is represented by T and σ is the Stefan-Boltzmann constant.
Radiant heat transfer in fluid zones does not interact with the hot or cold fluid flows and, thus,
the absorption and scattering coefficients were specified to zero.

The radiation model is

incorporated into the energy conservation equation by setting SE equal to the net change in
radiation intensity in the fluid cell.
At the solid-fluid interface on the inner surfaces as well as the inlet and outlet boundaries
of the model, the net radiation heat flux is computed by integrating the radiation intensity
approaching each face as in Equation 7-15.
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qin 

 

 I in  s  n  d


(7-15)

s n 0


where Iin is the intensity of the incoming ray, n is the normal vector from the surface and Ω is
the hemispherical solid angle on the surface into the fluid. The radiative heat flux from the
surface, qout, is computed as the sum of the reflected radiative heat flux and the emitted radiative
heat flux from the surface, represented by the first and second terms, respectively, on the righthand side of Equation 7-16.
qout  (1   w )qin   wTw4

(7-16)

where εw is the emissivity of the wall and Tw is the surface temperature of the wall. The net
radiative heat flux is an energy source term on the wall surface equal to the difference between
qin and qout.
7.2.3. Physical Setup and Boundary Conditions
Figure 7-2(a) through the x-z midplane at y = 0 shows the counterflow arrangement of
the design with reactants entering the outer channel at the inlet zone, flowing in the negative z
direction, through the PIM zone, then in the positive z direction through the combustion zone to
the outlet. The flows are separated by a 3-mm thick glass-mica composite divider, which also
forms the lid of the outer channel and outer wall and bottom of the MSC-TE system. The outer
flow channel is 4 mm wide in the x-direction and extends from the inlet zone at z = 20 mm to the
PIM zone at z = -6 mm. The PIM extends into the inner flow channel up to z = -3 mm, where
the 1-mm thick combustion zone is located. There is a 2-mm gap between the combustion zone
and the bottom of the TE module at z = 0 mm. The domain of the inner flow channel is 4-mm
wide, which represents an 8-mm wide flow channel due to the plane of symmetry at x = 0. The
product gases exit the system at z = 24 mm through the outlet with the boundary condition of
atmospheric pressure set to 101,325 Pa.
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Table 7-1 shows the thermal conductivity, specific heat and dynamic viscosity of the
fluids were specified by temperature-dependent polynomial curve fits for the product gas from
methane combustion at ϕ = 0.7. The curve fits were based on the experimental data for the
individual product gases published by Turns (2000). The thermal conductivity of the glass-mica
composite is 1.02 W/m∙K. The thermal conductivity of the solid portion of the PIM is 20
W/m∙K. No-slip boundary conditions were set for the fluid zones at the solid surfaces. For the
baseline case, the mass flow rate was 103.7 g/hr with equivalence ratio, ϕ = 0.50. Thus, the total
heat release rate, Qin, for the combustion zone was 40.9 W.
The 0.5-mm wide rectangles in Figure 7-2(b) that extend from z = 0 mm to z = 20 mm
are the cross-sections of the junction and conducting layer of the TE module. Figures 7-2(b) and
(c) shows the TE module extending from the outer wall of the MSC-TE system to the plane of
symmetry at x = 0. The transverse dimensions of the TE module are constant in the z-direction
and the TE module extends over the range of 0 mm < z < 20 mm. The rapid expansion of the
flow area at z = 20 mm near the outlet, as the product gases exited the TE module, resulted in
backflow through the outlet and model instabilities. This was corrected by adding a section of
glass-mica composite to the top of the TE module with the same cross-sectional dimensions as
the TE module in the inner channel. Thus, the cross-sectional dimensions of the flow area
Table 7-1. Material properties of methane / air combustion gas products for ϕ = 0.7 over
300 K to 3000 K
Property

Polynomial function

Cp (J/kg·K)

1112.7 - 0.20433·T + 4.5713×10-4·T2 - 3.1350×10-7·T3 + 1.1211×10-10·T4
- 2.0851×10-14·T5 + 1.5903×10-18·T6

k (W/m·K)

9.9902×10-5·T - 4.6093×10-8·T2 + 1.4301×10-11·T3

 (kg/m·s)

1.3095×10-6 + 6.5402×10-8·T - 3.2924×10-11·T2 + 8.8854×10-15·T3
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remained constant from the exit of the TE module to the outlet, preventing backflow and model
instabilities. The p-type and n-type legs are connected by junctions at the plane of symmetry and
the outer wall of the MSC-TE system. Along the surface of the junctions and legs of the TE
module is a 1-mm thick conducting layer to improve the heat transfer between the fluids and
junctions. The TE legs have adiabatic boundaries, except at the interfaces with the TE junctions
to limit the heat transfer pathway through the TE module to the TE junctions. Previous research
of the TE module design has shown that axial conduction, parallel to the flow path, in the
conducting layer and TE module significantly reduces the system efficiency.

Orthotropic

thermal conductivity was utilized to limit axial conduction with kz = 1.0×10-8 W/m∙K for both
the TE materials and conducting layer. The transverse thermal conductivity of the conducting
layer is kx = ky = 367 W/m∙K based on the thermal conductivity of copper. The transverse
thermal conductivity of the p-type and n-type materials as well as the TE material properties are
temperature-dependent polynomial curve fits of experimental data for Si-Ge p-type and n-type
materials published by Vining (1995) as shown in Figure 7-3. The temperature-dependent
polynomials of the n-type and p-type Si-Ge material properties are shown in Tables 7-2 and 7-3,
respectively. The specific heats for the n-type and p-type Si-Ge materials are the same.
Periodic boundary conditions were set for the external boundaries at y = -1.5 mm and y =
1.5 mm. Therefore, the MSC-TE domain in this model represents a single section of a larger
MSC-TE system. Mixed heat transfer boundary conditions were applied to the external solid
surfaces of the system that included both convection and radiation heat loss. The external
conditions were an ambient temperature of 300 K with a convection coefficient of hext = 12
W/m²∙K and emissivity, ε = 0.85 on the external surfaces. The emissivity of the interior surfaces
was also specified as ε = 0.85 to compute radiation heat transfer at the outlet boundary.
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Figure 7-3. TE material properties of n-type and p-type legs.
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Table 7-2. Material Properties for n-type Silicon Germanium
Property

Polynomial function

 (V/K)

-6.3238·10-6 -3.4428·10-7·T + 1.0058×10-13·T3 – 1.1046×10-24·T6

e (·m)

2.0163·10-6 + 2.0557·10-8·T – 2.2643×10-24·T6

k (W/m·K)

4.9411 – 0.001.2653·T + 2.5637×10-19·T6

cp (J/kg·K)

0.63084 + 8.5536×10-8·T2

Table 7-3. Material Properties for p-type Silicon Germanium
Property

Polynomial function

 (V/K)

7.6132·10-5 +1.6401·10-7·T – 1.1480×10-23·T6

e (·m)

3.9908·10-6 + 2.2591·10-8·T

k (W/m·K) 5.2871 – 0.0010532·T – 6.2116×10-10·T3 + 4.7419×10-19·T6

7.2.4. Computational Procedure
The governing equations were discretized with a finite volume approach. The PRESTO
discretization scheme was utilized for pressure based on the presence of PIM physical model.
QUICK discretization scheme was applied for the energy equations. Second-order upwind
discretization scheme was applied to the DO radiation model. Pressure-velocity coupling was
managed by the SIMPLEC algorithm (Patankar, 1980). The computational domain was meshed
with uniform grid spacing. The Nelder-Mead optimization method (Nelder and Mead, 1965)
determined the Jp and Anp values that maximized system efficiency for each case.
7.2.5. Grid Size Convergence
Figure 7-4(a) demonstrates the effect of grid spacing, S, on computed heat release rate
(Qin) for the baseline case with the specified Qin = 40.9 W. The computed HRR was within 0.7%
of the specified HRR for grid spacing S = 0.250 mm and within 0.3% for S = 0.167 mm. The
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a)

b)

c)

d)

Figure 7-4. Effect of grid spacing on a) HRR, b) heat transfer with the TE module, c) TE
power generation rate, and d) efficiency.
predicted Qin,0 for S = 0 based on the results of the three different grid spacings was calculated
utilizing Richardson extrapolation as:
Qin ,0  Qin ,1 

e12
r21p  1
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(7-17)

where the subscripts correspond to the results from a1 = 0.167 mm and a2 = 0.250 mm as well as
a3 = 0.500 mm is Equations 7-18 and 7-19; r21 = a2/a1 is the grid spacing ratio; and e12 = (Qin,1 Qin,2). When the grid spacing ratio, r, differs between consecutive grid spacing, the order of
convergence, p, is calculated by solving the coupled equations:
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12
in ,1

p

ln(  )
ln( r21 )

(7-19)

The predicted Qin,0 = 40.9 W agrees with the specified Qin. The predicted heat input, Qh,0,
and heat output, Qc,0, of the TE module for zero grid spacing in Figure 7-4(b) demonstrate
similar grid independence for the heat transfer for the finer grids, with the computed results
within 1% of the predicted value for a = 0.250 mm and within 0.3% for a = 0.167 mm.
With the focus of this study on TE power generation, We, and efficiencies, ηm and ηs, it is
important to analyze the effect of grid spacing on these values as well. These values are derived
from Qin, Qh and Qc with We = Qh - Qc, ηm = We / Qh, and ηs = We / Qin. Thus, the predicted
values for We, ηm and ηs, for zero grid spacing were derived from the predicted values of Qin, Qh
and Qc rather than the Richardson extrapolation. For We, the results from both a = 0.167 mm
and a = 0.250 mm are within 0.3% of the predicted value, since the trends of Qh and Qc are
similar. Likewise, there is little variation in the efficiencies due to similar trends in Qin, Qh and
Qc. These results demonstrate that the finer grid spacings, a = 0.167 mm and a = 0.250 mm, are
sufficiently grid independent for analysis. The grid spacing, a = 0.250 mm, was utilized for the
initial optimization of Jp and Anp with the Nelder-Mead optimization method due to a shorter
run-time of approximately 3 hours for 500 iterations. After the initial optimization, the grid
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spacing, a = 0.167 mm, with slightly more accurate results, refined the optimization and provided
the results for analysis. The grid spacing of a = 0.167 mm resulted in 84 grids in the x-direction,
36 grids in the y-direction, and 216 grids in the z-direction for a total of 653,184 cells in the
computational domain.

III. Results and Discussions
7.3.1. Baseline Configuration
The 3D CFD-TE model solves the governing equations for the steady-state system, which
determines the velocity and temperature profiles of the fluid flows as well as the TE power
generation based on the temperature profiles. The axial velocity contour plot through the x-z
midplane at y = 0 in Figure 7-5 shows the flow of the product gases in the negative z-direction.
The temperature rise by combustion increases the axial velocity after z = -3 mm, but the axial
velocity increases significantly as the combustion products enter the section with the TE module
at z = 0 as the fluid flow cross-sectional area is reduced. Figure 7-5 illustrates the development
of the velocity boundary layer near the surface. Similarly, the development of the thermal
boundary layer is shown with the temperature contour plot in Figure 7-6(a) as the fluid flow
enters the TE module sections in the outer and inner channels. The temperature contour plot of
the x-z midplane in Figure 7-6(a) as well as the temperature contour plot of the x-z plane through
the TE leg at y = 1.5 mm show the temperature gradients radiating out from the combustion
zone.
The temperature gradients demonstrate the heat transfer out from the combustion zone,
which is shown by the conduction heat flux vector plots in Figure 7-7. Figures 7-7(a) and 7-7(b)
are in the same x-z planes as Figure 7-6(a) at y = 0 and Figure 7-6(b) at y = 1.5 mm,
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Figure 7-5 - Axial velocity contour plot of the flow cross-section through x-z plane at y = 0.
respectively. Figure 7-7(a) demonstrates some interesting heat flow pathways that result in heat
recirculation. As expected, there is heat transfer through the composite divider from the hot
product fluid flow to the cold reactant fluid, but there is a significant amount of conduction heat
transfer through the PIM directly from the combustion zone and the composite divider to the
reactant fluid flow. A portion of the heat transfer through the lid of the outer channel re-enters
the fluid flow at the inlet zone. The orthotropic thermal conductivity of the TE materials results
in transverse conduction heat transfer only as shown in Figure 7-7(b). As seen when comparing
Figures 7-7(a) and 7-7(b), there is significantly higher heat flux through the TE module than the
composite divider, which is desirable as this increases the TE power generation. The thermal
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a)

b)
Figure 7-6. Temperature contour plot at a) y = 0 and b) y = 1.5 mm

conductivity of the TE materials is approximately 4× higher than the thermal conductivity of the
glass-mica composite. The higher thermal conductivity permits higher heat transfer through the
TE module, despite the longer length resulting in a smaller temperature gradient as shown in
Figure 7-8.
Figure 7-8(a) is in the x-y plane at z = 2 mm near the combustion zone and Figure 7-8(b)
is in the x-y plane at z = 18 mm near the inlet zone and outlet. The high transverse thermal
conductivity, kx = ky = 367 W/m∙K, of the conducting layer results in a nearly uniform
temperature. Ideally, the heat transfer in the conducting layers would be in the negative x
direction, toward the hot junction of the TE module and away from the cold junction, which
would maximize the heat transfer through the TE module. This is the general trend shown by the
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a)

b)
Figure 7-7. Heat flux vector plot at a) y = 0 and b) y = 1.5 mm

conduction heat flux vector plots in Figures 7-9(a) and 7-9(b), which are in the same planes as
Figures 7-8(a) and 7-8(b), respectively. However, in the range of 3 mm < x < 8.5 mm, the
conduction heat flux is more in the +x direction, which would indicate this portion of the
conducting layer is not contributing to the heat transfer through the TE module. There is also
significant conduction heat flux from the conducting layer to the outer composite wall of the
MSC-TE system. While this increases the heat flux through the TE module, it contributes to the
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a)

b)
Figure 7-8. Temperature contour plot at a) z = 2 mm and b) z = 18 mm
heat loss through the outer wall of the MSC-TE system. There is the possibility that shortening
the TE module, so there is a gap between the cold junction and outer wall, may be beneficial in
that it could increase the heat recirculation without significantly reducing the heat transfer
through the TE module. The adiabatic boundary conditions on the TE legs, except at the
junctions, results in a uniform heat flux through the TE legs in the +x direction.
Convection heat transfer on the surface of the TE module is a significant obstacle to good
system efficiency as it affects the amount of available thermal energy that enters the TE module,
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a)

b)
Figure 7-9. Heat flux vector plot at a) z = 2 mm and b) z = 18 mm
identified as the heat input ratio, QR. In this study, the effects of mass flow rate and equivalence
ratio are analyzed.
7.3.2. Reactant Mass Flow Rate
Higher mass flow rates would increase the convection heat transfer rate, but also increase
the heat input rate, Qin, into the system at constant equivalence ratio. As seen in Figure 7-10(a),
the effect of increased mass flow rate results in a reduction in QR. The reduction of QR as Sm
increases is similar to the decrease in the ratio of heat loss to HRR (Qloss) in Figure 7-10(a). For
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a)

b)
Figure 7-10. Effect of reactant flow rate, Sm, on a) heat input rate and b) efficiency.

higher Sm, a significant portion of the HRR exits with the product gases as seen by the ratio of
sensible enthalpy of the product gas to HRR (Qexit). As the efficiency of the MSC-TE system
would be affected by pumping losses, the efficiencies were calculated from the power generation
(ηm, ηs) as well as net power generation after subtracting the pumping loss (ηm,pl, ηs,pl) based on
the mean gage pressure of the inlet zone and volumetric flow rate. The profile in Figure 7-10(b)
shows ηm increases with increases in Sm. The maximum pumping loss was for the highest mass
flow rate, where it reduced the power generation by 5.4%, resulting in ηm being reduced from
5.8% to 5.5% and ηs being reduced from 1.3% to 1.2%. For the mass flow rate of 51.9 g/hr, the
pumping loss only reduced the power generation rate by 1.1%. The trade-off between QR and ηm
results in a peak system efficiency, ηs = 1.9 %, for a mass flow rate of 46.1 g/hr.
The temperature gradients decrease with increasing mass flow rates as shown in the mean
axial temperature profiles of the fluids and TE junctions in Figures 7-11(a)-(d). The decreasing
temperature gradient and decreasing QR with increasing Sm results in lower reactant fluid flow
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a)

b)

c)

d)

Figure 7-11. Axial bulk-averaged temperature profiles for a) Sm = 25.9 g/hr, b) Sm = 51.9
g/hr, c) Sm = 77.8 g/hr, and d) Sm = 155.6 g/hr.
temperatures when in exits the TE module at z = 0 mm. Thus the temperature of the product
fluid flow entering the TE module section is lower as Sm increases, due to reduce preheating.
The axial profiles of the temperature differences in Figures 7-12(a)-(d) demonstrate the
trend of increasing temperature difference along the TE module with decreasing Sm. Figure 7-12
shows a nearly uniform temperature difference profile for each Sm, except near the inlet of the
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a)

b)

c)
Figure 7-12. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
hot junction - cold junction, and c) cold junction - cold fluid.
TE module, where the thermal boundary layer is developing, due to the fluid flow cross-sectional
area being reduced to 1/3 by the TE module.
The heat input rate, Qh, into the TE module increases with increasing Sm as shown in
Figure 7-13(a) due to the increase in heat input rate, Qin, into the system by combustion. For the
lower mass flow rates, Qh is higher near the combustion zone. As Sm increases, the temperature
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a)

b)

c)
Figure 7-13. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
difference between the junction in Figure 7-12(c) and Qh in Figure 7-13(a) become more even
along the length. As Qh and ηm increase with increasing mass flow rate, so does the TE power
generation rate. The TE power generation rate is the net result of the individual TE effects.
Joule heating in Figure 7-14(a) increases with increasing mass flow rate. The cause is
increasing current density with increasing mass flow, since Joule heating is a function of current
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a)

b)

c)
Figure 7-14. Axial profiles of net heat source rate due to a) Joule heating, b) Thomson
effect, and c) Peltier effect.
density squared. Optimized current density increased from 10.9 A/cm² for Sm = 25.9 g/hr to 24.5
A/cm² for Sm = 155.6 g/hr. The optimized current density increases in a trend similar to ηm in
Figure 7-10(b) and is likely due to the higher ηm possible with increasing mass flow rate. The
Thomson effect and Peltier effect in Figures 7-14(b) and 7-14(c) are related due to the
relationship between the Thomson coefficient and Seebeck coefficient.
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7.3.3. Equivalence Ratio
The best mass flow rate, 46.1 g/hr, was selected to analyze the effect of equivalence ratio,
ϕ. As opposed to mass flow rate, ϕ has very little effect on the heat input ratio as shown in
Figure 7-15(a), despite the increase in Qin.

Thus, as ϕ increases, Qh increases almost

proportionally with Qin. There is an increase in Qloss with increasing ϕ. The increase in Qh with
increasing ϕ results in an increased temperature difference between the junction improving
thermoelectric efficiency, ηm, except for ϕ = 0.65.

The Si-Ge materials provide the best

performance around 900 K – 1100 K and the drop-off in ηm for ϕ = 0.65 is due to the TE module
temperature moving further from this optimum temperature range. As QR ~ 0.50 is nearly
uniform, ηs follows the trend of ηm with increasing ϕ. The pumping loss does not significantly
change with equivalence ratio as shown in Figure 7-15(b).
Since QR is fairly uniform, the amount of preheating and heat recirculation is increasing
as HRR increases with increasing ϕ as demonstrated by the bulk-averaged fluid temperatures in

a)

b)
Figure 7-15. Effect of mass source rate, Sm, on a) heat input rate and b) efficiency.
239

Figures 7-16(a)-(d) with the cold fluid temperature at z = 0 increasing from 620 K for ϕ = 0.20 to
1150 K for ϕ = 0.65. The combination of more preheating and higher heat release with higher ϕ
results in higher fluid temperatures in the combustion chamber.

Thus, the temperature

differences shown in Figures 7-17(a)-(c) increase with increasing ϕ. The heat input rate in

a)

b)

c)

d)

Figure 7-16. Axial bulk-averaged temperature profiles for a) ϕ = 0.20, b) ϕ = 0.35, c) ϕ =
0.50, and d) ϕ = 0.65.
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a)

b)

c)
Figure 7-17. Axial profiles of temperature difference between a) hot fluid - hot junction, b)
cold junction - cold fluid, and c) hot junction - cold junction.
Figure 7-18(a) shows the increase in Qh with increasing ϕ, specifically near the combustion tube.
The problem with increasing ϕ is that the increased temperature difference between the junctions
in Figure 7-17(c) does not translate to improved performance as shown by ηTE in Figure 7-18(b).
For ϕ = 0.50 and ϕ = 0.65, there is a drop in ηTE near the combustion zone that corresponds with
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a)

b)

c)
Figure 7-18. Axial profiles of a) heat input rate, b) thermoelectric efficiency, and c) TE
power generation.
a hot junction temperature of approximately 1500 K. The drop off in ηTE is a result of the
temperature-dependent Si-Ge material properties. Thus, the TE power generation rate is reduced
slightly for ϕ = 0.50, but much more for ϕ = 0.65.
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7.3.4. Thermoelectric Module Height
The final parameter tested was extending the system length and the length of the
thermoelectric module. The thermoelectric module was extended from 20 mm in the z-direction
to 40 mm and 80 mm. The reactant flow rate was 51.9 g/hr with ϕ = 0.50. The prediction was
that the increased system length would increase the heat transfer through the thermoelectric
module and improve the system efficiency. Figure 7-19(a) demonstrates that QR increased as the
TE module was lengthened, though there is a diminishing return with the additional length. The
trend in QR matches the trend in Qloss as hm increases. However, ηm decreases with increasing
length, resulting in a decrease in the system efficiency. There is only a marginal increase in
system efficiency as hm is increased from 20 mm to 40 mm. With the cost of thermoelectric
materials, it is likely that the shorter design would be more cost-effective as the slight increase in
efficiency would not offset the cost of twice the thermoelectric material.
The decrease in efficiencies with increasing length is due to the increased heat loss,
which reduces the heat recirculation within the combustor. The bulk averaged fluid temperature

a)

b)
Figure 7-19. Effect of TE module height, hm, on a) heat input rate and b) efficiency.
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a)

b)

c)
Figure 7-20. Axial bulk-averaged temperature profiles for a) hm = 20 mm, b) hm = 40 mm,
and c) hm = 80 mm.
axial profiles in Figures 7-20(a)-(c) shows the decrease in the hot fluid temperature at the TE
module exit from 1080 K for hm = 20 mm to 540 K for hm = 80 mm. However, cold fluid
temperature as it exits the TE module at z = 0 only increases from 980 K for hm = 20 mm to 1210
K for hm = 80 mm. The additional heat loss as the system height is increased results in a
reduction of the temperature differences shown in Figures 21(a)-(c), particularly between the
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a)

a)

b)

b)

c)
Figure 7-21. Axial profiles of temperature
difference between a) hot fluid - hot
junction, b) cold junction - cold fluid, and
c) hot junction - cold junction.

c)
Figure 7-22. Axial profiles of a) heat input
rate, b) thermoelectric efficiency, and c)
TE power generation.
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junctions. As hm increases, the temperature difference between the junctions in Figure 7-21(c)
decreases as the local heat input rate, Qh, into the TE module decreases as shown in Figure 722(a). The total Qh for the entire TE module increases as shown by QR in Figure 7-19(a), since
Qin is constant. However, ηTE decreases from 4.2% for hm = 20 mm to 3.0 % for hm = 40 mm
and 2.0% for hm = 80 mm.

IV. Conclusions
The combined MSC-TE system achieved a system efficiency of 2.0% over the typical TE
power generation systems that only achieve ~ 1% system efficiency. The analysis examined
effects of reactant mass flow rate, equivalence ratio, and increasing the system height. The
system was able to achieve twice the system efficiency of previous thermoelectric designs, but
further improvement is possible by optimizing the geometry of the TE module and utilizing TE
semiconductor materials with optimum performance for the temperature profile.


The increase in reactant mass flow rate decreased the heat input ratio, resulting in a
decrease in system efficiency despite an increase in TE module efficiency.



Equivalence ratio did not have a significant effect on the heat input ratio, but did affect η TE.
As ϕ increases, the temperature difference between the junctions increase, improving η TE
up to ϕ = 0.65. At ϕ = 0.65, the temperature profile of the TE module is too high compared
to the optimum temperature range of 1000 K - 1200 K for the Si-Ge materials.



The heat input ratio increased with increasing module height. However, the increased heat
loss as the system height increases results in reduced system efficiency as the temperature
difference between the junctions is reduced.
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The Si-Ge thermoelectric materials have the best performance over the temperature range
of 1000 K to 1200 K, while the temperature profiles of the TE modules in this study is
much higher. The system efficiency could be further improved by utilizing a TE material
that has better performance over the temperature ranges studied or modifying the design to
get a temperature profile more in line with 1000 K to 1200 K temperature range of Si-Ge
materials.



Further refinement of the MSC-TE design could improve the system efficiency. Chapter 5
demonstrated the effect of TE module geometry on system performance. The optimum
geometry would vary with changes in the temperature profile of the fluid flow and axial
profile of the heat input rate, Qh, into the TE module.
Research of TE power generation systems have focused on improving the TE

semiconductor materials or incorporating current TE module designs into power generation
systems. However, current system efficiencies are poor for TE power generation systems. In
order to realize better TE performance, it is necessary to include thermal strategies during the
development of TE power generation performance.
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CHAPTER 8
CONCLUSIONS
A mesoscale combustor / thermoelectric (MSC-TE) power generation system was
investigated in this study. In the first part of the study, a mesoscale combustor was designed for
fuel-flexibility with liquid and gaseous fuels and incorporates heat-recirculation and porous inert
media for flame stabilization and improved combustion efficiency. The 12.8-cm³ mesoscale
combustor was operated on methane with heat release rate up to 330 W and it provided 99.7%
combustion efficiency and low NOx and CO emissions.

A computational analysis of the

mesoscale combustor showed heat loss of within 5% of the heat release rate. Detailed chemical
kinetics analysis identified major NOx formation mechanisms in this combustor. Experimental
and computational analysis demonstrated a low pressure drop through the mesoscale combustor.
In the second part of the study, an integrated 3D computational fluid dynamics / thermoelectric
(3D CFD-TE) power generation model was developed that permitted analysis of the interactions
among heat transfer, fluid flow and TE power generation and provided accurate analysis of TE
power generation systems. Analysis of current TE module design with the 3D CFD-TE model
provided insight into the importance of thermal strategies and their impact on TE system
efficiency. A novel TE module design was developed with the 3D CFD-TE model that yielded
improved system efficiency, ηs, by optimizing the design parameters to improve the heat input
ratio, QR, and TE module efficiency, ηm. The final part of the study was a computational
analysis of the integrated MSC-TE system.

The important conclusions of this study are

summarized below.
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The mesoscale combustor achieved peak temperatures ranging from 2000 K to 2300 K for
m f = 16 g/hr to m f = 24 g/hr. The computational analysis, validated by experimental

data, demonstrated that heat loss was limited to 3 % - 6 % of the total heat release rate.


Heat recirculation along with PIM permitted high combustion efficiency with low
emissions. The computational analysis indicated high heat recirculation of 17 % - 18 % of
the HRR.



Experimental measurements demonstrated 85 Pa to 155 Pa of pressure drop through the
combustor with operation on methane. Through the entire system, including the fuel
injectors designed for liquid fuels, the pressure drop was 12 kPa to 31 kPa on methane
operation. The low mass flow rate of the reactants and low pressure drop indicate minor
pump work is required for combustor operation.



A CFD model incorporating TE power generation was developed that demonstrates the
importance of the interactions among heat transfer, fluid flow and TE power generation and
provides a tool for analysis of TE module design.



Computational analysis of current TE design, without and with fins, showed system
efficiencies of 0.1 % and 0.4 %, respectively, without heat recirculation. The low system
efficiency without and with fins is a result of low TE module efficiencies of 0.62 % and
0.86 % and low heat input ratios of 0.17 and 0.46. With heat recirculation, the system
efficiencies without and with fins increases to 0.13 % and 0.72 %. A water-cooled design
increased the system efficiency to 0.87 % without heat recirculation and 4.4 % with heat
recirculation showing the importance of thermal strategies. However, these efficiencies are
still low due to low heat input ratio and high thermal resistance between the TE module and
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working fluids and low temperature difference across the TE module due to the small
thickness (width) of current TE modules.


A novel TE design was developed to improve system efficiency by lowering the thermal
resistance between the TE module and working fluids and increasing the spacing between
the junctions of the TE module. With ideal conditions of an adiabatic divider between the
fluids and orthotropic conductor that limits axial conduction, the novel TE design achieved
ns,nr = 2.4 % without heat recirculation and ns,wr = 5.8 % with heat recirculation. The
computational parametric study showed the importance of TE design on system efficiency
as ns,nr ranged from 1.2 % to 2.4 % as design parameters varied. With heat recirculation,
ns,wr ranged from 1.4 % to 5.8 %.



As the temperature difference across the TE module increases, the temperature-dependent
TE material properties start having a greater effect on system efficiency. The Peltier effect
and Thomson effect are related due to the relationship between the Seebeck coefficient, α,
and Thomson coefficient, τ.

The magnitude of each effect would increase as the

temperature difference increased though the net Peltier effect resulted in the electric power
generation while the Thompson effect resulted in electric power loss.


A non-adiabatic divider between the fluids resulted in reduced system efficiency as it
diverted heat transfer from the TE module as well as increasing the total heat transfer
between the fluids which reduced the temperature difference between the fluids. While an
adiabatic divider is not achievable, it is important to limit the heat transfer to the TE
module as much as possible.



The isotropic conductor resulted in significant axial heat conduction, resulting in a nearly
uniform axial temperature profile. This negated the advantage of the counterflow heat
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exchanger as a significant portion of the heat transfer would occur near the inlets and
rapidly drops off downstream. The orthotropic conductor limits axial conduction and the
axial temperature profile of the conductor and junctions follow the trend of the bulkaveraged fluid temperatures. This resulted in better system efficiency and an effective
orthotropic conductor is possible with strips of conductor separated by gaps or insulator
such as the glass-mica composite.


Computational analysis of the integrated MSC-TE power generation system incorporated
both the mesoscale combustor design and novel thermoelectric module design. The MSCTE system achieved a system efficiency of 2%. Pumping losses, calculated from mass
flow rate and pressure drop, were only 2% of the electrical power generated.



The TE module temperatures were generally higher than the 1000 K - 1200 K temperature
range for optimum performance from the Si-Ge semiconductor materials and the TE
module design was not optimized for the temperature profiles in the combustor, so higher
system efficiency is likely possible.



While a longer MSC-TE system and TE module was expected to improve system
efficiency, the additional heat loss resulted in only minor improvement in system
efficiency. Thus, the smaller design with the 20-mm long TE module would be a better
choice to reduce the cost of TE material.
The research demonstrates that the MSC-TE power generation system is an option for

portable power generation and alternative to battery technology. Improvement in the individual
components can be utilized in other systems. The development of the integrated CFD-TE model
is an important tool in the analysis of TE systems. The novel TE design could be utilized in
systems other than portable power generation, such as waste heat recovery.
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Recommendations
The study has been a significant step in the development of a portable MSC-TE power
generation system.

Further study could improve the efficiency of the design as well as

understanding of the underlying physics. In particular, the following recommendations could be
investigated:


In-depth chemical kinetic analysis of the combustion process within the mesoscale
combustor. The computational model simplified the combustion process to heat release
rate in 1-mm thick disc representing surface combustion. Limited investigation is possible
of the interior combustion mode experimentally. A chemical kinetic model could aid
modeling interior combustion with CFD software. There are also transitional zones and
overlap, with respect to reactant flow rate and equivalence ratio, between interior and
surface combustion modes. Likewise, between surface combustion and blow-off, there is a
transition where a stable flamelet forms in the combustion tube.



Experimental analysis of the mesoscale combustor with liquid fuels to analyze the effect on
heat loss, pressure drop, and emissions. The high energy density (by volume) and high
specific energy (by mass) of liquid fuels is the reason the MSC-TE power systems could be
an alternative to battery technology, but further study is needed.



The development of the novel TE design has been limited to computational analysis.
Development of an experimental version of the novel TE design would validate and help
refine the computational model as well as identify any issues in the fabrication of the novel
TE design. Likewise, development and analysis of an effective orthotropic conductor with
alternating strips of conductor and insulator could help refine the model.
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The integrated MSC-TE model provided promising results but the TE module temperatures
exceed the operational temperatures of current TE semi-conductor materials. While there
is research on high-temperature TE semi-conductor materials, it could be beneficial to
investigate methods of reducing the TE module temperature in the MSC-TE system while
minimizing the reduction in system efficiency.
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APPENDIX A
THERMOCOUPLE MEASUREMENT CORRECTION FOR RADIATION
Radiation heat transfer is a temperature to the fourth power, so it becomes significant for
high temperature combustion systems.

Thus, it is necessary to correct the thermocouple

measurement from the experiment for radiation heat transfer from the thermocouple to the
surrounding surfaces. The product gas temperature (T) is determined by an energy balance
analysis where convection heat flux to the thermocouple equals radiation heat flux to the
surroundings.



4
hT  Ttc    Ttc4  Tsurr



(A-1)

The convection heat transfer coefficient, h, is determined by approximating the thermocouple
bead as a sphere. With a thermocouple bead diameter D = 0.75 mm, the Reynolds number (ReD)
and Nusselt number (NuD) were calculated from Equations A-2 and A-3 (Cengel, 2003) using
fluid properties from the computational model for each measurement location. For the sample
calculation at z = 11 mm with m f = 20 g/hr and ϕ = 0.70, the computed fluid properties were ρ =
0.1503 kg/m³, V = 13.55 m/s and μ = 9.171×10-5 kg/m∙s.

VD
Re D 



0.1503



Nu D  2  0.4

kg
m
 13.55  0.00075m
3
s
m
 16.66
5 kg
9.171 10
ms

Re1D2  0.06

Re 2D 3



14

 
Pr   
 s 
0.4 

(A-2)

(A-3)

The thermal properties for the fluid at the thermocouple location were cp = 1449 J/kg∙K and k
= 0.1494 W/m∙K for determining the Prandtl number.
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Pr 

cp  
k

1449


J
kg
 9.171 10 5
kg  K
ms
 0.8895
W
0.1494
m K

The viscosity on the surface of the thermocouple, μs, was determined with the thermocouple
temperature (Tc = 1860 K) and the polynomial curve fit for viscosity of the fluid below:

 s T  = 7.435  10 -6 + 5.615  10 -8 T - 1.185  10 -11 T 2 + 1.534  10 -15 T 3

 s 1860 K  = 7.435  10 -6 + 5.615  10 -8  1860 - 1.185  10 -11  1860 2 + 1.534  10 -15 1860 3
 s 1860 K  = 8.075  10 -5

kg
ms

Substituting the values into Equation A-2 yields:



Nu D  2  0.4

Re1D2  0.06

Re 2D 3



0.4 

14

 
Pr   
 s 

14



Nu D  2  0.4 16.66  0.06 16.66

23




5 kg 
 9.171  10

ms 
0.8895 0.4 
 8.075  10 -5 kg 


ms 


Nu D  3.994
From the Nusselt number, the convection heat transfer coefficient, h, can be calculated by:
Nu D 
h

hD
k

Nu D  k

D

W
m  K  795.6 W
0.00075 m
m2  K

3.994  0.1494

The next step is determining the surface temperature, Tsurr, for the surroundings of the
thermocouple. The surface temperatures of the combustion tube, which varied along the axial
length, were taken from the computational model with a grid spacing S = 0.0625 mm. Utilizing
view factor, Fij, with Equation A-1, the total radiation heat transfer from the thermocouple bead
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can be calculated by the summation of radiation heat transfer with each face, designated by the
subscript j, over all faces, J, as in Equation A-4.



J

hT  Ttc    Fij  Ttc4  T j4
j 1



(A-4)

A constant emissivity ε = 0.85 was utilized and the thermocouple temperature Ttc = 1860 K
for this location, as mentioned before. The Stefan-Boltzmann constant σ = 5.67×10-8 W/m²∙K4.
Since ΣFij = 1, Equation A-4 simplifies to:
J



hT  Ttc     Fij Ttc4  T j4



j 1

J
 J

hT  Ttc      Fij  Ttc4   Fij  T j4 
j 1
 j 1

J


hT  Ttc     Ttc4   Fij  T j4 
j 1



(A-5)

J

4
and, thus, Tsurr
  Fij  T j4 . Fij is the fraction of a sphere (4π steradians or sr) formed by the
j 1

solid angle, Ω, for face j, with respect to the thermocouple location.

The axisymmetric

computational model means that the angle, θ, formed between the centerline and the line from
thermocouple bead to the node between faces, as shown in Figure A-1, represents a 3D cone.
The relationship between θ and the solid angle of the cone is:

  2 1  cos  
The solid angle for each face is the difference between the solid angles formed by the two
nodes that border the face. Table A-1 gives some sample calculations of the solid angle of each
face with the thermocouple at z = 11 mm.
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θ

z

11 mm

10 mm

Figure A-1. Diagram of thermocouple measurement.
Table A-1. Sample calculations of face solid angles.
Node 1 {r,z}
(mm)

Node 2 {r,z}
(mm)

θ1
(rad)

θ2
(rad)

Ω1
(sr)

Ω2
(sr)

ΔΩ = Ω2 - Ω1
(sr)

{0,0}

{0.0625, 0}

0

0.006

0

1.01×10-4

1.01×10-4

{0.0625, 0}

{0.125, 0}

0.006 0.011

1.01×10-4

4.06×10-4

3.04×10-4

{0.125, 0}

{0.1875, 0}

0.011 0.017

4.06×10-4

9.13×10-4

5.07×10-4

⁞

⁞

⁞

⁞

⁞

{5, 10.8125}

{5, 10.875}

1.533 1.546

6.05

6.13

7.84×10-2

{5, 10.875}

{5, 10.9375} 1.546 1.558

6.13

6.20

7.85×10-2

6.20

6.28

7.85×10-2

{5, 10.9375}

{5, 11}

⁞

⁞

1.558 1.571
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The view factors (Fij = ΔΩ / 4π) were calculated for the lower hemisphere of the
thermocouple with the approximation that radiation heat loss from the upper hemisphere was
blocked by the ceramic insulator on the thermocouple probe. With the ceramic probe at the
thermocouple temperature, Ttc, and blocking the upper hemisphere (Fij = 0.5), the value for
J

F
j 1

ij

 T j4 is shown in Table A-2.

Table A-2. Sample calculation of Tsurr.
Node 1 {r,z}
(mm)

Node 2 {r,z} ΔΩ = Ω2 - Ω1
(mm)
(sr)

{0,0}
{0.0625, 0}
{0.0625, 0}
{0.125, 0}
{0.125, 0}
{0.1875, 0}
⁞
⁞
{5, 10.8125} {5, 10.875}
{5, 10.875} {5, 10.9375}
{5, 10.9375}
{5, 11}
Ceramic Insulator

1.01×10-4
3.04×10-4
5.07×10-4
⁞
7.84×10-2
7.85×10-2
7.85×10-2

Fij

Tj
(K)

8.07×10-6
2.42×10-5
4.03×10-5
⁞
6.24×10-3
6.25×10-3
6.25×10-3
0.5

763.24 2.74×106
763.27 8.22×106
763.43 1.37×107
⁞
⁞
891.08 3.93×109
890.58 3.93×109
890.07 3.92×109
1860 5.98×1012

J

Total

F
j 1

Fij·Tj4
(K4)

ij

 T j4 = 6.31×1012

Solving Equation A-5 for the corrected temperature, T, and substituting in the values yields:
J


hT  Ttc     Ttc4   Fij  T j4 
j 1


J

4
4
  Ttc
T

F

T

tc
ij
j

h 
j 1

W
0.85  5.67 ×10 -8 2 4
m  K 1.197  1013 K 4  6.31 1012 K 4  1860 K
T
W
795.6 2
m K
11
6.06  10
T
5.66  1012 K 4  1860 K
3
K
T  343 K  1860 K

T

 









T  2203 K
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APPENDIX B
SAMPLE CALCULATION OF COMBUSTION EFFICIENCY
Combustion efficiency is the ratio of the actual heat release rate (HRRa) to the heat release
rate for complete combustion. HRR is determined from Equation B-1.

 K

 K

HRR    N k  h f0,k 
   N k  h f0,k 
 k
 reac tan ts  k
 products

(B-1)

where Nk is the number of moles and h f0,k is the heat of formation of the kth species. The
primary difference between the actual HRR and HRR for complete combustion is the fraction of
carbon atoms that form carbon monoxide (CO) instead of carbon dioxide (CO2).

So the

combustion inefficiency can be described as:

Combustion efficiency 



HRR  N co h f0,co  h f0,co2

 1

N co

Combustion inefficien cy 

HRR
h  h f0,co2



0
f ,co





HRR



N co h f0,co  h f0,co2



HRR

(B-2)

The experimental emission measurements provide the concentration of CO2 and CO
([CO2]=NCO2/Nmix and [CO] =NCO/Nmix), which represents the molar fraction. Neglecting minor
species, the total carbon content is represented by the concentration of CO2 and CO, so it is
possible to calculate the ratio of CO moles to the total number of carbon atoms for m f = 20 g/hr
and ϕ=0.70 with:

N CO
N CO
N CO
N mix


NC
N CO2  N CO N CO2  N CO N mix


CO 
2.67  10 4
CO2   CO 7.9110 2  2.67 10 4
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 3.36  10 3

(B-3)

The total number of carbon atoms is equal to the number of molecules of methane (CH 4) into
the system. The molecular weight of methane is 16.043 kg/kmol, so the number of carbon atoms
for m f = 20 g/hr is:

N C  N CH4 

m f
MWCH4

g
kg
hr


hr 1000 g 3600 s

kg
16.043
kmol
kmol
 3.46  10 7
s
20

(B-4)

The molar flow rate of CO can be computed by combining the results from Equations B-3
and B-4.

N co  N c

N co
kmol
kmol
 3.46 10 7
 3.36 10 3  1.16 10 9
Nc
s
s

This result combined with Equation B-2 and h f0,co2 = -393,546 kJ/kmol, h f0,co = -110,541
kJ/kmol and HRR = 278 W for m f = 20 g/hr and ϕ=0.70 yields:

Combustion inefficien cy 






N co h f0,co  h f0,co2



HRR
1.16  10 9

kmol
 110,541  393,546 kJ 1000 J
s
kmol kJ
278W

0.328W
 0.118%
278W
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APPENDIX C
SPECIFIC EMISSIONS AND EMISSION INDEX
In Chapter 2, the emission profiles were presented as volumetric or molar concentrations
(ppm), but emissions can be presented in terms of specific emissions or emission index. Specific

 m NOx m CO 
 , whereas emission
,
emissions is the emission mass flow rate per unit power output 

HRR
HRR


 m NO g / s  m g / s  
x
.
, CO
index is the ratio of emission mass flow rate to fuel mass flow rate 
 m CH kg / s  m m kg / s  
4
CH 4


Since power output is proportional to the fuel mass flow rate, the emission index profiles will be
presented below.
Appendix B presented the calculation of the CO molar flow rate as:

N CO 

m f
MWCH4



CO
CO2   CO

(C-1)

based on the total number of carbon atoms into the system from the fuel. A similar derivation
can determine the NOx molar flow rate based on the total number of nitrogen atoms (NN) into the
system from air.

m air  m f  A / F  m f 
NN  2
N NOX
NN



N NOX
N NOX  2  N N 2
N NOX 



 A / F s


3.76 m air

4.76 MWair
N NOX

N NOX  2  N N 2

NOx 
N mix

N mix NOx   2  N 2 

NOx 
7.52 m f  A / F s
4.76 MWair
 NOx   2  N 2 
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(C-2)

where concentration of N2 in the dry products is approximated as:
[N2] =1-[O2] -[CO2] -[CO] -[NOx]
The emission mass flow rates can be computed by multiplying the molar flow rate by the
molecular weight of the respective emissions. The primary form of NOx is NO, so the molecular
weight of NO is utilized to calculate the NOx mass flow rate.
The transverse profiles for NOx concentration and EINOx shown in Figures C-1(a) and (b),
respectively, are proportional and demonstrate similar trends of increasing magnitudes as m f
decreases in both Figures. The transverse profiles of CO concentration in Figure C-2(a) and
EICO in Figures C-2(b) at constant ϕ both demonstrate similar trends of increasing magnitudes
as m f decreases. With constant ϕ, the NOx concentration in Figure C-1(a) and CO concentration
in Figure C-2(a) are not affected by changes in excess air. Thus, the similar profiles between the
concentrations and emission indexes were expected.

a)

b)

Figure C-1. Transverse a) NOx concentration and b) EINOx at the combustor exit plane,
z = 21 mm;  = 0.70.
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a)

b)

Figure C-2. Transverse a) CO concentration and b) EICO at the combustor exit plane,
z = 21 mm;  = 0.70.
The transverse profiles of NOx concentration in Figure C-3(a) and EINOx in Figures C-3(b)
show slight variations due to the different calculations. However, both Figure C-3(a) and (b)
demonstrate NOx concentrations and EINOx increase as ϕ increases. The difference between the
transverse profiles of CO concentrations in Figure C-4(a) and EICO in Figure C-4(b)
demonstrate a more significant effect due to the different calculations. While the profiles show
similar trends of increasing CO concentration and increasing EICO with increasing ϕ, the
increase in CO concentrations is larger, proportionally, than the increase in EICO.

The

indication is that the increase in excess air with decreasing ϕ is partially responsible for the
decrease in CO concentrations. The increase in EICO as ϕ increases could be the result of
increasing product gas temperature resulting in dissociation of CO2 or a reduction in available
oxidizer resulting in a decrease of CO oxidation.
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a)

b)

Figure C-3. Transverse a) NOx concentration and b) EINOx at the combustor exit plane,
z = 21 mm; m f = 20 g/hr.

a)

b)

Figure C-4. Transverse a) CO concentration and b) EICO at the combustor exit plane,
z = 21 mm; m f = 20 g/hr.
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