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Abstract of the Thesis
Analysis and Design of Thermal Management System for

Thermoelectric Generators for Nuclear Power Plant Safety
by
Chih Chieh Lin
Master of Science
in
Mechanical Engineering
Stony Brook University

2014

This project aims to develop thermoelectric generators (TEG)-based devices for sensing during
normal and off-normal conditions in Small Modular Reactors (SMRs). Locations such as reactor
core vessels, steam generators, housings of pumps, heat exchangers, and steam pipe housings in
primary loop and secondary loop are potential installation sites. The heat is conducted through an
adaptor to the TEGs and removed by a heat sink by means of natural convection. The electrical
power generated by the TEGs is then used to drive sensors and wireless communications. Addi-
tional power can be stored in batteries or in super capacitors for emergency operations. The sensing
system measures important data such as temperature, flow rate, and radiation dosage. Several ex-
periments including the TEG test and lab-based experiment were conducted to validate the simu-
lation and assumptions. The prototype that attaches to a 12 in. nominal size schedule 80 pipe was
at 300 °C. A large natural convection heat sink is applied as the cooling solution. A thorough
thermal analysis was made to assure that the heat sink temperature was below 80 °C and the TEGs
temperature difference was around 100 °C. An enclosure was also presented to protect the electri-

cal components from harsh condition.
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T, Cold side temperature on thermoelectric elements [K]
T, Hot side temperature on thermoelectric elements [K]
T Temperature of fin surface [K]

T Temperature of ambient [K]

t Fin thickness [m]

w Electrical power output [W]

x Wall thickness [m]

y Heat sink length [m]

Z Figure of merit[%]

Greek symbols

a, N-leg Seebeck coefficient [%]
P-leg Seebeck coefficient [%]

B Coefficient of volume expansion [%]

AT  Temperature difference [K]

€ Emissivity
Fin efficiency
o Stefan-Boltzmann constant
- - - - mZ
v Kinematic viscosity [T]



Acknowledgments

| would like to express my gratitude to Professor Jon P. Longtin for encouraging my research and
for his valuable guidance and academic support during the work on this thesis. | have learned a lot

under his supervision. His advice has been a great help in this project.

I would also like to thank Professor David Hwang and Professor Lei Zuo for giving insightful
suggestions and comments. Their strictness with research make me a good example for me to

follow in the future of my career.

Many thanks are also due to my labmate, Hanfei Chan, who contribute his expertise in electrical
engineering. Tao He and Mahder Tewolde have been supportive in thermal design and experiment.

Without their help, this project would not have been possible.

Xi



1 Introduction

1.1 Motivation

Nuclear energy was expanding fast because of the increasing oil price, environmental effects, cost
of electricity, and growing energy demands. The United States provides 19% of electricity by nu-

clear energy. However, nuclear plants accidents (Chernobyl, Three Mile Island, and Fukushima

Daiichi) have cast a negative shadow on the history and future of nuclear power [1]. These events
had heightened public concerns of safety issues, therefore, the demand for new nuclear plants
dropped quickly in the mid-1970s [2]. A total lack of power at the plant is one of major concerns
of nuclear plants’ development. As seen in the Fukushima accident, the on-site and offsite power
was lost because of a tsunami. As a result, the sensing systems for updating important status inside

the plant became unavailable.

The offsite power source, which is often supplied from electric grids that are far away from the
nuclear power plant, is the primary power source during normal operation. The onsite power
sources are diesel generators and back-up batteries that will be used when an offsite power source
is not available. If all these power sources become unavailable, a station blackout results. A station
blackout disables most of the systems relied on for core cooling. In fact, loss of all AC power
contributes to more than 70 percent of the overall risk at some plants [3]. And loss of offsite power
in nuclear plants is one of the most frequent incidents in the U.S. A total of 42 separate power-out
conditions in the U.S from 1997 to 2004 have been recorded. Among these incidents, 24 had
caused critical operation conditions and 18 more resulted in shutdown conditions. These incidents

had the potential to become irreversible accidents if the onsite power source had also failed.

In the Fukushima Daiichi accident, the earthquake cut off the offsite power source, and the onsite
emergency diesel generators were also disabled because of the tsunami. After the backup batteries
ran out, the nuclear plant was in a station blackout. This might lead to a malfunction of the cooling
system. In light water reactors, for example, peak core temperatures can reach 1,100 K in less than

30 minutes if the cooling system becomes unavailable. At this temperature, cladding of the fuel



rods can burst [4]. As a result, it is vitally important to maintain important parameters available

during off-normal conditions.

It might be too idealistic to ensure that no nuclear incident happens, but people can still be dedi-
cated to minimize the damage by improving the ability to manage an emergency. A reliable and
self-powered monitoring device that measure parameters (even operates actuations during off-nor-
mal situations) can provide important parameters to help operators understand the system status in
the plants during normal and off-normal situations. And the most importantly, this device should
be sustainable in harsh environments, such as in water, fire, shock, and high-dose radiation expo-
sure. Therefore, an aircraft black box-like protection shell is also included in this device.

1.2 Project Summary

A self-powered and harsh condition-sustainable monitoring device, which provides parameters to
operators during normal and off-normal situations in nuclear power plants is our objective. The

following are the works and surveys included in this project.

1. Explicit survey for Small Module Reactor: The important parameters such as temperature,
diameter, and accessibility are collected at several potential locations.

2. Introduction to operating principal of TEGs: Available commercial products and their spec-
ification are also presented.

3. Radiation effect: Radiation level in nuclear power plants and its effects on electronic de-
vices and TEGs are discussed.

4. Enclosure for harsh conditions: Environmental conditions in harsh conditions and possible
enclosure materials for protecting the device are discussed.

5. Thermal analysis in both analytical and Computer Aided Engineering method: This part
mainly discusses about the adaptor and heat sink design and the thermal expansion of the
steam pipe.

6. Lab-based experiments and field testing result: In order to validate our analysis result, two

lab-based experiments before the installation of the device in the power plant.



1.3 Thesis Organization

The motivation and summary of this project are included in the chapter 1. Backgrounds of the
project such as thermoelectric generators, small modular reactors, environmental conditions, and
sensing requirements are introduced in chapter 2. Then, reactors types and formats, temperature
estimates, down-selection of target installation sites, and environment protection are discussed in
chapter 3. Both analytical and CAE analyses and designs of the adaptor and the heat sink are made
in chapter 4. In Chapter 5, the setup and design of three experiments including TEG test, labora-
tory-based test, and field-based test are introduced. Results from chapter 4 and 5 are shown and
discussed in chapter 6. Finally, the conclusion along with the future work of this project is pre-

sented in chapter 7.

2 Background

2.1 Thermoelectric Generators

Thermoelectric generators are devices that covert heat into electrical power by using the Seebeck
effects, which occurs among thermoelectric materials. They can be applied in locations with a
large amount of heat, and are especially suitable for applications where conventional heat engines
are not feasible, e.g. spacecraft. Heat energy harvesting for gas pipe, cars and other automobiles
are also very common in the use of TEGs. The Seebeck effect on TEGs occurs when there is a
temperature difference across a thermoelectric material, which causes a voltage drop because
charge carriers (electrons (e7)in n-type materials and holes (h*) in p-type materials) at the hot side
moves to the cold side [5].

As shown in Figure 2-1, a TEG consists of p-type and n-type thermoelectric elements placed be-
tween conductive layers. The entire assembly is then sandwiched between two ceramic substrate.
Heat transfer though thermoelectric components producing an electrostatic potential thus causes

current flow.



Heat source

Ceramic substrate

Figure 2-1: A thermoelectric generator [6].

The efficiency of a TEG depends on the efficiency of its thermoelectric material, which is deter-
mined by the figure of merit, Z (1/K)

7 - GTSZ 1)
where S is the Seebeck coefficient (V/K), o is the electrical conductivity (Q-m), and k is the ther-
mal conductivity (W/m-K). A lower thermal conductivity means a larger temperature gradient,
which results in a larger power output. A Higher electrical conductivity means less resistance when
the charge carriers flow across the thermoelectric materials, which also increases the power output.
The output voltage of the TEG is proportional to the number of thermoelements (N), the tempera-

ture difference between the cold-side temperature (Tc), and the hot-side temperature (Th).

. SN(T, - T,) 2
B kL,

1+2kth



where L, and k; are the length and the thermal conductivity of the thermoelectric material. L. and
k. are the thickness and thermal conductivity of the ceramic substrate. The current of the TEG can

be calculated from

_ (ap —ay)AT 3)
"~ R, +R

where a,, and a,, are the n-leg Seebeck coefficient and p-leg Seebeck coefficient. R, and R are the
load resistance and internal resistance of the TEG [7, 8]. Finally, the power generated from TEG

is
W = I?R, 4)

Generally, a commercial TEG can generate around 5 watts with an efficiency of 4.5 % if ade-
quate heat source and environment condition applied. The ideal temperature difference for opti-
mal performance for a commercial TEG is around 200 °C. The maximum working temperature is
normally below 300 °C. Figure 2-2 shows that other thermoelectric materials such as LasTesand
Yb14MnSb1: can tolerate high temperature but are not commercialized yet [9].

1.75 -
1 50 YbldMnstj
125 -
1.00 ’ La,Te, -
'_ / 4
N 0.75 d
0.50 i

- p-type
0.25 n-type -

000 - /. A A A A A A A A A

0 200 400 600 800 1000
T{C)

Figure 2-2 Working temperatures and figures of merit of thermoelectric materials [9]
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2.2 Small Modular Reactors

The target power plants is the Small Modular Reactors (SMRs). They are a new generation of
nuclear reactor that are more flexible, standardized, and safer. The SMRs, which are built in mod-

ular at factories, are able to be shipped by truck, train, or barge.

There are more than 12 advanced SMRs currently being developed and could be implemented
before 2020 [1]. Major differences between SMRs and conventional nuclear reactors are that
SMRs have higher degree of innovation features and also are able to meet specific requirement of
power and space available of target market. As a result, SMRs are especially suitable for remote
and isolated areas where large generation capacity nuclear reactors are not needed and replacement
for the old and decommissioned fossil fuel plants. Factors that make SMRs competitive are listed

as follows [10],

Modularity: Major components of SMRs are able to be fabricated in factories and shipped to
target locations while conventional nuclear reactors required field works. This reduces the onsite

preparation and construction time, and hence lower capital investment costs.

Siting Flexibility: SMRs can provide power for areas where large plants are not needed. SMRs
are especially suitable for remote and isolated areas where large generation capacity are not needed

and replacement for the old and decommissioned fossil fuel plants.

Nonproliferation: One of the major concerns for selling nuclear power plant to foreign countries
is that there is a potential of the development of nuclear weapons. SMRs provide safety and non-
proliferation nuclear energy resource to other countries. This approach could help to minimize the
transportation and handling of nuclear material. These SMRs are sealed and transported to sites,

and then returned to the factory for defueling.

International Market: The United State can also profit from the great interests from selling

SMRs to countries which don’t have the technology to build their own nuclear power plants.

Advanced features for safety concerns: Many advanced technologies have been applied on
SMRs including (1) inherent safety features (e.g. generators located relative higher than core to

6



enhance natural circulation flow), (2) multiple-reactor shutdown system (e.g. control rod insertion
driven by electric motor, gravity, and springs), (3) reactor vessel passive cooling system (e.g. re-

dundant and diverse active and passive core cooling systems).

Safety is the major concern for SMRs. SMR manufacturers are still seeking for more safety fea-
tures. The TEG-based sensor is a very promising feature that reinforces the safety of SMRs. All

designs in this thesis are made to accommodate SMRs.

2.3 Environmental Conditions

The environment under a normal condition in SMRs has a slightly higher ambient temperature and
radiation dosage compared to common indoor environments. The ambient temperature near steam
pipe is around 35 °C in summer and 20 °C in winter. During an off-normal condition, on the other

hand, there are mainly four scenarios might happen:

(1) Water: The installation location might be invaded by water because of leakage of pipes and
fire sprinkler system, or even flooding caused by tsunami. Moreover, many advanced SMRs are
built underground in order to utilize gravity for passive cooling system, which means a complete
immersion might also happen. Therefore, a waterproof enclosure design is needed in this project.

(2) High temperature: Explosion of generators or core damage will increase the ambient tempera-
ture which could disable or even melt the device. In a core meltdown scenario, reactor temperature
could be increased from 600 K to 1100 K within 2.5 hours [4].

(3) Shock: Shock caused by explosion or earthquake could physically damage the device. As a

result, a firm protection layer made by hard metal is included in the enclosure.

(4) Radiation exposure: The leakage of alpha, beta, gamma and neutron radiation caused by reactor
shell damage could damage the circuit board [11]. Therefore, an extra shield for blocking radiation
is required in this project. Different electronic components can handle varying degrees of radiation

exposure, as shown in Table 2-1.



Table 2-1 Threshold of radiation for different electronic components [12]

Also, different locations and operating conditions result in different radiation levels (Table 2-2)

Component type | Damage threshold (Gy)
Resistors 102 — 108
Capacitors 10?2 — 108
Inductors 10 — 106
IC 102 — 104
Voltage regulator | 10® — 10°

Table 2-2 Radiation level at different locations in nuclear plants [13]

Location State of reactor | Gamma dose rate (Gy/h) | Neutron dose rate (Gy/h)
On load 107 107
Inside the core
Shut-down 10* 10!
On load 102 10
Outside the radial shield
Shut-down 103 Negligible
On load 10 1
Above the pressure dome
Shut-down 5-10°% Negligible
Coolant loop On load 5-10*1 Negligible

Although radiation generally causes negative effects on electronic circuits, it is not undesirable for

TEGs. The Seebeck coefficient is actually improved after radiation exposure [14].




2.4 Sensing Requirements

The primary coolant loop is one crucial location that must be examined by reliable sensors, in other
words, it is an ideal location to install this TEG powered sensing system. Important parameters
such as (1) temperature of the coolant entering the reactor, (2) temperature of the coolant leaving
the reactor, (3) temperature of the coolant at other positions in the reactor, (4) flow rate of coolant
into and out of the reactor, (5) flow rate of coolant in various coolant channels in the reactor, (6)
the radioactivity of the coolant after leaving reactor. As a result, temperature sensors, flowmeters,

and nuclear radiation sensors are three basic requirements [15]:

1. Thermocouples are the most reliable and broadly used temperature sensors. They are de-
vices that generates a voltage which is proportional to the temperature difference between
hot and cold junctions.

2. Flowmeters are considered to consist of a primary element, which contacts the flowing
fluid, and a secondary element, which indicates information. In a differential-pressure
type flowmeter, the primary element is an obstruction placed in the pipe to create a pres-
sure drop such as Venturi Tube. The secondary element is a device to measure this pres-
sure drop and convert it to rate of flow.

3. lonization chambers are the most common radiation sensors in nuclear power reactors.
lonization chambers measure the electric charge of ions and electrons that result from the
interaction of incident radiation and secondary radiation. The quantity of collected charge

is a measure of radiation.

3 Requirements Survey

3.1 Reactors Types and Formats

Nuclear fission reactors can be classified into four types by their coolant and moderator materials.
These types of nuclear reactors have been used in producing commercial electricity around the
world [16].



(1) Gas cooled and graphite moderated: Early stage of nuclear reactor type that are graphite
moderated and gas cooled. Magnox reactors, which were all decommissioned, are named
after the magnesium alloy used to encase the uranium fuel. This type of reactors is cooled
by carbon dioxide gas which then provide the heat for converting water to steam in s steam
generator. Typical reactor temperature and pressure for this type are 360 °C and 300 Psia.

(2) Heavy water cooled and moderated: CANDU is the only commercial reactor that uses
heavy water as moderator. Heavy water is pressurized to prevent boiling and then pumps
to a steam generator to converting light water to steam. This type of reactors allows the use
of natural uranium. But the high cost of heavy water is a tradeoff against the reduced fuel
Costs.

(3) Light water cooled and moderated: The most common type of reactors that uses highly
enriched U235 as fuel. Pressurized water reactors (Figure 3-1) and boiling water reactors
are the two general types of light water cooled and moderated reactors. In pressurized water
reactors, the primary coolant is pumped under high pressure to the reactor in order to pre-
vent water from boiling, while BWRs allow water within reactor to boil and directly gen-

erate steam for power generator.

Steam line
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Control rods Pressuriser WY | | steam
| | generator

.| Concrete
shield

-
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elements
A=k
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4
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Figure 3-1 Pressurized water reactors [16]

(4) Light water cooled and graphite moderated: Similar to light water cooled and moder-
ated reactors except using graphite as moderator. Many of this type have been constructed
in USSR. There are 11 this type of reactors operating in Russia in the year of 2013.
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3.2 Temperature Estimates

Among these types of reactors, the light water cooled and moderated reactor is the most common
type for SMRs because it is relatively cheap, simple, and safe. Other new designed reactors using
different materials as coolants, e.g. liquid metal, gas and molten salt, are also being developed for
higher temperature operation. As presented in Table 3-1, temperatures of SMRs range from 150
°Cto 750 °C.

Table 3-1 Temperature estimates at different SMRs [17]

KLT-40S NuScale 4S mPower SMART
Thermal/Electric
150/35 160/48 30/10 400/125 330/100
Output (MW)
Core inlet/outlet
nozzle tempera- 280/316 248/289 310/355 297/321 295.7/323

ture (°C)

Steam generator

inlet/outlet tem- 170/290 Not specified 210/453 163/300 200/298
perature (°C)

Specifically, Figure 3-2 shows local temperatures at different locations in the 4S. As one can see,
the temperature of coolant in the primary loop is 355 °C before it flows into reactor core. After
absorbing the energy from nuclear fission, the temperature of coolant can be as high as 510 °C.
The coolant in the secondary loop is heated up from 310 °C to 485 °C by gaining energy from heat
exchanger. And the coolant (485 °C) carries the heat to the steam generator which heats up the

coolant in the steam water loop from 210°C to 453°C.
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Figure 3-2 Local temperature at different locations in 4S [16]

3.3 Down-Selection of Target Installation Sites

At the very stage of the project, several potential candidates are chosen such as reactor core vessels,
steam generators, housings of pumps, heat exchangers, and steam pipe housings in primary loop
and secondary loop. To narrow down target installation locations, four primary criteria are used to
determine the ideal location.

(1) Accessibility and safety concerns: Reactor core vessels and heat exchangers inside reactors
are almost impossible to access. Also, the radiation level is so high that could damage the
device.

(2) Temperature: Temperatures of target locations must be close to TEGs working temperature.
As mentioned in section 3.2, the maximum temperature inside SMRs is up to 750 °C. A
commercial TEG module, however, usually has a maximum working temperature of
300 °C. Extra works such as designing a high thermal resistance coupler or using non-

commercialized TEGs will be needed to accommodate this temperature mismatch.
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(3) Space: Target locations should have enough space for installing the heat sink and the elec-
tronics package. Locations such as reactor core vessels and the heat exchanger inside reac-
tors would have very limited space.

(4) Shape and surface roughness: A round shape is desirable for mounting and a flat and
smooth plane has a less thermal contact resistance. Housings of pumps usually have fins

on them which make this location undesirable.

As a result, reactor core vessels, the heat exchanger inside reactors, and housings of pumps are

out of question. Steam pipes in primary loop and secondary loop become ideal locations because

e Round surface which is easy to mount
e Made by steel which can be polished
e Low dose of radiation

e Able to access during annual maintenance

3.4 Environment Protection

The environment protection design is crucial in this project. The device is expected to survive in
any possible scenarios including water, high temperature, shock, and radiation exposure, which
are considered to be harmful for the circuit board and TEGs. Therefore, a multilayer enclosure for
protecting the circuit board and TEGs from damaging by scenarios mentioned above is introduced.
The idea is basically derived from aviation “black box™ [18]. Layers of the enclosure for each

scenario are stated below.

(1) Waterproof layer: Even a small drop of water can damage of TEGs and other electronic
devices. Hence a waterproof layer which provide complete sealed environment is very im-
portant. A complete sealed stainless steel/titanium layer can act as a perfect water insulated
wall.

(2) Thermal insulation layer: As mentioned in section 2.3, temperature in reactors can reaches
1100 K. As a result, a thick layer made by dry silica which provides high-temperature
insulation is needed. This makes the device inside the enclosure possible to tolerate fire at
1,100 °C for one hour.

13



(3) Shock resistant layer: Shock or collision caused by earthquake or explosion can be resisted
by the stainless steel/titanium layer.

(4) Radiation shielding layer: Multiple inner layers will be used for preventing the device from
damaging by radiation. High-temperature polymers including Polysulfone (PSU) / Poly-
ethersulfone (PES) / Polyphenylsulfone (PPSU) capable of blocking alpha and beta radia-

tion. And a lead sheet can be used to block gamma radiation.

The multilayer protection enclosure is shown as Figure 3-3,

System circuits

teel/titanium armour

Lead layer Dry silica insulation

Polymer layet

Figure 3-3 Protection enclosure design [12]

4 Thermal Analysis and Design

4.1 TEG Requirements and Performance

The required performance of TEGs is based on the power requirement of entire electrical
components. The device is designed to be able to switch between normal-operation mode and sleep
mode for saving power. The extra power generated from sleep mode is stored in rechargeable
batteries or super capacitors for actuation such as opening a valve.

14



There are mainly five key components in the device, i.e. DC/DC converter, microcontroller, wire-

less transceiver, conditioning chip, and other electronics. The estimated power requirements for

these five components are shown in Table 4-1.

Table 4-1 Estimated power requirement of each electronic component

Estimated Power Requirement

Component Sleep Mode (W) Normal-Operation Mode (W)
DC/DC Converter <0.01 0.01-0.10
Microcontroller <0.01 0.05-0.15
Wireless Transceiver <0.10 0.10-0.50
Conditioning Chip <0.01 0.01-0.10
Other Electronics <0.01 0.01-0.15
Total <0.14 0.18-1.00

As one can see, the total power requirement under normal operation mode is less than 1 W, which

wireless transceiver consumes 50% of the total power. Sleep mode, on the other hand, only re-

quires less than 0.14 W. Based on this estimated power requirement, the equivalent capacity of the

power storage system should be more than 720Wh to ensure that the whole system can survive

longer than one month when no heat is available.

4.1.1 Matching with Available Products

Based on the surveys of temperature estimates at target locations and TEG performance and re-

quirement, a final decision of TEG product was made. Four available commercial TEGs, which

are close to our demand, are listed in Table 4-2 along with their sizes, working temperatures, and

performances.
Table 4-2 Specifications of commercial TEGs [19] [20] [21] [22]
Company Hi-Z Technology TECTEG Marlow Industries The?r%sgglr:ctric
Production Hi-Z14 | Hi-Z 2 125610' 126;" TG12-8-01L 1261G-7L31-05CQ
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Size (cm) 6.27x6.27 | 2.9x2.9 | 4.0x4.0 | 3.0x3.0 4.0x45 4.0x4.0
Cold Side Temp (°C) 30 30 30 30 50 30
Hot Side Temp (°C) 230 230 | 300 | 300 230 300
Open C"(C\‘j;t Voltage 35 6.5 78 | 107 9.4 N/A
Match L‘(’@‘; Voltage 17 33 | 39 5.3 5.3 3.63
Power (Watts) 14 25 5.1 5.2 8.0 7.15

In general, all these four TEG products match the demand. However, Hi-Z 14 and 1261G-7L31-

05CQ have relative low voltages. Hi-Z 2 from Hi-Z Technology and 1263-4.3 from TECTEG have

been selected in this project.

4.2 Thermal Analysis — Analytical

In previous chapters, we identified temperature of steam and ambient, therefore, thermal analysis
and design can be deployed. Before simulating the design by CAE software, we had a basic anal-

ysis based on the thermal resistance network. The general format of thermal resistance is defined

as Equation 5. Equation 6, Equation 7, and Equation 8 are thermal resistance for conduction, con-

vection, and conduction in cylinder wall, respectively [23].

o AT
Q

X
Rionduction = k_A

R onvection = hA

Rcylinder =
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The thermal resistance network is particular useful at the first step of thermal design. It helps de-
signers roughly estimate the temperature at each location, and thus, perceiving the basic idea of
the size of each component. Figure 4-1 is the thermal resistance of the entire system. The adaptor
is constructed from three parts including the coupler, the connecting rod, and the heat conducting
plate (Figure 4-2). The connecting rod is assembled by the sleeve and the rod (Figure 4-3). Four

thin slots on the sleeve are for adjusting the total length of connecting rod.

320 - AAAOAAA-0AAAO-AAAr0AAA0 50 °C

Superheated Pipe Adaptor TEGs Heat
Water Wall Sink

Figure 4-1 Thermal resistance of the entire system

Superheated Water

TEGs

Heat sink

Steam Pipe Wall Adaptor

Figure 4-2 Entire thermal design
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Figure 4-3 Adaptor design

The 4000kPa and 320°C superheated water flows inside the 12 in. nominal size schedule 80 pipe
made by AISI 1018 (mild steel). The aluminum 6061 is also decided to be used as the material of
adaptor before analysis because of its good machinability and low unit price. Four HZ-2 from Hi-
Z Technology are sandwiched between the heat conducting plate and the heat sink. Ambient tem-

perature is assumed to be 30°C.

Procedures of this analysis including (1) identify the goal temperature difference of TEGs, (2) total
thermal resistance of the entire network, (3) determine an ideal heat sink, and (4) design the adap-

tor.
All information required to calculate thermal resistance are listed as follows,

e TEG (HZ-2)
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Thermal conductivity: 2.4 W/m-K
Thickness: 0.51 cm

Thermal contact area: 8.65 cm?
Required temperature difference: 100 °C

e Adaptor (Aluminum 6061)
Thermal conductivity: 173 W/m-K

Thickness: To be determined
Thermal contact Area: To be determined

e 12in. nominal size schedule 80 pipe (AISI 1018)
Thermal conductivity: 52 W/m-K

Outer diameter: 12.75”
Inner diameter: 11.38”
Thermal contact Area: To be determined

e Superheated water

Temperature: 320 °C

Pressure: 4000kPa

Kinematic viscosity: 2.67 x107 kg/m-s
Mass flow rate: 7.65 kg/s

Prandtl number: 0.986

Thermal conductivity: 0.0422 W/m-K
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The superheated water inside the steam pipe has a Reynolds number of 1.46 x 10° which is greater

than 10° which indicates it is a turbulent flow. The entry length is can be defined as
L,=10D ©

, Which is much shorter than the total length of this pipe. Hence, we can assume fully developed
turbulent flow. The Nusselt number can be determined by Equation 10 [24] [25] [26].

Nu = 0. 023Re°'8Pr% (10)
4m 11
Re= 1 (11)
, Where m is mass flow rate, v is kinematic viscosity, and D is the diameter of the tube.
Then the heat transfer coefficient can be obtained by
(12)

h—kN

4.3 Thermal Analysis — CAE
4.3.1 Geometry Simulation with SolidWorks

The Computer Aided Design (CAD) helps engineers verify the feasibility of the design and provide
an easier way to collaborate with machinists. The Computational Fluid Dynamics (CFD) software
and other computer simulation software are also compatible with CAD drawing software such as
SolidWorks and AutoCAD. Dimensions of mechanical drawings in this project are based on the
result acquired from the analytical analysis. Figure 4-4 presents the three dimensional drawing
including steam pipe, adaptor, TEGs, and heat sink. Each part has to be built separately in Solid-
Works for being considered as an individual part with different materials while performing a sim-

ulation in a CFD software.
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Adaptor

Heat Sink

Figure 4-4 Three dimensional drawing

4.3.2 Analysis with COMSOL

After having the basic idea of heat conduction problem by thermal resistance network, we imple-
mented a computational analysis by using a Computer-Aided Engineering (CAE) software, COM-
SOL. This can provide an accurate result for verifying the analytical results and understanding
detailed information about temperature distribution along the entire design. The procedures of this

simulation are listed as follows,

e Import the geometry drew from SolidWorks.
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e Define the materials.
e |dentify and define boundary conditions.
e Create mesh

e Compute and analysis result

Material properties are usually provided by CAE software but properties for some specific mate-
rials, i.e. thermal electric materials, have to be defined manually. In this work, one Hi-Z 2 is con-
sidered as a single solid block with thermal conductivity of 2.4 W/m-K, which is claimed by Hi-Z
technology.

The Computer-Aided Engineering is usually performed by computer clusters since massive com-
putational power is required. However, a very close result can also be obtained by simplifying the
problem. For the heat convection problem of superheated water in this project, the heat transfer
coefficient is obtained by the analytical method. TEGs are also assumed to be single solid block
instead of simulating each thermal electric material as shown in section 2.1. As for heat sink by
means of external natural convection, it can be solved by empirical correlation equations instead

of solving the real convection problem, which is coupled with fluid dynamics.

4.3.3 Heat Sink Design

The heat sink design is the catch in this analysis. A force convective heat sink is out of question
because an extra fan consumes more electricity and makes our device less reliable. Natural con-
vection heat sink becomes the only option. At the very beginning of this project, a customized heat
sink for fully satisfying our demand (size-wised and performance-wised) is designed. We had per-
formed several analyses based on both empirical correlation equations and the CAE method. A
typical vertical heat sink configuration is shown in Figure 4-5. t and S refer to the fin thickness and

spacing, respectively, while L and H refer to the heat sink length and fin height, respectively.
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Figure 4-5 Vertical heat sink configuration

The optimum fin spacing for a fixed length (L) vertical natural convection heat sink determined

by Bar-Cohen and Rohsenow [27] is

_ (13)
Sopt = 2. T4 1
9B(Ts — To)y>Pr (14)
Ra, = 2
v

, Where g is coefficient of volume expansion and y is heat sink length (L). The heat transfer coef-

ficient (h) in this case is

15
hope = 1.307 (15)
Sopt
, Where k is heat transfer conductivity of air. The heat dissipation by heat sink (Q) is
Q= hoptA(Ts —Ty) (16)

, Where A is the surface area of heat sink, Tsis the heat sink surface temperature, and T is the
ambient temperature. In this correlation, fins are assumed to be isothermal. Therefore, we need to
apply fin efficiency equation for more precise result. The fin efficiency (n) for straight rectangular
fins is defined as [28]
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- tanh(mlL,) 17)

mlL,
, Where
|2 h (18)
m= ke
t
Le=L+ (19)
2
The thermal resistance for heat sink under the non-isothermal condition thus becomes
nQ (20)

By the analysis above, we can determine the ideal heat sink design for the optimum performance.

The performance of this heat sink is also verified by CAE analysis.

However, we chose to buy a commercial product which is close to our requirement eventually
because it is time consuming and expensive to machining a customized heat sink. To validate the
performance that heat sink manufacturer claims, we also performed both analytical and CAE anal-

yses.

For analyzing the commercial heat sink analytically, we applied the correlation for natural con-
vection on vertical wall (Equation 21) [29], hot surface facing upward (Equation 22) [30], and hot

surface facing downward (Equation 23) [31].

Nut = 0,825 4 0.387Ra'/® ) (21)
u=1{0. [+ (0,492, Pr)°/16]5727)
Nu; = 0.54Rq,**® (22)
Nu; = 0.27Ra,*%° (23)
ra, = 9B~ T.o)L; Pr (24)
L= 2
%
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L,=A/P (25)
, Where A is area and P is perimeter.

We also applied the fin efficiency equation (Equation 17) mentioned above since this correlation

is also in isothermal condition.

A CAE simulation was also made to compare with the analytical result for customized heat sink.
The boundary condition and material properties are listed below,

Fin base temperature: 80 °C

Ambient temperature: 30 °C

Ambient pressure: 1 atm

Thermal conductivity of heat sink: 173 W/m-K
Thermal conductivity of air at 30 °C: 0.02588 W/m-K
Kinematic viscosity of air at 30 °C: 1.608x10° m?/s
Prandtl number of air at 30 °C: 0.7282

Emissivity of heat sink surface: 0.77

5 Experimental Validation

5.1 TEG Testing

Experiments for TEG testing had been made for confirming the performance claimed by manufac-
turer. As shown in Figure 5-1, the test stand consisted of four cartridge heaters implanted in the
copper block. Four cartridge heaters which provide 800 W of heat were connected to a temperature
controller (Figure 5-1) with a thermocouple for feedback.

25



Figure 5-1 Temperature controller

On the top of the test stand, water cooling blocks were mounted for removing heat which has a

thermal resistance of 0.011 ‘C/W. TEGs were sandwiched between water blocks and copper block.

Hi-Z 2 from Hi-Z Technology and 1263-4.3 from TECTEG were selected in this test.

As shown in Figure 5-2, a high-temperature insulation material with a thermal conductivity of 0.79
W/(m-K) covering the copper block was included for minimizing the heat loss. Between the insu-
lation and copper block was an air gap that also reduces conductive losses. The copper block was
supported by four poor thermal conducting ceramic rods. A steel foil was covered on the inner

wall of insulation layer for reducing heat loss by radiation.
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Figure 5-2 Test stand configuration (1) Water block, (2) TEGs, (3) Copper Block, (4) High tem-
perature insulation layer, (5) Cartridge heater, (6) Air gap, (7) Ceramic rod [10]

5.2 Laboratory-based Testing

A laboratory-based test had been made for simulating the result of field installation. The adaptor,
Hi-Z 2, and heat sink were installed on a section of 12 in. nominal size schedule 40 pipe provided
by Calpine Power Plant at Stony Brook University. A schedule 40 pipe has a slightly larger inner
diameter than the schedule 80 pipe, but the result would be similar since both of them have a
negligible thermal resistance. The heat source was two curve face ceramic radiant heaters (Figure
5-3) which can provide 1300 W of heat. Figure 5-4 illustrates the ceramic radiant heaters installing

inside a schedule 40 12 in. pipe.

Figure 5-3 Ceramic radiant heaters [32]
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Ceramic radiant heaters

Schedule 40 12" pipe

Figure 5-4 Ceramic radiant heaters inside the schedule 40 12 in. pipe

In order to make sure the material of the ceramic radiant heater can tolerate the temperature re-
quired to heat up the inner pipe wall, Equation 26 is applied to calculate the required temperature
of the ceramic radiant heater, where o is the StefanBoltzmann constant, T;, and T, are temperature
of heaters and inner pipe wall, A, and A,, are the surface area of heater and inner pipe wall, F;,
is the view factor of heater surface to pipe wall, and g, and ¢, are the emissivity of the heater

surface and inner pipe wall [31].

o(Ty* -1, (26)

(i) + () + G

Q=

The coarse surface of the schedule 40 pipe would create a large thermal contact resistance, there-
fore a graphite foil was placed between coupler and pipe in order to reduce the contacting gap due
to surface roughness. Thermal couplers were attached on the pipe wall, heat conducting plate, and
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heat sink for measuring pipe wall, TEG hot side, and TEG cold side temperatures. The left hand
side of Figure 5-5 shows the configuration without fiber glass insulation layer. As one can see, the
adaptor was clamped by two stainless steel Hose-clamp-style straps, and the sleeve of connecting
rod was tighten by a pipe clamp. The schedule 40 pipe was wrapped by a fiber glass insulation
layer and covered by a mineral wool insulation layer on the top in order to minimize the heat loss

from convection (right hand side of Figure 5-5).

Figure 5-5 Testing setup without insulation layer (left) and testing setup with insulation layer
(right)
Mounting of TEGs was very important in this experiment. Mounting without enough compression
force would reduce the power output. Excessive or inequality of compression force would damage
TEGs. TEG mounting method was based on the installation guide from Custom Thermoelectric
[33]. The screw positions for TEG mounting should be between 0.5 mm and 12.7 mm from the
sides of the TEG. A diagonal position is not allowed. Several examples of mounting configuration

for mounting 4 TEGs are shown in Figure 5-6.
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Figure 5-6 Examples of mounting configuration [33]

5.3 Field-based Testing

This test was made to verify the function of wireless network and sensing system. The location
was at Calpine Power Plant at Stony Brook University since it is impossible to access SMRs in

current stage.

As mentioned in 4.2, the selected steam pipe is 12 in. nominal size schedule 80 pipe which has an
inner diameter 11.38 in. of and outer diameter of 12.75 in.. The steam was around 300 °C and

4000kPa with a mass flow rate of 7.56 kg/s in winter (change during seasons).

The power plant was shut down for annual maintenance, therefore the pipe wall temperature was
low enough for installation. The 2 in. insulation layer was also temporary took off for the conven-
ience of installation. Four Hi-Z 2 were used in this test. The adaptor designed in section 4 including
a 0.5 in. thick coupler with an arc angle of 105°, a 5 in. long connecting rod with a diameter of 1.5
in., and a 5 in. by 5 in. heat conducting plate with a thickness of 0.5 in.. Hose-clamp-style straps
were used for attaching the design on steam pipe wall. Finally, the heat sink by HS Martson with
thermal resistance of 0.28 was used as the cooling solution. Two thermal couples are attached on

pipe wall and hot side of TEG. Figure 5-7 shows the entire design installed on the steam pipe.

30



Adaptor
\ ¥

L]

T - N

Heat sink Thermal Couplers Straps

Figure 5-7 Entire design installed on the steam pipe

6 Results and Discussion

6.1 Nuclear Plant Operating Estimates

The selected installation sites are steam pipe housings in primary or secondary loop. The temper-

ature of these locations ranges from 300 °C to 500 °C depends on the reactor type and location.
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The ambient temperature near steam pipes is generally 35 °C in summer and 20 °C in winter.
Gamma radiation, as mentioned in 2.3, is around 5x102 Gy/h in the coolant loop, while nuetron

radiation is negligible.

These environmental conditions are identical to conditions in the field-based test except radiation
involved. As one can see in Figure 6-1, heat is conducted by the adaptor which was designed for
conducting adequate amount of heat to TEGs. The adaptor is attached on steam pipe by using pipe
straps. Different natural convection heat sinks will be used under different boundary conditions.
The electronics package with a wireless transceiver, power storage system, power management,
and environmental protection enclosure will be attached on the heat sink. Several sensors such

thermal couple, flowmeters, and radiation sensors are applied.
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Figure 6-1 Cross section of prototype in nuclear power plants [34]

6.2 Thermal Analysis Results and Final Thermal Design

Knowing that the ideal temperature difference between TEGs is 100 °C, a 163.4 W of heat will be
needed to apply on TEGs (obtained by Equation 5). Furthermore, total thermal resistance of the
entire deign should not be more than 1.78 K/W otherwise temperature difference between TEGs
will be lower than 100 °C because the temperature difference of the entire system is 290 °C.
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In this design, the thermal contact area of coupler and heat conducting plate are relatively large in
order to have better conducting efficiency. As a result, the thermal resistance of these two parts
are expected to be negligible. Take coupler for example. Thermal resistances in different sizes are

all so small that can be neglected (Table 6-1).

Table 6-1 Thermal resistances of couplers in different sizes

Thickness (in.) Length (in.) Arc angle (degree) Thermal resistance (K/W)
05 6 60 1.4x10°%
0.5 8 105 6x10*
0.75 6 60 2x10°®
0.75 8 105 8.9x10*

Then, geometries were simply decided by the difficulty of machining and available size of raw

material. The selected dimensions of coupler and heat conducting plate are shown below (Figure

6-2).
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5 D &
> MEIN
/L.SO" _____________ _ ________ ‘b {4

£.00"

Figure 6-2 Dimensions of coupler and heat conducting plate
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The heat transfer coefficient for superheated water determined by Equation 10 and Equation 12 is
254 W/m?K. Therefore, the thermal resistance of superheated water is also very small since the
large surface area and high heat transfer coefficient. Thermal resistances of pipe wall, coupler, and
heat conducting plate are 1x103, 6x10#, and 4.5x102 K/W, respectively.

The connecting rod effects total thermal resistance the most because of its comparatively long
length and small contact area. Its length is also fixed at 5 in. because of the thickness insulation
layer of steam pipe. As a result, diameter became the only variable to adjust the total thermal
resistance. Notice that thermal resistance of the heat sink thus should be lower than 0.306 K/W to
maintain temperature of heat sink below 80°C (discuss in section 6.2.1). The 1.5 in. and 1.375
diameter rod are available raw metal sizes that make total thermal resistance of entire design close
to 1.78 K/W. Thermal resistances of connecting rod with different diameters are shown in Table
6-2. The 1.5 in. rod are selected instead of 1.3745 in. rod, even though 1.5 in. one is closer to our
requirement. The reason is that the real total thermal resistance would be higher than 1.78 K/W
because this analysis didn’t take thermal contact resistances between contacting surfaces into ac-

count.

Table 6-2 Thermal resistance of connecting rod and entire design with different rod diameters

Diameter (in.) Thermal resistance of connecting rod (K/W) Total thermal resistance (K/W)
1.375 0.77 1.79
15 0.65 1.67

6.2.1 Heat Sink Design

The goal of this heat sink design is to dissipate 163.4 W of heat and ensure temperature on heat
sink is below 80 °C since electronic devices and wires might be attached on it in the field-based
test. The thermal resistance of the heat sink thus should be lower than 0.306 K/W. By applying
empirical equations, we can find the configuration for optimum performance. In this work, it was
assumed that the available space for installing a heat sink is 0.15m x 0.15 m x 0.28 m. As a result,

the fin based area is fixed at 0.15 m x 0.15 m, while fin height (H) ranges from 0.2 m to 0.28 m
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and fin thickness (t) ranges from 2 mm to 6 mm. The optimum fin spacing is already determined
by Equation 13. The result of heat dissipation and thermal resistance by using empirical correlation
equation are shown in Figure 6-3 and Figure 6-4, respectively. The red dash lines in these figures

indicate required performance.
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Figure 6-3 Heat dissipation varies with fin height under different fin thickness
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Figure 6-5 Fin efficiency varies with fin height under different fin thickness
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As we can see heat sink with fin thickness 2 mm, 3 mm, 4 mm, 5 mm, 6 mm can satisfy the
requirement after fin height higher than 0.18 m, 0.185 m, 0.2 m, 0.22 m, and 0.24 m, approximately.
To determine the best heat sink configuration, the fin efficiency is also a very important factor. A
smaller heat sink with higher fin efficiency might be comparable to a larger heat sink with low fin
efficiency. As shown in Figure 6-5, thicker and shorter fins leads to higher fin efficiency. The heat
sink with 6 mm fin thickness and 0.24 m fin height, which has a thermal resistance of 0.302 K/W
and is able to dissipate 165.5W of heat, can satisfy our requirement and also has a high fin effi-

ciency (86%) is an ideal heat sink configuration.

The result of CAE simulation made for confirming the analytical analysis is shown below.
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Figure 6-6 Temperature distribution on customized heat sink

Figure 6-6 shows the temperature distribution on this customized heat sink. According to the re-

sult, this heat sink can dissipate 170.65 W. By the definition of thermal resistance (Equation 5),
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the thermal resistance of this customized heat sink is 0.293 K/W, which is better than the analyti-
cal result. The reason is that the analytical result only takes convection on vertical walls into ac-
count since it is based on correlation equation for vertical walls only, while CAE analysis con-

sider convection on both vertical and horizontal walls.

Unfortunately, making a customized heat sink is time consuming and expensive in current situa-
tion. We decided to buy a commercial product which also matches the requirement. Figure 6-7 is
the technical data sheet provided by HS Martson. According to this data sheet, this heat sink has
a thermal resistance of 0.29 K/W when the length reaches 250 mm. The one we bought is 300
mm long with a thermal resistance of 0.28 K/W. However, HS Martson 96CN-03000-A-200 has
a relatively large base area and shorter fin height. A customized heat sink will allow for more de-

sign flexibility based on space available at different target locations.
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Figure 6-7 Technical data sheet of HS Martson 96CN-03000-A-200 [22]
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The result of CAE simulation made for verifying the performance claimed by the manufacturer is

shown as Figure 6-8.
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Figure 6-8 Temperature distribution on HS Martson 96CN-03000-A-200

This result is based on constant temperature boundary condition. The heat dissipated by convec-
tion on vertical walls, convection on horizontal walls, and radiation effect are 127.9 W, 7.05 W,
39.5 W, respectively. The thermal resistance of this heat sink is 0.287 which is very close to the

performance they claims.

6.2.2 Thermal Design

Finally, the entire system including steam pipe, coupler, connecting rod, heat conducting plate,
TEGs, and heat sink was simulated. Figure 6-9 is the temperature distribution of the entire sys-

tem. The average temperature at different locations are shown in Table 6-3.
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Figure 6-9 Temperature distribution of entire system

Table 6-3 Temperature at different locations of entire design (simulation based result)

Locations Surface Temperature (°C)
Pipe Wall 319
Coupler 312.2
Heat Conducting Plate (bottom) 188
Heat Conducting Plate (top) 186.3
Heat Sink (bottom side) 77.1
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As one can see in Figure 6-10, the temperature on the hot side and the cold side of TEG are
189.57 °C and 83.15 °C. Therefore a 106.42 °C of TEGs temperature difference is expected to be
seen in this design which is very close to 100 °C.
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Figure 6-10 Temperature drop on TEGS

6.2.3 Thermal Expansion

Thermal expansion is the tendency of matter to increase or decrease in volume in response to
temperature change. The expansion of pipe wall and coupler will affect the thermal contact re-
sistance. A gap will appear in the mid of coupler if the pipe wall expands more than coupler. In
contrast, contact area will only appear in the mid of coupler if the pipe wall expands more than
coupler. Either these two scenarios will increase the thermal contact resistance significantly.

The Aluminum 6061 made coupler has a thermal expansion coefficient of 23.5 m/m K.

The steam pipe is made by AISI 1018 which has a thermal expansion coefficient of 12.06 m/m K.
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Figure 6-11 shows coupler after thermal expansion with a scale factor of 10 while color bar indi-
cates the displacement in Y direction (in inches).. Figure 6-12 shows steam pipe after thermal
expansion with a scale factor of 10 while color bar indicates the displacement in X direction (in
inches). Figure 6-13 shows the gap when two parts are attached without extra force applied.
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Figure 6-11 Thermal expansion of coupler in Y direction
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Figure 6-12 Thermal expansion of steam pipe in X direction

Figure 6-13 Gap between coupler and steam pipe after thermal expansion
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This result indicates the maximum gap between parts is 0.04 in. which can be filled by graphite
foil. Also, the mechanical attachment (will be introduced in the next section) can apply enough

force for bending the coupler and thus minimize the gap.

6.3 TEG Testing Results

The first test (Figure 6-14) tested the Hi-Z 2 which is claimed can produce 2.5 Watts and 3.3 Volts
at matched load when there is a 200°C temperature difference. The hot side temperature was fixed
at 230 "C by a temperature controller. The cold side temperature, however, was not as stable as hot
side ranged from 43.5 °C to 54.9 °C. The Hi-Z 2 available at that time was a downgraded version
which only generates 80% of power claimed in the data sheet. Therefore, the Wigea in Table 6-4
are calculated as 80% of Hi-Z 2 theoretical power output. The best result of power generation is
78% of the ideal power output. An inappropriate compression method which causes the inequality

of torque applied on two screws could lead to the damage of TEG or poor thermal contact.

Table 6-4 Result of the first test

Th (°C) Tc(°C) Vmax Winax Wideal | Wnax/ W ideal
230 43.5 2.35 15 2.248 0.67
TEG 1
230 54.2 231 14 1.786 0.78
230 54.9 2.39 1.319 1.96 0.67
TEG 2
230 50.2 2.25 1.321 2.08 0.64
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Figure 6-14 Setup of the first test

In the second test (Figure 6-15), Hi-Z 2 was replaced by the 1263-4.3 from TECTEG. A modified
compression method was also applied. A torque wrench is used for optimizing compression force
(minimum 7.5in-1bs per screw). Two 1263-4.3 from TECTEG were tested independently in this
test. The hot side temperature in this test is fixed at 250 °C. As shown in Figure 6-16, the ideal
open circuit voltage and matched load power when hot side and cold side are 250 °C and 50 °C
are approximately 7.8 V and 3 W. Referring to Table 6-5, the result of TEG 2 is very close to the
data sheet (85%).
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Figure 6-15 Setup of the second test
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Figure 6-16 Technical data sheet of 1263-4.3 from TECTEG [20]

Table 6-5 Results of the second test

Th (°C)

Tc(°C)

Vmax

Wmax

*
W @ Te=50 °c

Wmax/ W*@ Tc=50 °C

46




TEG 1 250

42.4

7.2

1.915

0.64

TEG 2 250

42.4

7.83

2.438

0.85

6.4 Lab-based Testing Results

To provide 163.4 W of heat to the adaptor and maintain the temperature of the pipe wall at 250 “C,
the temperature of the ceramic radiant heats will need to heat up to 492 °C, while the ceramic heater
allows temperatures of over 1600 °C and its aluminized steel shell can maintain strength at tem-
peratures up to 677 °C. By the time of this experiment, the1263-4.3 from TECTEG was not avail-

able, therefore, Hi-Z 2 was used in this experiment. Four Hi-Z 2 can provide enough power to
satisfy the power requirement for electronic devices. A better mounting method was applied based
on the installation guide from Custom Thermoelectric. A comparison between actual testing result
and estimated result is shown in Table 6-5. Temperature at pipe wall was fixed by the temperature

controller at 250 °C, 260 °C, and 280°C.

Table 6-6 Lab-based testing results (four TEGs

Pipe wall temperature ('C) 250 260 280
Actual | Simulation | Actual | Simulation | Actual Simulation

Hot side temperature ('C) 110 136.6 114.4 141.7 137 152

Cold side temperature ('C) 48.4 64 50.8 66 55.2 69.6
Estimated open circuit voltage 1.48x80% 7.88x80% 10.04x80%

under actual condition (V) -6 -63 =803

Actual open circuit voltage 5.3 5.6 6.48

under actual condition (V)
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The TEGs used in this test were also a downgraded version that only provides 80% of the perfor-
mance claimed in the data sheet. As one can see, the actual open circuit voltage under actual con-
dition is around 90% of the performance claimed by manufacturer (Table 6-6). Figure 6-17 indi-

cates the temperature distribution under 250 °C of the pipe wall temperature, the actual temperature

dropped 22.8 % more from pipe wall to the hot side of TEGs (from 0 in. to 6 in.) than estimation.
This was affected by the heat loss from connecting rod surface and poor thermal contact between
sleeve and rod. Temperature dropped 14 % less between TEGs (from 6 in. to 6.5 in.) than estima-
tion. It was because less heat conducted to TEG because of heat loss from pipe wall to hot side

and screws conducted additional heat to heat sink thus reduced the temperature difference.
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Figure 6-17 Lab-based testing results

Therefore, several modifications were made to improve the performance:
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e An additional insulation layer for covering the connecting rod.
e Thermal grease applied on the contact surface between sleeve and rod.

e Adding Ceramic or other insulation washer to avoid heat conducted through screws.

6.5 Field-based Testing Results Campus Power Plant

A prototype of this TEG powered sensing system was tested in the Calpine Power Plant at Stony
Brook. The whole system at work is shown in Figure 6-18. The circuit board with a plastic enclo-
sure was attached on an electrical wire tube, and two thermocouples were connected to the circuit
board for temperature measurements in this test. The natural convection heat sink installed verti-
cally outside the insulation layer. The infrared picture (Figure 6-19) indicated the highest temper-
ature of the heat sink (cold side of TEGS) was about 57 °C. The temperature of the pipe wall was
about 300°C with a +10°C fluctuation and temperature at the TEG mounting plate (hot side of
TEGS) was about 140°C. Therefore the temperature difference of the TEGs was about 70°C -80°C.
These results were lower than simulation result because of lower steam (300 °C) and ambient

temperature (20 °C), and poor thermal contact surfaces.

Circuit board in a plastic box

Figure 6-18 Entire system at work
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Figure 6-19 Infrared picture on heat sink

The open circuit voltage from four TEGs was about 9.32 V and the matched load voltage
was 4.46 V while the circuit board was 3.37V. This result was 90% of the performance claimed

by Hi-Z. Figure 6-20 shows the maximum power output was 1.3 Watts at 16 Ohms.

1.4

1.2 A

1.0 A

0.8 A

Power(W)

0.6

0.4

0.2 A

0- O T T T T
0 100 200 300 400 500
Resistance(Ohms)

Figure 6-20 Power vs. Resistance

50



Figure 6.21 shows the hot side, pipe wall, circuit board temperature over 24 hours which

were acquired by thermocouples and transmitted to offsite laptop wirelessly.

= Pige Temperatie Hot Sde Temperatues ‘Board Tentgecanire

Figure 6-21 System temperature in 24 hours

7 Conclusions and Future Work

The loss of sensing ability in Nuclear power plant could cause an irreversible disaster. Therefore,
a sensing system can function independently through generating power by TEGs has a very prom-
ising future. From the results above, it was proved that the entire design is feasible and reliable to
work for a long time. The thermal design is very success which maintains the temperature at loca-

tions of interest in an ideal range.

The performances of selected TEGs were tested in a TEG test rig. The result indicated that a further
study of TEGs compression method and thermal contact resistance are necessary in order to get a

better TEGs performance. A laboratory-based testing was performed for proving the feasibility of
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this design. Finally, the design including adaptor, TEGs, heat sink, temperature sensors, and wire-
less transmitter were tested in the field-based test. This design can provide a continuous and reli-
able source for obtaining data. A wireless transmitter which has a transmission range of 100 m
was used for transmitting data to an on-site laptop, and the on-site laptop then uploaded the data

through internet.

A 2" generation device will be installed in the Stony Brook steam plant. The target location will
be attached to an 8 in. horizontal steam pipe, which is 115°C, making the heat pipe technology
feasible in this design. A radiation test for identifying the influence of radiation effects on elec-
tronic devices and TEGs is performing at this time. As for the features to endure harsh conditions,
the environment protection enclosure designed in section 3.4 was not included in the field-based
testing yet. Therefore, a detailed design, e.g. thickness of each layer, method of making a multiple-

layer enclosure, and heat transfer problem inside the enclosure, will be discussed in the future.
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