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46.1 Introduction

Thermoelectric refrigeration is a versatile technology that can be customized to meet the needsof
awide rangeof customers. Thisflexibility comesfrom the options availablein the design and aso
fabrication of the thermoel ectricmodule. Thefollowing chapter reviewsthe detailsinvolved in the
design and fabricationof thermoelectricrefrigeration modules.

46.2 General Theory d Operation

Thermoel ectricrefrigeration isachieved when adirect current is passed through one or more pairs
of n- and p-type semiconductor materials. Figure 1 is a diagram of a single pair consisting of
n- and p-typesemiconductor materials. In the cooling mode, direct current passesfrom the n- to
the p-typesemiconductor material. Thetemperature T, of theinterconnectingconductor decreases
and heat is absorbed from the environment. This heat absorption from the environment (cooling)
occurswhen electrons pass from alow energy leve in the p-type materia through the intercon-
necting conductor to a higher energy level in the n-type material. The absorbed heat is transferred
through the semiconductor materials by electron transport to the other side of the junction Ty
and liberated as the electronsreturn to alower energy leve in the p-type material. This phenom-
enon is called the Peltier effect.

A second phenomenon is aso important in thermoelectricrefrigeration. When a temperature
differentia is established between the hot and cold sides of the semiconductor material, a voltage
is generated. Thisvoltegeis cdled the Seebeck voltage, and it is directly proportional to the tem-
perature differential. The constant of proportionality is referred to as the Seebeck coefficient.

The Peltier effect is controlled by the Peltier coefficient, defined as the product of the Seebeck
coefficient of the semiconductor material and the absolute temperature. The Peltier coefficient
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relates to a cooling effect as current passesfrom the n-type material to the p-type material, and a
heating effect when current passesfrom the p-type material to an n-type material, as shown in
Figure 1. Reversingthe direction of the current reversesthe temperatureof the hot and cold sides.

Quer = 0TI — %(PR) — KAT (1)

whereQ = rate of hest absorbed at cold junction, in wetts, &= o, = o, — o, = the difference
between the absolute Seebeck coefficient of the p and n materials; AT = (T, — T.) operating
temperature difference, degreesCelsius, T, = hot junction temperatures, Kelvin; T, = cold junc-
tion temperature, Kelvin; R = R, * R, electrical resistancesof the couplelegs per degree Celsius
and K the thermal conductance.

Ideally, the amount of heat absorbed at the cold side and the heat dissipated at the hot sideare
dependent on the product of the Peltier coefficient and the current flowing through the semicon-
ductor material. Practically the net amount of heat absorbed at the cold side due to the Peltier
effectisreduced by two sources, conducted heat and Joul eheat. Dueto the temperaturedifferential
between the cold and hot sidesof the semiconductor material, heat will be conducted through the
semiconductor material from the hot to the cold Sde. Asthe current isincreased, the temperature
differential, and thus the conducted hesat, increases because the Peltier cooling effect increases.
When asteady stateisestablishedat the cold junction, the Peltier coolingequal sthe heat conducted
down the couplelegs, plus heat absorbed (useful heat pumped).

Asthe current continuesto increase and Jouleheating becomes the dominating factor, a point
is reached whereadditional current will result in less net cooling. The current at which no further
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a
FIGURE 2 Typical thermoelectricmodule designs (a) single-stagemodule, (b) multistage module.

cooling can be achievedisthe maximum current (l,,). Maximum voltage (Vi) and maximum
temperature differential AT,  will also occur for any given heat load at the maximum current.

The net heat dissipated at the hot side is the sum of the net heat absorbed at the cold side plus
the applied electric power. The coefficient of performance (COP) used to define the cooling "' ef-
ficiency" is defined as the net heat absorbed at the cold side divided by the applied electric power.

The properties of semiconductor material s-electrical resistivity, thermal conductivity, and See-
beck coefficient —that define their maximum cooling capabilitiesare temperature dependent. This
is why simple formulas are not dependablefor thermoelectric refrigeration design. For any one
semiconductor material there is a temperature range over which that particular material has the
best performance. The most widely used thermoelectric material for refrigeration in the temper-
ature range of —184 to 446°F (—120 to 230°C) is a pseudo-binary aloy, (Bi,Sb),(Te,Se)s, com-
monly referred to as bismuth telluride.

The refrigeration capability of a semiconductor material is dependent on a combined effect of
the material's Seebeck voltage, electrical resitivity, and thermal conductivity over the operational
temperature range between the cold and hot sides. The expression that contains these material
parameters is referred to as the figure-of-merit, and is denoted by Z (in reciprocal Kelvin)

2
7%
pA
Each of the n- and p-type semiconductor material properties variesasa function of temperature,
and therefore the figure-of -merit for each material istemperature dependent. It can be shown that
the maximum temperature differential that can be achieved by a singlepair of n- and p-type ma-
terials is directly proportional to the " temperature averaged" figure-of-merit of each semicon-
ductor material. Therefore, maximizing the figure-of-merit is the mgjor objectivein the selection
and optimization of thermoelectric materials. The figure-of-merit of the semiconductor material
limits the temperature differential, whereas the length-to-area ratio of each n- and p-type semi-
conductor material definesthe heat pumping capacity.

46.3 Description d a Thermoelectric Refrigeration Module

More than one pair of semiconductorsare usualy assembled together to form a thermoelectric
module. Within the module each semiconductor is called an element, and a pair of elementsis
cdled a thermocouple. Thermoelectric modules, as shown in Figure 2, are typically classified as
single-stagemodules or multistage modules.

Single-Stage M odule

A single-stagemodul easshown in Figure 2a consistsof severa thermocouplesconnected thermally
in parallel and electrically in series to increase the operating voltage of the module. These ther-
mocouples areinterconnected with good el ectric conductors such ascopper. The conductors must
beéectricaly isolated from the device being cool ed; otherwisethe modulewill beelectrically short-
circuited to the surface being cooled. However, the electrical isolation material must also be ther-
mally conductive material to minimize the temperature difference between the conductor and the
device being cooled. The module shown in Figure 2a has a ceramic plate on the top and bottom
surfaces of the module. Alumina ceramics typicaly provide the electrical isolation and thermal
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conductancethat satisfy this requirement. Beryllium oxideceramics may aso be used where max-
imum latera heat transfer is desired such asin multistage coolers (Figure 2b).

Thermoelectric modules vary in Sze from a single pair of elements that may be as smdl as
0.06 in? (1.5 mm?) up to groups of pairsthat may be 20 in? (51 mm?). The limit in making
smaller modulesis related to the assembly of smaller pelletsand the mechanical integrity of the
pellets.

Alimitingfactor in the use of single-stagemodulesis related to the figure-of-merit of the semi-
conductor material. Regardless of the amount of power applied to a single-stage module, the
coldest temperaturethat can be reached with bismuth telluridewith a hot-side temperatureof 80°F
(27°C) and no thermal load is approximately —29°F (—34°C) in till air and —53°F (—47°C) in
avacuum.

MultistageM odule

When the desired temperaturedifferential cannot be obtai ned with asingle-stage module, a multi-
stage moduleis required. A typical three-stage moduleisshown in Figure 2b. Multistagemodules
are essentidly single-stagemodules stacked in a vertical array. Typicaly a multistage module is
pyramid shaped because the lower stage must pump the heat dissipated by the upper stagesin
addition to the active heat load on the top stage. Therefore, there are dways more pelletsin the
lower stage than in the upper sageswhen al of the pdletsare connected in series.

As additional stages are added to a module, colder temperatures can be achieved. A practica
limitin the number of stagesis presently between eight and ten stages. With an eight-stagemodul e,
a temperature of —218°F (—139°C) on the cold side has been achieved when the hot-side tem-
perature was 127°F (53°C).2

46.4 Operational Characterigtics

The basic operational characteristicsof a thermoelectric module include the cold-side and hot-
side temperatures, heat pumping capacity at the cold side, heat dissipated at the hot side, input
current, and voltage. The acceptablerange of each of these characteristicsmust be established by
the design engineer in order to select acommercial thermoelectricmodule. Considerationsin the
final selection are typicdly performance, cost, and reliability.

Number d Stages

Thefirst considerationin the selection of a moduleisto determinethe number of stagesrequired
to obtain the desired temperature differential, which is defined by the desired cold- and hot-side
temperatures. The temperature differential that isachievablefor variousmodules dependson the
atmospherein which the moduleoperates. A greater temperaturedifferential can be reached when
the moduleisoperatingin avacuum compared with operation in dry air, nitrogen, or other gases
becausethe passiveheat load islessin avacuum. Figure 3 showsthe practical cold-sidetemperature
range achievable with present thermoel ectric materialsfor various numbers of stagesin dry ni-
trogen and vacuum. Figure 3 dso showsan overlap in the number of stages of a module relaive
to the desired temperaturedifferential. Thisisan important design considerationsince, in general,
the cost of a moduleisinfluenced by the number of stages. As the number of stagesincreases, the
cost of the moduleincreases. For minimum cogt, the modules with the fewest number of stages
would normally be selected.

Thedesign of multistagemodul esiscomplex. Typically multistagemodul esare custom designed
for optimum performancein a specific application. Computer programsto assist in the design of
complex multistage modules have been developed and applied by thermoelectric module
manufacturers.

Temperature Differential and Heat Load

Manufacturersof thermoel ectricmodules provide tables that define the maximum performance
capabilitiesof variousmodules. A typical format isshown in Table 1 The heat pumping capacities
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Table1 Summary Performanceand Geometry of Typical Thermoelectric Cooling Modules
AT, whenQ =0and
Ty = 80.6°F (27°C) Dimensions
Vacuum Dry N, Bae Ceramic Top Ceramic
10-¢ torr 760 mm Hg
Qmax Imax Vmax Width Length Width  Length  Height
Module  °F (°C) °F (°C) w A \Y in(mm) in{mm) in(mm) in(mm) in(mm)
1 121 (67) 110 (61) 0.52 1.0 0.8 0.16 0.16 0.16 0.16 0.10
(3.96) (3.96) (3.96) (3.96) (2.41)
2 122 (68) 115 (64) 2.45 2.0 2.0 0.26 0.26 0.26 0.26 0.09
(6.60) (6.60) (6.60) (6.60) (2.20)
3 122 (68) 115 (64) 55.4 6.0 15.2 1.50 1.50 1.50 1.50 0.17
(38.1) (38.1) (38.1) (38.1) (4.40)
4 162 (90) 151  (84) 104 15 2.1 0.26 0.26 0.16 0.16 0.15
(6.60) (6.60) (3.96) (3.96) (3.80)
5 193 (107) 176 (98) 6.29 4.7 7.4 0.86 1.11 0.34 0.51 0.44
(21.72) (28.27) (8.61) (12.98) (11.10)
6 200  (111) 157 (87) 0.85 1.1 6.9 0.52 0.68 0.16 0.31 0.35
(13.26) (17.22) (4.06) (7.98) (8.80)
7 238  (132) 194 (83) 0.66 3.8 6.5 0.86 1.11 0.20 0.20 0.80

(21.72) (28.27) (5.08) (5.08) (21.10)

of various modules cover a wide range. The maximum heat pumping capacity is defined as the
amount of heat required to suppressthe temperaturedifferentia to zero. By dividing the maximum
temperature differential that can be achieved with no heat load by the maximum heat pumping
capacity with no temperature differentia, the dope of the temperature differential vs heat load
line can be defined. The actua performanceissuch that the temperature differential suppression
is linear with the hest load.

Performance Curves

After one or more candidate modules have been selected based on data similar to thosein Table 1,
more detailed performance characteristics need to be considered. Typica module performance
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curves are illustrated in Figure 4. One curve shows the effect of cold-side temperature T, as a
function of current I when the net heat load iszero (Qne: = 0). Asdiscussed in the next paragraph,
the condition of zero net heat load actualy includes several parasitic heat loads that are present
during the testing of a module. For single-stage modulesthe testsare normally conductedin room
air conditions; for multistage modules they are typically conducted in a vacuum.

The relationshipbetween the cold-side temperature and the net heat pumping capacity when
operatingat a maximum current isalso given in Figure 4. As the heat load isincreased, the tem-
perature differentia that can be achieved is decreased. The net heat pumped Que, defined in the
performance curve, isthe net heat load of the device being cooled. If the device being cooled isa
small electrical component, the net heat load consists of the active Joule heating 12R within the
component and the heat conducted through the lead wires. The parasitic heat |oadsattributed to
thermal radiation and convection on the lateral surfacesof the module are accounted for in the
zero net heat load condition. Radiationand convection hest |oadswill need to bedeterminedwhen
the device being cooled haslarge surfaces.

The third curve in Figure 4 rdaes the input voltage to the input current. As the current in-
creases, the voltage increases. The current is not linearly proportional to the voltage due to the
temperature dependenceof the materia properties.

Design Options

There are three usual objectivesin the design and applicationof thermoelectricmodules: (1) max-
imum heat pumping, (2) maximum COP, and (3) maximum speed of response. Maximum hest
pumping requiresthe module to operate at the current and voltage that pumps the maximum
amount of heat over the specified temperature differential. The currents and voltages listed in
Table 1 apply to operation at the current for maximum heat pumping.

The current for operation at the maximum COPis generally lessthan the current for maximum
heat pumping. For example, when operating at the current for achieving maximum COP at a hot-
side temperatureof 80°F (27°C), the maximum COP is about 02 for a 104°F (40°C) temperature
differential. When the temperature differential is 72°F (22°C), the maximum COP is about 1.0.

The design of a modulefor maximum speed of responseis more complex. Consideration must
not only begiven to the thermal and el ectrical characteristicsof the module, but dso to thethermal
mass of the module and the device being cooled. In addition, the characterigticsof the heat sink
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46.5

must be considered in the overal design. Temperature differentialsof 144°F (80°C) from a hot-
sidetemperatureof 140°F (60°C) havebeen achievedin lessthan 2 sfor properly designed modules
with minimized heat loads. Typica single-stage or multistage modules will achieve the maximum
cold-side temperature within 60 to 90 s after power is applied. This responsetime appliesto the
cold side of the modulewhen thereis no added masson the cold sideand the hot sideis attached
to a heat sink capableof absorbing the heat with aminimum risein temperature.

M echanical Dimensions

The dimensional characterigticsof typicd modules are shown in Table 1. Typicaly the top and
bottom surface areas of a sngle-stage module have the same dimensions except for ledges for
electrical connections on some modules. The cold-stage surface area of a multistage module is
typically smaller than the hot-stage surface area.

The flatness of the cold and hot surfacesof a module, the parallelismbetween the cold and hot
surfaces, and the toleranceson the height of the module are important mechanical characteristics
of the modules. These tolerances become increasingly important to overdl performance when
groupsof modules are sandwiched between two heat exchangersand thesetolerancesare typically
£ 0001 in. or less.

Electrical Characterisicsand Control

Table 1 shows the maximum direct current together with the voltage that will achieve the max-
imum temperature differentia in the cooling mode. For maximum performancethe ripple com-
ponent of the direct current should not exceed 10%.

Depending on the direction and theamount of current, thermoel ectricmodul eshave the ability
to cool, heat, or stabilizetemperatures regardiess of whether or not the cold surface is above or
below the ambient temperature. By applying the correct amount of current at the desired polarity,
the temperature of a device can be stabilized as the ambient temperature oscillates. Temperature
stability depends on the thermal mass and heat load capacity. Tolerancesof f 018 to + 0.54°F
(£ 01 to + 0.3°C) at astabilized temperature are reasonable.

The module with the lowest current would normally be selected because it makes the power
supply temperature controllersless expensivefor a given output power. However, the total power
to the moduleisthe major factor. Low-current moduleswill, therefore, require higher voltagesto
maintai n the same power input. High-voltagemodules requirealarger number of pellets, thereby
increasingthe cost of the module. Therefore, when selectinga module, a tradeoff is made between
module cost and power supply or temperature controller cost, or both.

Practical Congderations
Thermal

The practica heat load (pumping) for thermoel ectricmodul esrangesfrom a few milliwattsto tens
of watts. This practical limitation is related to the competitivenessof other refrigeration methods
in both cost and efficiency. Conventional mechanical refrigeration systemsare normally not com-
petitive with thermoel ectricrefrigeration when the heat |oads are under 25 W. Thermoelectric
refrigeration can be used to pump heat loads much greater than 25 W, but these are usualy for
very specidized applications.

The lowest practically achievable temperature is about —148°F (—100°C). Since the efficiency
of athermoel ectricmodule (single-stageor multistage) decreasesas the temperature decreases, the
heat pumping capacity is typicaly limited to only a few milliwattsat those cold temperatures.

In heating applications, the practical limit is about 176°F (80°C). Thistemperaturelimit isim-
posed primarily by the manufacturing techniquesused to assemble the thermoel ectric modules.
Although typica thermoelectric modules are assembled at soldering temperatures of 280°F
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(138°C), they are not capableof operating at these higher temperaturesfor extended periods of
timewithout degradingin performance. The gradual degradationin performancewith timeisdue
to contaminantsdiffusinginto the thermoel ectricmateria resultingin changingcooling properties.
It should be noted that much lessinput power is required to hest than to coal.

Environmental

Because thermoel ectric modules are solid-state and have no moving parts, high rdiability is an
inherent feature. However, the reliability may be affected by environmental extremes.

Moisture

With power applied to the module, excessive moisturewithin the modulecan cause galvanic cor-
rosion at the thermoel ements, solders, and conductors. The moisturecan aso providean electric
short-circuit within the module, which would reduce the module's performance. Generdly, a
moisture barrier, gasket, or dry atmosphereis required to maintain reliability.

High Temperature

Continual operation at high temperaturesacceleratesthermal diffusion of metal ionsinto the pel-
lets, thus decreasing the performanceof the module. In addition, high temperature can causethe
solder to migrateinto the pellets, which resultsin a damaged joint, thereby reducing performance.
Typicdly, this is not a problem below 176°F (80°C). However, the temperature at which these
factorsbeginto affect the performanceof specific modulesshoul d bedefined to the design engineer
by the module manufacturer.

Thermal Cyding

Rapid temperature cycling from cool to hot can aso affect the performanceof the module over
time. As temperatureschange, the modulewill expand or contract. Thisaction stressesthe pellets
in the module. Although one major feature of thermoelectricmodules is the ability to heat and
cool, considerationshould be given to minimizing rapid power cyding.

Mechanical Stress

Mechanical stressesapplied during shock or vibrationare not a major failure modeif the modules
are properly mounted. In general, the module is strongest in the compression mode. The most
likely failure mode of the solder jointsisin the shear direction, which is parallel to the top or
bottom surfacesof the module. Most moduleswill withstand shock levels of 1000 g over a fre-
quency range of 10 to 2000 Hz and random vibration of about 65 g rms from an acceleration
power density of 0.01 to 50 g? Hz over a frequency range 50 to 20,000 Hz.

Vacuum

A vacuum is the most reliable environment in which to use a module. Thermoelectric modules
are not susceptibleto failureasthe result of any levd of vacuum. When in avacuum, the effective
heat pumping capacity of the modul eisincreased, thereby providingcol der operatingtemperatures
as compared to operatingin air for the sameinput power.

Radiation
No form of radiation has been noted in the literature that has induced failure of thermoelectric

modules. Severd tests have demonstrated that high neutron bombardment and gamma radiation
do not affect performance.

Installation

Mounting

The module may be pretinned and soldered to a heat sink. Usualy the hot side is soldered to the
heat sink and the cold side is greased with a nonsetting thermal compound for good heat transfer.
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Table2 Applications of Thermoelectric Modules

ElectronicComponents Small Refrigerators Instruments Special

Infrared detectors Boats Dew point sensor Dehumidifiers
Las diodes Mobilehomes Cold bath Water coolers
Charge-coupledevices Offices 0°C referencesource Air-conditioning
Blackbody referencesource Hotels Microtome Display cabinets
Voltager eferencesource Portable picnicboxes Blood coagulator Cream coolers

Soldering the top or bottom to a heat sink can lead to mechanical breaking of the thermal expan-
sion mismatch between the module and the attached heat sink is large. This is especidly true if
the hot and cold sidesare both mechanically constrained between the heat sinks.

A good thermal epoxy is another way of bonding or attaching the module. The same failure
modes as for solderingaso apply to epoxy. Another way of mounting a module is between two
clamped plates. Extreme caution should be used for small or multistage modules. Improperly ap-
plied compression |oads can cause very large shear |oads, which will fracturethe pellets.

The reasonindividual modulesare not larger than about 20 in.2 (51 mm?) isdue to mechanical
considerations. The modulestend to bow much likeathermostati chimetal licelement. Thisbowing
between the hot and cold sidesof the moduleis due to the fact that one side is contracting and
the other side is remaining constant or expanding. The stressinduced by these expansion coeffi-
cientstendsto strain the individual pellets on the outer edge of the module. When the distance
across the module increases beyond about 20 in. (51 mm), the strain can be too grest for the
pellets and they crack or break. For this reason, groups of modulesare assembled onto heat ex-
changers rather than mounting one large module to the heat exchangers.

Handling

The moduleis a rigid assembly sandwiched between ceramic plates. The lead wires are attached
to iff lead conductors. Excessvetorque on the lead wireswill result in pulling the wires|oose or
snapping thelead conductor loose from the circuit. The ceramic plateson the top and bottom of
the module may be cracked or broken by mishandling, which increasesthe probability of electric
short circuits.

Heat Sinking
Adequate heat sinkingis required to dissipate the heat load and power of the modulewithout an

excessve hot-sidetemperature rise. Failureshave occurred where the solder jointson the hot side
of the pelletswere melted because of inadequateheat transfer to the heat sinks.

46.6 Rangedf Applications

Theapplicationof thermoel ectricmodul es rangesfrom the cooling of electronic componentssuch
as infrared detectorswith heat loadsin the milliwattsand temperaturesof —171°F (—113°C) to
specid applicationswhere 5 tons of air-conditioning is achieved in a railroad passenger car with
a temperature differenceof 11°F (6°C).3 Table 2 shows allist of typica applicationsfor thermo-
electric refrigeration.

46.7 ThermoelectricModule Fabrication

Thermoel ectricmodules consist of pairs of p- and n-type semiconductor elementsthat are elec-
trically connectedin series. Theelectrical circuit isaccomplished by sol deringthe elementsto elec-
trical conductors. There are severa methods to fabricate the individual components and overdl
assembly of thermoel ectricmodules.

Thermodectric Elements

Thermoelectric p- and n-type elements can be fabricated by a variety of methods. The most
common methods utilized by the thermoelectricindustry are zone refining, Bridgman method,
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and pressand sintering. Most thermoel ectriccooler manufacturersutilizea barrier material such
as nickel applied to the sides of the elementsto alow protection from diffusion of copper and
solder constituentsinto the element and aso this barrier providesa surface that can easily accept
solder to insure good reliablesolder joints. The thermoel ectricel ementsare produced by dicing
wafersfrom the ingot and then subsequently dicing the wafersinto the individual elements. Tight
dimensional tolerances (+ 0.0005 in.) must be held to allow religblefabricationand also to main-
tain the design integrity.

Ceramics

Ceramics (alumina, beryllium oxide) are used in the construction of thermoelectricmodulesdue
to their good thermal conduction and electrical isolation properties. The copper conductors can
be affixed to the ceramicsby a variety of methods. The most common method is to print and fire
acircuit pattern using molymanganeseor copper. The copper conductorsare then soldered to this
circuit pattern. Ceramicsare produced in a variety of shapes, sizes, and such specialty features as
holes.

Assembly

The fabrication of the module begins by loading the individual p- and n-type elementsinto a
holding fixture. Specid care is required to insure that no elementsare midoaded, since this will
resultin aheater being producedinstead of acooler. Theelementsarethen soldered to theelectrical
conductors. The soldersthat are most commonly used are bismuth tin (58% Bi/42% Sn; MP =
138°C), and tin lead (63% Sn/37% Pb; MP = 183°C). Various methodsfor solder reflow are uti-
lized and range from manual solderingto vapor-phasereflow. Multistagecoolersare constructed
by assemblingeach individual stage and then soldering each subsequent stage on top of the next.
All modules are then thoroughly cleaned to insure removal of al flux residue.

Testing

A variety of testscan be performedto understand the performanceof each moduleand to insure
their high reliability. A typica test sequenceis as follows:

+ Resigtance measurement (AC resistance)
+ Vacuum bake (T = 100°C, 2 h)

+ Thermal cycle (0 to 100°C; 20 cycles)

+ Performancetest (I = 1, Ty = 27°C)
* Resigtance measurement

The performancetest consistsof heat sinking the module to a temperature-controlledsurface,
then applying power to the moduleat the " maximum' current and then measuring the temper-
ature of the cold-sideceramic. Testingis best performedin a nitrogenor vacuum environment to
minimize the forming of frost/ice on the top of the module. Performance testing can also be per-
formed usinga " transient" method that measuresthe Seebeck voltageand cal culatesthe individual
modul€'s performance. The*'transent method requiresa high-speed computer and specia data
acquisition software.*

46.8 Summary

Thermoelectricrefrigeration is a highly rdliable and practical method of cooling electronic com-
ponents and small-volumerefrigeratorsfrom acost and efficiency viewpoint. When heat |oadsare
less than 25 W and temperature requirementsare not below —148°F (—100°C) or above 176°F
(80°C), thermoelectricrefrigerationis practical for a wide variety of applications. There are many
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important considerations that need to be considered when designing thermoel ectric coolers, but
when properly analyzedwill yielda product that can be optimized for avery widevariety of specific
applications. Thermoelectric module fabrication and installation require tight tolerances and
knowledge of the important process parameters, but with these considered will produce a very
reliable, uncomplicated system.
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