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1 Introduction
1.1  Puppose

The purpose of this document is to outline the environmental conditions necessary to ensure
accuracy and repeatability for a standard junction-to ambient (8,, ) thermal resistance
measurement in natural convection. The intent of &;, measurements is solely for a thermal
performance comparison of one package to another in a standardized environment. This
methodology is mot meant to and will mot predict the performance of a package in an
application-specific environment.

1.2 Scope

The environmental conditions described in this document will apply only to_natural
convection #,, measurements. These environmental conditions are pertinent to

surface-mount packages mounted on a standard test board.

Further discussion of the board design is found in document LOW THERMAL
CONDUCTIVITY TEST BOARD FOR LEADED SURFACE —-MOUNT PACKAGES among
others. The board will be placed in a horizontal (package up) position in an enclosure that
prevents extraneous air currents and allows only natural convection generated by the package
under test.

1.3 Rationle

It is very important to have well-defined > well-documented test conditions to satisfy the
industry requirements of accuracy and repeatability. The environmental conditions have
significant impact on the test results and must be tightly controlled. Comparison of data sheets
between different vendors or packages have very little meaning unless the thermal data was
collected under identical conditions. For these reasons it is imperative that the environmental
conditions are well defined.

1.4 References
SEMI Test Method #G38-87 » Still and Forced Air Junction-To-Ambient Thermal Resistance

Measurements of integrated Circuit Packages

SEMI Test Method #42-87 » Thermal Test Board Standardization for Measuring
Junction-To-Ambient Thermal Resistance of Semiconductor Packages

SEMI Test Method #43-87 > Junction-To-Case Thermal Resistance Measurements of Molded
Plastic Packages
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JEDEC JCB-95-28 - methodology for the Thermal Measurement of Component Packages
(Single Semiconductor Devices)

JEDEC JCB-95-29 » Integrated Circuit Thermal Measurement Method —Electrical Test Method

(Single Semiconductor Devices)
JEDEC JCB-95-40 - Low Thermal Conductivity Test Board for Leaded Surface Mount

Packages

1.5 Definitions

Refer to the ANNEX in this document for definitions of terminology and symbols applicable
to this document only » Refer to document INTEGRATED CIRCUIT THERMAL
MEASUREMENT METHOD-ELECTRICAL METHOD for an additional list of terminology
and symbols pertinent to this document.

2 Environmental conditions for natural convection measurements

The following conditions clearly detail all aspects necessary to construct a test fixture.Refer to
figureland 2.

2.1  Test enclosure assembly

The enclosure shall be a box with an inside dimension of 1 ft.*(0.0283 m*).All seams should
be thoroughly sealed to ensure no airflow through the enclosure. A list of potential
construction materials is detailed in 2.6.The box material shall be a low conductance material.

NOTE— For high power devices » dissipating >3 watts - increasing the size of the box
should be considered if the ambient temperature during the test (AT, ). Any dimensional
changes in the box size must be reported in the data and labeled as non-standard.
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thermocouple i} | :
5.5 Pie & (17.145)
(13.97)

Units: inches (centimeter)

Figure 1. Test Fixture & Enclosure

2.2  Test fixture support

The support fixture shall be constructed per figure 2. The package shall be positioned in the
geometric center of the chamber. The vertical support position will be determined by the board
size. Therefore the “X” and “Y” dimensions in figureland 2 will change according to the test
board dimensions. The material used for the fixture shall be an insulating material and have a
low thermal conductance.

NOTE— Any deviations from this configuration must be recorded and labeled as
non-standard.

2.3  Edge connector

The socket shall accommodate the printed circuit board described in the board specification »
LOW THERMAL CINDUCTIVITY TEST BOARD FOR LEADED SURFACE-MOUNT
PACKAGES.
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T 1.25(3.175)

12(30.48)

Units: inches
(centimeter)

Figure 2. Test Fixture

2.4  Thermocouple

The wire diameter shall be o larger than AWG size 30. Placement of thermocouple shall be
17(2.54 cm) below the bottom plane of the test board (PCB)and1”’(2.54 cm) from the side wall.
Refer to figure2. The accuracy of the thermocouple and associated measuring system shall be
1'C or better.

25 Test board

See Document LOW THERMAL CONDUCTIVITY TEST BOARD GOR LEADED
SURFACE-MOUNT PACKAGES.

2.6 Material

The suggested construction materials listed in this document are intended as a guideline and
are not all-inclusive.

2.6.1 Enclosure (box)

The following materials » or their thermal equivalent - have been and may be used for
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construction of the enclosure : cardboard .polycarbonate - polypropylene > wood - and
plywood. Each of these materials has a low thermal conductance. Minimum wall thickness of

%"(3.175mm) is required.

2.6.1.1 Considerations For Changes In Room Temperature

The room ambient temperature when the tests are conducted shall be between 20°C and 30°C.
If the room in which the testing occurs suffers from drastic temperature changes(>+3°C) then
placement of a larger box over the test enclosure should be considered. Thicker test enclosure
walls should also be considered.

2.6.2 Test Fixture

The following materials - or their thermal equivalent - may be used for construction of the
support structure: plywood - wood > polycarbonate » or polypropylene. Each of these
materials has a low thermal conductance. Common fasteners and adhesives may be used in the
construction.

3 Thermal measurement procedure and methodology

This section details the steps necessary to perform a thermal resistance measurement in a
natural convection(still air )environment. The following equations describe the measured and
calculated parameters required for making a thermal measurement.

The junction-to-ambient thermal resistance is determined from equationl:

T, -T
QJA:( ) /%H

where  6,, =thermal resistance from junction-to-ambient("C /W)
T, =junction temperature when the device has achieved a steady-state after
application of P, (C)
T, =ambient temperature ('C)
P,, =power dissipation that produced change in junction temperature (W)
As described in the document - INTEGRATED CIRCUIT THERMAL MEASUREMENT
METHOD-ELECTRICAL TEST METHOD - a temperature-sensitive parameter (TSP) is used
to sense the change in temperature of the junction operating area due to the application of
electrical power to the device. In equation terms » AT, = (ATSPxK )
where ATSP =change in the TSP caused by the application of P,
K =K factor is the ratio of junction temperature change to temperature-sensitive
parameter change in units of ‘C/mV; usually applicable to semiconductor
devices using a forward bias temperature sensitive parameter.
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The junction-to-ambient thermal resistance can then be described by equation 3:

0,0 = (Tyo + ATSPXK) =T, )/ Py

©)

where T,, = Initial ambient air temperature before heating power is applied.
T,ss = Final ambient air temperature when steady-state has been reached.

Applying the change in the ambient temperature to the equation will provide data correction to
achieve an absolute 6,, value.

3.1  Device mounting

Mount the device to be tested on the appropriate test board. Reference Test Board
Specification -  LOW THERMAL CONDUCTIVITY TEST BOARD GOR LEADED
SURFACE-MOUNT PACKAGES for board design ©  mounting > and wiring details.

3.2 K factor calibration

Prior to making actual thermal measurement the junction or other temperature-sensitive
parameters must be empirically calibrated. Reference3.3 of document - INTEGRATED
CIRCUIT THERMAL MEASUREMENT METHOD-ELECTRICAL METHOD - for the
procedure to determine the K Factor value. Record the K Factor value.

3.3  Test start-up and initial equilibrium verification

Place the test device in the natural convection chamber and apply measurement current for the
temperature-sensitive device > (e.g. > diode metal resistor - etc.). Prior to recording the initial
conditions at the beginning of the thermal test » verify that the enclosure environment has
reached a state of equilibrium.

To verify that stabilization has occurred > wait an initial 5 minutes minimum - then record the
TSP - wait an additional 5minutes and record a 2" TSP. If AT, as determined by the TSP
measurement is less than or equal to 0.2°C » then equilibrium has occurred. If equilibrium has
mot occurred then continue for an additional 5 minutes. Equilibrium of the TSP has occurred
if (ATSPxK)<0.2°C.

After equilibrium has been reached record the values for TSP and the initial ambient
temperature T,,.

3.4 Power level selection and applying power

The power levels at which devices are tested should be governed by actual use conditions. The
minimum recommended junction temperature rise for testing is 20°C The typical junction
temperature rise during testing is between 30 and 60°C > which is the normal range of use of
most devices. Hence - the following guidelines are recommended:
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Power 0,, Range

0.5 watt 6,, >100C/W

0.75 watt 60<6,, <100°C/W
1 watt 30<0,, <60C/W
2 watt 20<6,, <30C/W
3 watt 15<0,, <20C/W

After selecting the appropriate power level - apply the heating voltage (V,, ) and the heating
current (1,,) to the device.

NOTE— At higher power the convective air can become unstable.

3.5  Verification of thermal stead-state and test completion

For the test measurement to be completed - verification that thermal steady-state has been
reached shall be done before the final e\reading can be taken. For a discussion on determining
steady-state conditions - refer to 3.6 of INTEGRATED CIRCUIT THERMAL
MEASUREMENT METHOD-ELECTRICAL METHOD.

After a steady-state has been reached > record the values for the TSP > the heater
voltage(V,, ) the heater current(1,,)> the time required to reach equilibrium(t,s ) and the
final ambient temperature at the end of the testT , .

4 Thermal characterization parameter - '¥,; junction-to-top center of package
(Optional Procedure)

The thermal characterization parameter - ¥,, is proportional to the temperature difference
between the top center of the package and the junction temperature. Hence > it is a useful
value for an engineer verifying device temperatures in an actual environment. By measuring
the package temperature of the device - the junction temperature can be estimated if the
thermal characterization parameter has been measured under similar conditions.

The use of ¥;; should mot be confused with 6,. which is the thermal resistance from the
device junction to the external surface of the package or case nearest the die attachment as the
case is held at a constant temperature. The use and reporting of the case temperature during
the junction to ambient thermal resistance test is optional.

The measurement may be made using a temperature transducer such as a thermocouple »
flouroptic » sensor » or infrared sensor.

4.1  Thermocouple placement location

The thermocouple bead shall be attached to the package at the geometric center of the top
surface. The position must be reported. In all cases - along with the measurement data.
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4.2  Package thermocouple application

CAUTION: Usefulness of this measurement is dependent on the procedure.
Application of the thermocouple is critical to ensure proper thermal contact to the package and
to ensure that the @,, measurement is mot disturbed. Determination of the package surface

temperature » of a low conductance package body - requires that the following factors be
considered:

4.2.1 The thermocouple wire and bead shall touch the surface of the package.

4.2.2 Best practice for attaching the wire and thermocouple bead is the use of a minimal
amount of thermally conducting epoxy. The distance across the epoxy bead shall not

exceed .1” (2.54 mm) in any direction.

4.2.3 The thermocouple wire shall be routed next to the package body down to the board and
along the board. This reduces cooling of the thermocouple junction by heat flowing
along the wire.

4.2.4 Thermocouple wire size shall be small such that heat loss along the wire does not
cause anomalous low readings. Recommended maximum thermocouple sizes is 36
gauge. For type T thermocouples > 40 gauge is preferred.

4.3  Procedure

The junction temperature and package temperatures are determined at the steady-state
condition in the 6&,, measurement as specified above. The junction-to-top center of package
thermal s\characterization parameter - W,; » is calculated using the following equation:

aJA = (TJ _T%H 4)

where Y,; = thermal characterization parameter from device junction to the top center of the
package

T ss =the junction temperature at steady-state.

T;ss =the package (top surface) temperature > at steady-state > measured by the
thermocouple. Infrared sensor > or flouroptic sensor.
The relationship between the junction-to-ambient thermal resistance » 6,, > and the
junction —to-top center of package thermal characterization parameter> ¥,; > is described by
equation 5:
O =¥y +¥5, ®)
where W, =thermal characterization parameter from top surface of the package-to-air("C /W)
The package-to-air thermal characterization - ‘Y, - is based i\on the steady-state ambient
air temperature as shown here:
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\PJA - (TTSS _TAS% (6)

the thermal characterization parameters »  W¥,;and ¥,, have the units ‘C/W but are

mathematical constructs rather than thermal resistances because not all of the heating power
flows through the exposed case surface. It is not necessary to report ¥, because it cab be
determined from the relationship between 6,,and ¥,; - Also > ¥, isverydependenton

the application-specific environment.

4 Test conditions to be reported
The conditions listed in table 1 - which are pertinent to the natural- convection thermal
measurement - must be reported when publishing measurement results.

Measurement Area Condition Parameter(s) Data Parameter(s)
Electrical V, (V) AV (V)
Iy (A) AT, (C)
s (5) Py (W)
1y (ma) 0,5 (CIW)
K('C/mV)
Environmental Test board orientation
Enclosure (box) Size
T (C)
Tyss (C)
Package Surface T, (C) ¥ (CIW)
Measurement Trss (C)

(Optional Method)

measurement method
Thermocouple wire gauge
# (AWG)

Thermocouple type(T > J »
orK)

Thermocouple location
Attachment method

Table 1—Thermal measurement test conditions data parameter summary.

ANNEX A (informative)

1.A Definitions

¥, - The thermal characterization parameter to report the difference between junction
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temperature and the temperature at the top dead center of the outside surface of the
component package - divided by the power applied to the component.

Y., - The thermal characterization parameter from the top surface of the package to
surrounding natural convection (still-air) ambient.

T, - Ambient temperature.
T, - Initial ambient air temperature before heating power is applied.

T\ - Final ambient air temperature after heating power is applied and steady-state has been
reached.

T;, - Initial package (top surface) temperature before heating power is applied.

T, - Final package (top surface) temperature after heating power is applied and steady-state

Tss

has been reached.

For all other DEFINITIONS not listed here refer to Annex A-1 through A-4 of document
INTEGRATED CIRCUIT THERMAL MEASUREMENT METHOD - ELECTRICAL
METHOD

AEbE & (T)

A% R RE(T,)

Tgb FE‘(HJA)
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u, R oiE(mis);v=L ARE R AR (M) u RAEARR
yo,

(kg/ms);p w48 % & (kg/m®)
(3) Nu. —0.664Re’2 Pr’3 & i Nusselt Number

zg 3 9 % #c(Prandtl)

Ve SR S VE T RS

£
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Table 4.1 Symbol and Units
Symbol Definition Units
AorAdg Cross-sectional area (4) or surface area (Ag) m?
DorD,, Diameter or Mid Point Diameter m
h Heat transfer coefficients W.m2K
h, Overall (1), convection (%) and radiation (h,.).
h,
P Perimeter m
r Radius m
Ar Radial Gap
d Length or thickness m
X A length m
O Heat Quantity |
O Heat energy transferred for a unit time J.s' or W
X (heat transfer rate)
T Temperatures: K (or °C where
i it Ambient (7)) shown)
T, At a given position (77;)
T, At any given point along a length (7,)
AT Difference in (A7)
Tave Average temperature
k Thermal Conductivity w.m k!
o Stefan Boltzmann Constant 5.67 x 1078 W.m=2K
F Shape factor for the bar or rod and its surroundings 1
& Emissivity value of the bar or rod surface 0.95
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ZFERRENE

Heater switch

Heater power and
temperature displays

Heater power f#

control

Cold water
Circuit supply

Figure 4. 1 The Base Unit, and an Optional Experiment

Base Unit
Item Details
Nett Dimensions 650mm long X 480mm front to back X590mm high
Nett Weight 24kg
Electrical Supply Single phase 50Hz to 60Hz
100V AC to 120V AC at 5A or
220V AC to 240V AC at 5A

Fuse

Main incoming socket:

20mm 6.3A Ceramic Type F
Output for VDAS-F Interface:
20mm, 3.15A ceramic Type T

Cold water supply
and waste needed

Clean cold water supply at between 5°C and 15°C.
Standard drinking water waste.

Note: If your mains water supply is warm(above about
15°C), consider using a water chiller to supply the cold
water for this equipment.

If you use water above room temperature, you may not
reach thermal equilibrium in your tests.

Thermocouple
inputs

7 off type K with a resolution of 0.1°C. Accuracy:+/-
0.3°C.

Heater output and
display

Maximum power approximately 100W
Resolution 0.1W
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Figure 4. 2 The Conductivity of Liquids and Gasses Experiment

Optional Experiments

Experiments

Details

Conductivity
of Liquids
and Gasses
Experiment
(TD1002D)

Nett dimensions: 430mm wide X280mm front to back X
150mm high and 6kg.

Cylinder length: 0.1m

Nominal radial gap(accurate value written on equipment):
0.285mm

Nominal surface area: 0.0126m?

Recommended liquid and gasses: dry air, castor oil, carbon
dioxide.

Note: You may use water, but its conductivity is too high for
meaningful results with this equipment.

Note: The TD1002d equipment is made of brass, aluminium,
tufnol, nylon and nickel-plated parts. For safety reasons and to
avoid damage to the equipment, only use test fluids that will
not damage or react with the materials used to make the
TD1002d. TecQuipment do not supply and cannot be held
responsible for the test fluids that you use.

Cooling
Water out

Electric Heater

T.[L LTy P

Cooling
Water in

<f=—==x Test Liquid or Gas

Figure 4. 3 How the Conductivity of Liquids and
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Thermal Conductivity (k) of Common Naterials
Some materials are better heat conductors than others; their material has an

effect on the rate of heat transfer. This effect is its thermal conductivity(k). It is a
measure of how quickly heat energy travels along a unit length of material of a

unit cross-sectional area.

Table 4.2 Thermal Conductivity of a Select of Materials at Room Temperature

Typical Thermal
Material . Condu:t'ilviw (k)
(at 298 K)(24.85°C) W.m 'K
Metals Aluminium (pure) 205 to 237
Aluminium (grade 6082) 170
Brass (type CZ121) 123
Brass (63% copper) 125
Brass (70% copper) 109 to 121
Copper (pure) 353 to 386
Copper (type C101) 388
Mild Steel 50
Stainless Steel 16
Gas Air 0.026
Carbon Dioxide 0.0146
Hydrogen 0.172
Others Asbestos 0.28
Castor Oil 0.18
Glass 0.8
Water 0.6
Wood (softwood to hardwood) 0.07 to 0.2

Thermal Conductivity of air against °C

0.036
0034 2
= y = 7E-05x + 0.0243 /
z 002
>
£
€ o003
=
©
g /
© 0.028
©
£ /
[
£ 0.026 /
0.024 .

0 20 40 60 80 100 120 140 160

Temperature (°C)

Figure 4. 4 Thermal Conductivity of Air
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Thermal Conductivity of Liquids and Gasses
The conductivity of liquids and gasses experiment passes heats through the

wall of a cylinder of the test liquid or gas. As the wall is nominally the same
thickness all around the cylinder, the equipment assumes that the heat energy
passes through it uniformly and the temperature change is uniform all round.
Insulation stops heat loss at the cylinder ends, therefore, the equipment only
needs to measure the temperature change across one piece of the
wall-between the two measurement points T1 and T2. The wall has a
thickness equal to the difference in radius(Ar) between the inner and outer

radii of the cylinder. Then you can multiply this by the total surface area to

calculate the conductivity of the liquid or gas that fills it.

. QAr
A AT

The surface area of the cylinder of the test fluid is not its outside or inside

area. It is its mid-point area. Also, for reference, the main temperature of the

test fluid is calculated mathematically as the mean of T1 and T2.
K — WAr
IAB (T 1 T 2)

n X ‘Mid point’ diameter
x Length = Surface area Average
Temperature =T, + T,

nXDmXL = A |
lll
Note: A, is already T
calculated for you 7 T, [
- refer to the —>e '.’ —_—
Technical A
Specifications " :
Dm . AT
T,
A |
AI;

Figure 4. 5 The Cylinder of Test Fluid
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To clean the experiment
1. Connect the pipes (supplied) into the self-sealing connections at the end caps.

Empty out as much gas or liquid as possible.
Find some clean cloth and put it around the experiment to catch any spills.

Unscrew the thumbscrews at the front end cap.
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4. Carefully push out the core from the front( or pull from the back).

5. Use cloths to thoroughly clean the core and the inside of the unit, then refit
the core.
Caution: Take care when cleaning the core. Do not drop it or damage the

seals or its wires.

~w

Figure 4. 6 To Clean the Experiment

Adding a fluid to the experiment
The small connectors at end of the unit are self-sealing, so they will only

open when you insert the small pipes(supplied). Insert the pipes to the
connectors at each end. TecQuipment supply two syringes that fit to the pipes
to help you inject fluid into the unit and reduce spillage.

Fill one of the syringes (supplied) with your chosen fluid, then connect to one
of the pipes (it doesn't matter which way around you fill the unit). Connect

the second syringe to the other pipe.
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Figuré 4. 7 Using the Syringes toJadd Fluid

Slowly push in the plunger of the syringe until you see fluid coming out the
other pipe and into the other syringe. Disconnect both pipes and clean up any
spills.
If you use a gas, you may need to create an adaptor to fit one of the short
pipes. Remember to fit the second short pipe to open the other connector and
allow the gas to force out the trapped air from the radial gap.
Warning: When filling the unit, make sure it does not become pressurized.
The fluid you use must be safe for use with the parts of the unit. Never use
toxic, volatile or highly flammable fluids, noting the maximum operating

temperature. Use readily available insert fluids. Contact TecQuipment if in

doubt.
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Conductivity of Liquids and Liquids and Gasses Experiment

Procedure 1- Calibration Using Air:

1 ~ Use an accurate thermometer to check the local ambient air temperature
for reference.

2 ~ Open the water outlet valve to start the water flowing, then switch on the
heater and set to 90Watts power.

3 ~ Wait for the temperatures to stabilize and then record T1 and To.

4 ~ Repeat the test at heater powers in decreasing steps of 10W.

5 ~ Switch off the heater and water supply.

6 ~ Find the average temperature across the radial gap in °C.

7 ~ Use the average temperature to find the given valve of thermal
conductivity from the chart of Thermal Conductivity of air (Figure 4.4).
You can use the chart directly, or use the equation printed on the chart
and mathematically calculate the valve.

8 ~ Now calculate the power using a rearranged equation.

W = kA; (Tl_TZ)
A

I

9 ~ Subtract this calculated power from the heater power to find the loss in
the equipment.

10 ~ Plot a chart of power loss (vertical axis)in Watts against temperature
different (T1-T2) in °C. If necessary, extend the line of your chart so that
ot covers the range 10°C to 80°C.

11 ~ This is your calibration chart that allows for power losses in the

equipment.
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Table 4. 3 Blank Results Table For Calibration Procedure

Calibration Chart Using Air

Heat Loss (W)
- — N N
5 o o & 8 & B
‘ A , "
|

(&)

0 10 20 30 40 50 60 70 80
Temperature difference (°C)

Figure4.8 B R £ 2 #4F 4 ¥ &

Procedure 2-Testing Liquids and Gasses:
1 ~ Set up your experiment as in procedure 1.

2 ~ Add your chosen test fluid as show in Cleaning and Adding a Fluid to the
45



Conductivity of Liquids and Gasses Experiment.

3 ~ Create a blank results table, similar to Table 4. 4.

4 ~ Use an accurate thermometer to check the local ambient air temperature for
reference. Note the actual radial gap as written on the experiment.

5 -~ Open the water outlet valve to start the water flowing, then switch on the
heater and carefully adjust the heater power until the temperature difference
is around 10 degrees.

6 ~ Wait for the temperatures to stabilize and then record T1 and To.

7 ~ Repeat the test for at least one more heater power at a higher level, but not so
high that T1 becomes greater than 80°C.

Note: If T1reaches greater then 80°C the heater circuit may switch off the heater
supply and will affect your experiment. Your choice of test fluid limits the
maximum heater power of your experiment, as their conductivity affects how
must heater power is needed to raise the temperature of T1.

8 ~ Switch off the heater and water supply.

Results Analysis
Find the temperature difference (T1-T2) and use your calibration chart to find the

power loss for this temperature difference.
Subtract the power loss from the heater power to find the corrected power.

Use equation to find the calculated value for k.

K = WAr
A; (Tl_TZ)

Compare the calculated values of k with your textbook value of k for your fluid

at room temperature and calculate the error in percentage.

What do you notice about the error?
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What do you notice about the calibration chart?
Table 4. 4 Blank Results Table For

BN E T
1. 7% F 3P As (Surface area) §_& A % & o729 ekl o 1.5 4"
2. Np P B b8 2 4§ R B Gl B EpL 5 5| 4?2

|(F 2% &P E-122 )|/ % E*100%
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thermal conductivi ty of meter bar km =385 W meC

A=axb

C,=k-A-

/X
3. die diameter

A~ L 5 Model J

Model Die area Cy C.
L*W (mm) (w/°C)
A 11.6X9.6 1.41 15
B 27.18X27.18 1.78 14
C 10X10 1.27 15
CL 10X10 0.95 4
D 31X31 2.32 14
DL 31X31 2.024 8
E 25.4X25.4 1.55 14
EL 25.4X25.4 1.36 8
F 13.1X9.1 1.53 15
FL 13.1X9.1 1.147 4
H 13.97X13.97 1.878 4.0816
J 10X10 0.9625 4.0816

2. Bk gy 7 : DC30Vx3A
3. ‘JE’.E‘.E‘JE'J@?]:'::
3.1 Tl > T-type Tc & & 5 J
3.2 Tu » T-type Tc & & 5 J
4. Tc-die } % & 8 B -5 7\

Te=Tu —(TI—Tu)/C2  (°C)
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5. # @& b5
q=C1x(TlI—Tu) (w)
6. # 2 Thermal Resistance :* % ;\:
R=(Tc—Ta)/q (°Clw)
7R RRESEE R 200°C N 4 ERBHE 0 LT B EIE L AT
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TABLE A-15

Properties of air at 1 atm pressure

Specific Thermal Thermal Dynamic Kinematic Prandt|
Temp.,  Density, Heat, Conductivity, Diffusivity, Viscosity, Viscosity, Number,
T.% p kg/m* G, Jkg-°C k, Wim . °C a, mé/s W, kg/m s v, mé/s Pr
—150 2.866 983 0.01171 4,158 x 10-8 8.636 x 1056 3.013x 10-¢ 0.7246
—100 2.038 966 0.01582 8.036 x 1076 1.189 x 10-% 5,837 X 10% 0.7263
-50 1.582 999 0.01979 1.252 x 1075 1,474 X 1075 9.319x 108 0.7440
—40 1.514 1002 0.02057 1.356 X 103 1.527 x 10753 1.008 x 105 0.7436
-30 1.451 1004 0.02134 1.465 x 10-5 1.579 % 1073 1.087 x 10-% 0.7425
-20 1.394 1005 0.02211 1.578 X 1075 1.630 X 10°° 1.169 X 10-% 0.7408
-10 1.341 1006 0.02288 1.696 x 10-° 1.680 X 10-5 1.262 x 10-% 0.7387
0 1.292 1006 0.02364 1.818 x 1075 1.729 X 1075 1.338 X 10~% 0.7362
5 1.269 1006 0.02401 1.880 x 1073 1.754 X 1075 1.382 x 1073 0.7350
10 1.246 1006 0.02439 1.944 x 1075 1.778 X 107% 1.426 X 107° 0.7336
15 1.225 1007 0.02476 2.009 x 1075 1.802 x 10™5 1.470 x 105 0.7323
20 1.204 1007 0.02514 2.074 X 10~° 1.825 x 1075 1.516 x 105 0.7309
25 1,184 1007 0.02551 2.141 x 105 1.849 x 10> 1.662 x 10-5 0.7296
30 1.164 1007 0.02588 2.208 X 107% 1.872 x 105 1.608 x 1075 0.7282
35 1.145 1007 0.02625 2.277 X 1073 1.895 x 10-5 1,655 x 10°° 0.7268
40" 1.127 1007 0.02662 2.346 x 10-% 1.918 x 1075 1.702 x 1075 0.7255
45 1.109 1007 0.02699 2,416 x 1073 1.941 x 10-3 1.750 x 10-5 0.724]
50 1.092 1007 0.02735 2.487 x 1075 1.963 x 105 1.798 X 10~5 0.7228
60 1.059 1007 0.02808 2.632 x 1073 2.008 x 10-% 1.896 x 1075 0.7202
70 1.028 1007 0.02881 2.780 X 1075 2.052 x 10-5 1.995 X 1075 0.7177
80 0.9994 1008 0.02953 2.931 x 1075 2.096 x 1075 2.097 x 1075 0.7154
90 0.9718 1008 0.03024 3.086 x 10-° 2.139 x 1075 2.201 x 10°° 0.7132
100 0.9458 1009 0.03095 3.243 x 1073 2.181 x 1075 2.306 x 1073 0.7111
120 0.8977 1011 0.03235 3.565 x 10-% 2.264 x 107% 2,522 X 1075 0.7073
140 0.8542 1013 0.03374 3.898 X105 2.345 X 1075 2.745 x 1075 0.7041
160 0.8148 1016 0.03511 4241 x 107® 2.420 X 107® 2.975 x 10°5 0.7014
180 0.7788 1019 0.03646 4.593 X 10-% 2.504 X 107% 3.212x 1073 0.6992
200 0.7459 - 1023 0.03779 4,954 x 1075 2.577 x 107% 3.455 x 107% 0.6974
250 0.6746 1033 0.04104 5.890 X 103 2,760 X 107° 4.091 x 1075 0.6946
300 0.6158 1044 0.04418 6.871 X 1075 2,934 x 10-5 4,765 X 10°° 0.6935
350 0.5664 1056 0.04721 . 7.892x 1075 3.101 x 10-5 5,475 x 1075 0.6937
400 0.5243 1069 0.05015 8.951 x 10-° 3.261 x 1075 6.219 X 1075 0.6948
450 0.4880 1081 0.05298 1.004 x 10~ 3.415x 1075 6.997 X 10-% 0.6965
500 0.4565 1093 0.05572 1.117:% 1074 3.563 x 1075 7.806 X 1073 0.6986
600 0.4042 . 1115 0.06093 1.352 x 10~* 3.846 x 10~-° 9.515% 1075 0.7037
700 0.3627 1135 0.06581 1.598 x 104 4,111 X 1075 1.133 x 10~ 0.7092
800 0.3289 1153 0.07037 1.855 x 1074 4.362 x 10-5 1.326 X 1074 0.7149
900 0.3008 1169 0.07465 2.122 x 10 4.600 x 1075 1.529 x 104 0.7206
1000 0.2772 1184 0.07868 2.398 x 104 4.826 x 1072 1.741 x 1074 0.7260
1500 0.1990 1234 0.09599 3.908 x 104 5.817 x 10-5 2.922 x 1074 0.7478
2000 0.1553 1264 0.11113 5.664 x 104 6.630 X 10-5 4,270 X 1074 0.7539
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TABLE A-9 1

Properties of saturated water

Enthalpy Volume
of Specific Thermal Expansion
Saturation Density, Vapori- Heat, Conductivity, Dynarmic Viscosity, Prandt! Coefficient,
Temp., Pressure; p kg/m® zation, C, kg - °C kW/m - °C wkg/m-s Number, Pr B 1K
T°C Py kPa  Liquid  Vapor hgkl/kg -Liquid  Vapor Liquid Vapor Liquid Vapor Liquid Vapor Liguid
0.01 0.6113 999.8 0.0048 2501 4217 1854 0.561 0.0171 1.792 X 10-% 0.922 X 107% 13.5 1.00 -0.068 X 1073
LS 0.8721 999.9 0.0068 2430 4205 1857 0.571 0.0173 1.519 x 10~3 0.934 x 10-% 11.2 1.00 0.015 x 107
10 1.2276 999.7 0.0094 2478 4194 1862 0.580 0.0176 1.307 X 10~% 0.946 X 1073 945 1.00 0733 x107®
15 1.7051 999.1 0.0128 2466 4186 1863 0,589 0.0179 1.138 X 1073 0.959 x 10~5 8.09 1.00 0,138 x 1073
20 2339 998.0 0.0173 2454 4182 1867 0.598 0.0182 1.002 x 10-3 0.973x 10" 7.01 1.00 0.195x 10-3
25 3.169 1897.0  0.0231 2442 4180 1870 0.607 0.0186 0.891 x 10~3 0987 x 10-5 6.14 1.00 0.247 x 1073
30 4246 996.0 0.0304 2431 4178 1875 0.615 0.0189 0.798 x 10~? 1.001 x 10~ 5.42 1.00 0.294 x 1073
35 5.628 994.0 0.0397 2419 4178 1880 0.623 0.0192 0,720 X 10~ 1.016 x 1073 4.83 1.00 0.337 x 107?
40 7.384 992.1 0.0512 2407 4179 1885 0.631 0.0196 0.653 x 10~? 1.031 x 10~ 4,32 1.00 0.377 x10-?
45 9.693 990.1 0.0655 2395 4180 1892 0.637 0.0200 0.596 x 103 1.046 x 10> 3.91 1.00 0415 x 103
50 12.35 988.1 0.0831 2383 4181 1900 0.644 0.0204 0.547 x 10~* 1.062 x 10~ 3.55 1.00 0.451 x 102
55 15.76  985.2 0.1045 2371 4183 1908 0.649 0.0208 0.504 x 10-3 1.077 X 10~ 3.25 1.00 0.484 x 10-3
60 19.94 9833 0.1304 2359 4185 1916 0.654 0.0212 0.467 x 107 1.093 x 10-5 299 1.00 0.517 x 1073
65 | 25.03 9804 0.1614 2346 4187 1926 0.659 0.0216 0.433 x 1073 1.110x 10™5 275 1.00 0.548 x 10-?
70 31.19 9775 0.1983 2334 4190 1936 0.663 0.0221 0.404 X 10-3 1.126 X 10-% 2.55 1.00 0.578x 10-%
75 38.58 974.7 0.2421 2321 4193 1948 0.667 0.0225 0.378 X 1073 1,142 x 10® 2.38 1.00 0.607 x 1073
80 47.39 971.8 0.2935 2309 4197 1962 0.670 0.0230 0.355 x 103 1,159 x 10" 2.22 1.00 0.653 x 103
85 57.83 968.1 0.3536 2296 4201 1977 0.673 0,0235 0.333 x 10-3 1.176 x 10~ 2.08 1.00 0.670 x 103
90 70.14  965.3 0.4235 2283 4206 1993 0.675 0.0240 0.315 x 10-3 1.193 x 10-®* 1.96 1.00 0.702 x 1073
95 8455 9615 0.5045 2270 4212 2010 0.677 0.0246 0.297 x 10~* 1.210x 105 1.85 1.00 0.716x 1073
100 101.33 957.9 0.5978 2257 4217 2029 0.679 0.0251 0.282 x 1072 1.227 x 105 1.75 1.00 0.750 x 10-3
110 143.27 9506 0.8263 2230 4229 2071 0.682 0.0262 0.255 x 10-% 1.261 x 10~* 1.68 1.00 0.798 x 103
120 198.53 9434 1.121 2203 4244 2120 0.683 0.0275 0.232 % 10™* 1.296 x 10~ 1.44 100 0.858 x 1073
130 270.1 934.6 1.496 2174 4263 2177 0.684 -0,0288 0.213 X 107 1.330% 10-> 1.33 1.01 0913 x 1073
140 361.3 921.7 1,965 2145 4286 2244 0.683 0.0301 0.197 x 107* 1.365 X 10~* 1.24 1.02 0.970 % 1073
150 . 4758 . 916.6 2,546 2114 4311 2314 0.682 0.0316 0.183 x 10~* 1.399x 105 1.16 102 1.025Xx 1073
160 " 617.8 907.4  3.256 2083 4340 2420 0.680 0.0331 0.170 X 103 1.434x 105 109 1..05 1.145x107
170 791.7 887.7 4,119 2050 4370 2480 0.677 0.0347 0.160 X 10~* 1.468 x 10-% 1,03 1.05 1.178 x 1073
180 1002.1 887.3 5.153 2015 4410 2590 0.673 0.0364 0.150 x 103 1,502 x 10~ 0.983 1.07 1.210x 1073
190 1254.4 876.4 6.388 1979 4460 2710 0.66% 0.0382 0.142 x 10-3 1.537 X 10~% 0.947 1.09 1.280 x 103
200 1553.8 864.3 7.852 1941 4500 2840 0.663 0,0401 0.134 x 10-3 1.571x 10° 0.910 1.11 1.350 x 103
220 2318 8403 11.60 1859 4610 3110 0.650 0.0442 0.122 x 10~* 1,641 x 10~ 0.865 1,15 1.520 X103
240 3344 813.7 16.73 1767 4760 3520 0.632 0.0487 0.I11 x 10-% 1,712 x 10-® 0.836 1.24 1.720 x 1073
260 4688 783.7 23.69 1663 4970 4070 0.609 0.0540 0.102 x 103 1,788 x 10~ 0.832 1.35 2.000 x 1073
280 6412 750.8 33.15 1544 5280 4835 0.581 0.0605 0.094 x 10-3 1.870 x 10-5 0.854 1.49 2.380x 1073
300 8581 713.8 46.15 1406 5750 5980 0.548 0.0695 0.086 x 102 1.965x 10-% (0.902 1.69 2.950 x 10°*
320 11,274 667.1 64,57 1239 6540 7900 0.509 0.0836 0.078 x 10~3 2.084 x 10-% 1.00 1.97 —
340 14,586 6105 92.62 1028 8240 11,870 0.469 0.110 0.070 x 10~3 2.2565 x 1073 1.23 243 —
360 18,651 528.3 144.0 720 14,690 25,800 0.427 0.178 0.060 X 10-3 2571 x 10> 2,06 3.73 =
374.14 22,090 317.0 317.0 0 © @ . » o 0.043 x 1073 4.313x10°% — = s

Note 1: Kinematic viscosity » and thermat diffusivity & can be calculated from their definitions, v = w/p and a = k/pC, = v/Pr. The temperatures Q.Ol“c,
100°C, and 374.14°C are the triple-, boiling-, and critical-point temperatures of water, respectively. The properties listed above (except the vapor density) can
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