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WATER: THE WAVEGUIDE ASSEMBLY THERMAL ENERGY ROUTINE
THERMAL CONDUCTIVITY

Richard F. Bradley

1.0 INTRODUCTION

The Waveguide Assembly Thermal Energy Routine (WATER) is a BASIC program
used for calculation of thermal resistance and conduction type heat flow through
various waveguide and transmission line sections. WATER can handle a wide va-
riety of single material and plated sections of rectangular and circular wave-
guides. Many forms of coaxial transmission line can also be analyzed with WATER.
Both the inner and outer conductors of the coaxial line can be single material
or of the plated style. WATER cannot calculate the thermal resistance or heat
flow through cascaded sections of dissimilar waveguide or coaxial lines. Thus,
the calculations performed by WATER are for a single section of a particular
waveguide or transmission line.

By far, the largest input parameter of the program is the thermal conduc-

tivity for the material used. A complete section of WATER is devoted to thermal
conductivity data input, storage and analysis. This data can be stored on the
disk along with the program and used repeatedly in calculations. Aside from
alleviating the laborious process of entering this data for each waveguide as-
sembly under analysis, this feature provides the user with a complete library of
thermal conductivity data. A list of such data currently stored on the disk can
be found in Appendix D.

The other input parameters are entered into the program directly. Other
inputs to the program include waveguide cross—-sectional dimensions, source and
sink temperatures, and the total length of the waveguide. If the section is
plated, the depth of the plating is also required. Information found in Ap-

pendix C may be helpful in the determination of the plating depth.



The program was designed to be a versatile tool for solving heat transfer
problems encountered in receiver system engineering. The formal calculations
and user interactions are performed in a smooth and economical way. The output
of the program displays the input parameters along with the calculated thermal
resistance and heat flow values. All the input parameters can be altered sepa-
rately and new calculations performed quite easily. WATER is constructed in
modular form so that additional computations and special purpose routines can be
eaéily added. WATER is written in Applesoft BASIC and was especially created

for use with the APPLE II plus microcomputing system.

2.0 PROGRAM OPERATION

The Waveguide Assembly Thermal Energy Routine, WATER, consists of six sub-
level programs, illustrated in Figure 1. The routines listed in Figure 1 can
only be accessed when in the monitor level. Although each sub-level is a com-
plete, independent program, routines which are common along the sub-levels are
shared. This process decreases the number of programming steps needed and thus
conserves memory space. A comprehensive description of each sub-level is now

in order.

2.1 Thermal Conductivity Data Analysis

This sub-level program allows the user to enter thermal conductivity data
into the program, check the data for errors, and store the data on the disk for
use in the heat flow calculation sub-levels. A diagram of this sub-program is
shown in Figure 2.

Upon entering this sub-level program, the user is queried about the status
of the thermal'conductivity data. To answer this question, the Qser must choose

one of the following:
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(P) Previously stored data.

This statement refers to data that has already been stored on the disk. A
list of such data can be found in Appendix D. After typing (P), enter the type
of material needed. The program will read the data from the disk and then dis-
play the (T) level menu.

(N) New data for disk.

This statement refers to a new list of data that the user would like to have
stored on the disk. After typing (N), enter the name of the material. The cor-
responding thermal conductivity data can now be entered into the program by rows.
Data can be entered into the program in any order. Start with the- first row by
entering a temperature followed by its corresponding thermal conductivity. Re-
member, the temperature is in degrees Kelvin and the thermal conductivity must
be in W/cm K. The program displays which row the user is currently entering
data. To jump out of the "input data'" mode, enter a zero for the temperature or
conductivity. The program then disregards that row and displays the (T) level
menu.

The (T) level menu is shown below and a brief description of each menu se-
lection follows.

(T) Level menu.

(M) More data. (C) Change data.
(D) Display data. (S) Store data.
(P) Print data. (X) Delete line.

(E) Exit to monitor.

(M) More data.

After this command is typed, the user can then begin entering thermal con-
ductivity data into the existing table. The program will jump to the next row
after the last previous entry, and begin placing the incoming data. To drop
out of this mode, enter a zero for the temperature or the conductivity. The

program will return to the menu.

(D) Display data.

When (D) is typed, the program will begin listing the entire table of data.
The data may move off the screen, so to stop the moving process type 'esc'" or
"CTRL-s". To continue, type any key. At the end of the table, the menu will

be displayed again.



(P) Print data.

This command is similar to the (D) command except this time the printet is
enabled and a hard-copy of the data is thus created. The printer will print the
name of the material along with table but will not print the menu. The menu
will be displayed on the CRT.

(C) Change data.

This is a useful command if an error is found in a particular entry of the
table. After typing (C), the program asks what row the error lies, and then
whether the error is in the temperature or the conductivity column. After en-
tering the proper column, the program displays the previous number and asks for
the corrected value. Upon entering the corrected value, the menu is dispiayed
once again.

(8) Store data.

When (S) is typed, the program orders the data from lowest to highest tem-
perature. When the ordering procedure is completed, the data is stored on the
disk and the program returns to the monitor level.

(X) Delete row.

This command is handy when an entire row needs erased. When in the (X)
mode type the number of the row that is to be deleted. The program then places
the value 10,000 into the temperature slot for that row. When the (S) mode is
activated, the program will not store the rows with 10,000 for a temperature.
To exit the (X) mode, type in a zero for the row number and the program will
display the (T) level menu.

(E) Exit to monitor.

This command returns the program to the monitor level. The monitor level

command list is then displayed.



2.2 Conduction Heat Flow Calculation Programs.

(R) Rectangular Waveguide
(C) Circular Waveguide
(X) Coaxial Transmission Line

The above three sub-level programs form the heart of the Waveguide Assembly
Thermal Energy Routine, WATER. All three sub-levels are quite similar in many
respects and a flow diagram of each is shown in Figures 3, 4 and 5. After the
(R), (C), or (X) routine is executed, all the waveguide parameters must be en-
tered into the program. The program will ask for each parameter individually.
The units for each parameter is displayed along with the input request. If any
of the above three modes is entered by mistake, or an exit to the monitor level
is needed, type in a zero for any numerical input. This will immediately return
the program to the monitor level.

Both the waveguides and transmission lines analyzed by WATER are assumed
to be in a vacuum environment so that convection processes can be ignored. An
important factor that is not considered in this program is radiation. Radiation
processes should be minimized before program/measurement correlation is at-—
tempted. Additional information about heat flow measurements can be found in
section 4.0 of this report.

After an initial set of input parameters, the program will calculate the
thermal resistance and heat flow for a given waveguide or transmission line
section. At this point, the user can change any of the parameters and the above
calculations are performed once again. This process will continue until the
user exits from this mode or by entering a zero for any numerical entry.

The following is a detailed catalog of input parameters used with the

various heat flow calculation sub-levels.,
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2.2.1 Temperature input.

At the beginning of each sub-level program is the request for the
source and sink temperatures. These temperatures can be any value between the
extreme limits set forth by the thermal conductivity versus temperature table
used for the current calculation. The source temperature must be greater than

the sink temperature, and the units must be degrees Kelvin.

2.2.2 Material input.

The thermal conductivity data for a particular material must be stored
on the disk before the material can be used in the heat flow calculation sec~-
tion. See Appendix D for a list of thermal conductivity data currently stored
on the disk. If the data for the material in question does not appear in Ap-
pendix D, see Section 2.1 of this report.

If the waveguide or transmission line is plated, the depth of the
plating must be entered into the program. Unless the plating depth is supplied
with the waveguide, an accurate approximation must suffice. To aid in this es~-
timation, a graph of frequency versus skin depth for various electrical conduc-
tivity levels can be found in Appendix C.

WATER assumes that rectangular and circular waveguides are made either
of two ways: (1) The only material present is the principal material which
forms the structure of the waveguide; and (2) the principal or structure ma-
terial is plated with an additional substance. If the waveguide under analysis
is plated, enter the name of the plating material and then the depth of the
plating. The plating depth must have units of ecm. A zero input for the plating

depth will cause the program to jump to the monitor level.
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WATER can handle a wide variety of coaxial transmission linmes. Both the
inner and outer conductors may be single maferial or plated. In any event, the
name of the outer conductor structural material is entered first — then the
name of the inner conductor structural material. In some cases, the structural
material is the only material present, and a '"no" should be entered for the
plating questions. If the outer conductor is plated, answer "yes" to the cor-
responding plating question and then enter the type of plating material and the
plafing depth. The same procedure should be followed if the inner conductor is
plated. Note that the plating depth must have units of cm.

After the material data is entered, the program will begin to read thermal
conductivity information from the disk and integrate the data over the liﬁits
set forth by the source and sink temperaturés. After a few seconds, the dimen~-
sion routine will begin its request for data.

2.2.3 Dimension input.

Only the cross-sectional dimensions are placed into the program at: this
point. Remember, the dimensional parameters are entered one at a time upon
request. All dimensions must be in cm.

Rectangular waveguides.

To aid in the process of entering the cross-sectional dimensions,
a graphic picture of a typical rectangular waveguide is displayed. For.a given
waveguide, dimension A is the width of one side, and dimension B is the width
of the other side. If a square waveguide is encountered, dimensions A and B

may be set equal. Enter the appropriate value for A and B when the correspond-

ing data request is given. Considered next is the total wall thickness. This
refers to the brincipal material wall thickness plus the plating depth, if
applicable. Refer to Figure 6a for a detailed sketch of the rectangular cross

section.
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Circular waveguides.

The circular cross-sectional data is summarized by two inputs.
First, the diameter of the waveguide is placed into the program. Next, the
total wall thickness is considered. This includes the principal material
thickness and the plating thickness if the waveguide is plated. See Figure 6b
for a sketch of the circular cross section.

Coaxial transmission lines.

For the coaxial cross section, first enter the outside diameter of
the outer conductor, then the outside diameter of the inner conductor. Note
the diameter of the inner conductor may include the plating thickness. The
program assumes that the inmer conductor is solid. If the inner conductor is
tabular, the inside diameter of the tube must be given. Finally, the total
wall thickness of the outer conductor, structural material thickness plus
plating thickness must be given to the program. See Figure 7.

When the dimensional data input routine is complete, the program

will jump to the next mode which is "length input".

2.2.4 Length input.

The length input routine is common among all three heat flow calculation
sub-levels. The length refers to the distance between the source and the sink.

The length of the waveguide or transmission line must have units of cm.

2.2.4 The display.

For each heat-flow sub-level, a unique display of the results follows each
calculation routine. All three display the appropriate input parameters and
the calculated thermal resistance and heat flow values. For the rectangular

and circular waveguides, two CRT screens are used. The results for the coaxial
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transmission line is displayed on three CRT screens. To move from one screen tc
the next, type any key. The options menu is displayed on a full screen at the
end of the results. Figure 8 shows typical examples of the three displays.
After the results of a calculation are displayed, a menu is displayed which

gives the user certain options:

(T) Temperature change.

(D) Cross-sectional dimension change.

(M) Material change.

(L) Length change.

(P) Print copy of results.

(S) Skin depth change.

(E) Exist to main program.

(R) Retype results.

A detailed list of options should clarify some of the minor points of the

program.

(T) Temperature change.

When the (T) mode is activated, the source and sink temperatures can be
changed. Enter the altered data upon request. The program will recompute the
heat flow for the new parameter set and display the results along with the menu.

(D) Cross-sectional dimension change.

When "D" is typed, the user can enter a new set of cross-sectional dimen-
sions for the waveguide or transmission line. Remember, the units for all
cross—-sectional dimensions is cm. Again, the program calculates a new heat
flow and displays the result.

(M) Material change.

This mode is quite useful when structural or plating material needs al-
tered. Also, a plating material can be added or deleted at this time. The
area calculations are altered to correspond to the structural/plating material

change. Again, the heat flow is computed and the results displayed.
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VAUESUIDE PARAMETERS

PRINCIPLE MATERIAL...STAINLESS STEEL Rectangul
FLATING MATERIAL...COPPER ETP

SOURCE TEMPERATURE 75 ¢ KELUIN)

SINK TEMPERATURE 10 {KELUIND

LENGTH 15.24 ¢CM)

OIM A . B2E3CCH) DIM B .3353CCM)

TOTAL WALL THICKNESS .025¢ <CH)

GEPTH OF PLATING BE-95 (CM)

CROSS-SECTION ARER
STAINLESS STEEL .@4359627G156 (S8 CM>
COPFER ETP 1.02734397E-64 (SG CMD

THERHAL RESISTANCE CH/K )
STAINLESS STEEL E£921.68419

COFPER ETP 232:8452060- /96949,D692
TOTAL  4705.05293

HEAT FLOK C(HATTS)D
STAINLESS STEEL  9.39158221E-63

COFPER ETP 82802496 4,423392%/) 5 53
TOTAL  .01361459349 .

HAVEGUIDE PARAMETERS Circular
PRINCIPLE MATERIAL...STAIMLESS STEEL
PLATIMG MATERIAL...COPPER ETP
SOURCE TEMPERATURE 75 CKELVIND
SINK TEMFERATURE 10 (KELUIND
LENGTH 12 (CM)
OUTSIDE OIRMETER= 2(CM)
TOTAL WALL THICKMESS . 1016 CCM)
DEPTH OF FLATING EE-85 (CM)

CROSS-SECTION AREA
STAINLESS STEEL .5246@@97 (SG CH>
COPPER ETP 5.27191907E-84 (SQ CM)D

THERMAL RESISTANCE CH/K O
STAIMLESS STEEL 276.90786E

COFPER ETP 4-28564386— 2254,9 9040
TOTAL  241.E5614E

HEAT FLOW CHATTS)
STAINLESS STEEL  .239923952

COPPER ETP  S6n5583368— 0289275124
TGTAL «26E7E1464

TRANSHISS ] S .
ouTER cONBICTOR ClrkIHE: EEREVELER Coaxial
INMER COMDUCTOR.. STRINLESS STEEL

QUTER CONDUCTOR PLATIMG.. COPPER ETP

INNER COMDUCTOR PLATIMG.. COPPER ETP

SOURCE TEMPERRTURE 79 (KELVIN)

SINK TEMPERATURE 19 (KELVINM)

LENGTH 18 <(CM>

QUTSI0E DIR. OF OUTER COHWD.S (CMD>

QUTSIDE DIA. OF INNER COND. 3 (CMD

INSIDE DIR. OF TUBE 1 (<MD

QUTER CONMD. HALL THICKMESS .10816 <CM)

QUTER COND. PLAT. DEPTH BE-85 <(CH)

INNER COND. PLAT. DEPTH €E-05 (CM)>

- CROSS-SECTIOMAL ARER

OUTER CONDUCTOR 1.3625956 (8@ CH)

INNER CONDUCTOR 6.28261983 (S0 CMD>

OQUTEFR COND. PLAT 9.04195611E-64 (SO CHM)

INNER COND. PLAT S.6547E71€6E-84 (SQ CM)
THERMAL RESISTANCE C(KELVIN/HATT)

JJTER CONDUCTOR 133.532855
OUTER COMDUCTOR PLATING 1895.5484

THNER CONDUCTOR 332.2241568

INHER CONODUCTOR FLATING 1751.77752
HEAT FLOW <HATTS)?

GUTER CONDUCTOR .43655227

QUTER COMDUCTOR PLATIMNG .8593318161

INMER CONDUCTOR 1.95648782

iNMER COMDUCTOR PLRTING .83718516534

TOTAL HEAT FLOW 2.533943827

FIGURE 8
Typical Display of Results
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(L) Length change.

The length change routine is straightforward. After entering this mode,

type in the new length value. Remember to keep the units in cm. The new re—

sults are displayed.

(P) Print results.

This mode allows the user to obtain a hard-copy of the result. When "P"
is typed, the program will print the input parameters along with the results.
The printer will stop after each screen is printed and, to continue, type any
key. The options menu will not be printed but will be displayed on the CRT.

(S) Skin depth change.

If the waveguide is plated, the plating depth can be changed by entering
this mode. After typing "S", type in the revised plating depth. The plating
depth must be in cm. Note that if nothing is plated, the user cannot enter
this mode. The new results are displayed.

(E) Exit to monitor.

This option is self-explanatory. When "E" is typed, the program will
jump to the monitor level but will not erase any data from its memory.

(R) Retype results.

If the results and input parameters need to be analyzed again, type "R".

This will display the results exactly as before.

2.3 Additional monitor level commands.

Other commands are available to the user at the Monitor level. A descrip-
tion of these follow:

(I) Cm to inch conversion.
(M) 1Inch to cm conversion.

This set of sub-levels is independent of all other sub-levels within the
Waveguide Assembly Thermal Energy Routine. All dimensional quantities in WATER
are expressed in cm. Any other dimensional unit must be converted to cm before

placement into the program. This conversion routine will help with this chore.
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(D) Display calculation results.

This simple command allows the user to display the current calculation re
sults again. The command also places control back to the heat flow sub-level.
This feature is only possible when a calculation has already been performed.

(E) Exit program.

Type "E" to exit from program and return the BASIC monitor.

3.0‘ SUMMARY OF ALGORITHMS

3.1 Thermal Resistance Calculation

The central theme of WATER is the thermal resistance calculation. The

thermal resistance for a section of waveguide containing two materials is:

_ d[SO - SI]
R -
SO 0]
A, J Ky(T) dT + A, [ Ky(T) dT
SI SI
where d = length of the waveguide.
SO = Source of temperature.
SI = Sink temperature.
Ay = Cross—sectional area of material 1.
A, = Cross-sectional area of material 2.
Ki(T) = Thermal conductivity of material 1.
Ko(T) = Thermal conductivity of material 2.

The length and the source and sink temperatures are directly supplied by
the user. The thermal conductivity data is read off the disk and a unique
temperature ranging process incorporated with a standard integration routine
is used to solve the intggrals. The user supplies the cross-sectional di-

mensions and the program computes the corresponding area. The thermal
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resistance is then calculated and displayed along with the heat flow through

each material.

3.2 Ranging and Integration Routine.

After the source and sink temperatures and the type of material is entered
into the program, the ranging and integration process begins. The thermal con-
ductivity data for the particular material is loaded from the disk into an array.
The data on the disk and hence in the array was previously ordered from lowest
to highest temperature by the thermal conductivity analysis routine. The program
then finds the values in the array that are greater than the sink but less than
the source. If the source and sink temperatures do not exactly match any of the
temperatures in the array, a thermal conductivity value is found for the source
and sink by straight line interpolation. The original data in the array is re-
placed by this newly formed sub=set. At this point, a straight line integration
process takes place and the result is stored in the integration results array.

This routine is performed for each material used in the waveguide.

3.3 Additional Procedures.

From the ranging and integration routine, the program moves to the cross-
sectional dimension input mode. To keep the inputs simple and straightforward,
the program only asks for one-dimensional values. The cross-sectional area for
each type of material is calculated. Finally, the length of the waveguide is
placed into the program.

The thermal resistance is computed for each material used in the waveguide.
A total thermal resistance for the waveguide is also computed. The heat flow

through each material is found from the relation:

_ S0 - SI
Q R
m
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where SO0 = Source temperature.
SI = Sink temperature.
Rm = Thermal resistance of the material.

The results of the calculations are displayed along with the related in-

put parameters.

4.0 SUPPORTING MEASUREMENTS

4.1 Introduction.

To achieve some level of confidence in the calculations performed by WATER,
an attempt was made to correlate measured values of heat flow with that computed
by the program. A special apparatus was constructed to mount a section of wave-
guide and provide a source and sink for heat transfer. The power supplied to
the source was considered to be the heat flow through the waveguide. The re-
sults of the measurements are then compared to the calculated values. Possible
sources of error are mentioned and a brief discussion of improvements to the

testing apparatus are given at the end of the report.

4.2 Assumptions.

1. A perfect thermal connection exists between the waveguide
end flange and the 20° Kelvin station and between the op-
posite end flange and the copper block.

2. All the energy generated by the heater is transferred to
the copper block.

3. Since the vacuum in the dewar is quite good, conve;tion

processes can be ignored.
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4.3 Material Specifications.

Waveguide #1 Material .......... Copper (TE)
Dimensions: A .... 1.27 cm
B.... 0.635 cm
T.... 0.1016 cm
Length ............ 11.43 cm
Description ....... WR-42 waveguide with brass end
flanges. Inside polished; out-
side is oxide coated.

Waveguide #2 Material .......... Copper (OFHC)
Dimensions: A .... 1.27 cm
B.... 0.635 cm
T .... 0.1016 cm
Length ....c000veee 8.73125 cm
Description ....... WR-42 waveguide with brass end
flanges. Inside polished; out-
side is oxide coated.

Waveguide #3 Material .......... Stainless steel —-
Copper (ETP) plating
Dimensions: A .... 0.6223 cm
B.... 0.3353 cm
T .... 0.0254 cm
Length ............ 7.62 cm
*Plating depth ..... 6 x 10-° cm
Description ....... WR-22 waveguide with brass end
flanges. Inside polished; out-
side clean but not polished.

Waveguide #4 Material .......... Stainless steel —
Copper (ETP) plating
Dimensions: A .... 0.6223 cm
B .... 03353 cm
T .... 0.0254 cm
Length ............ 15.24 cm
*Plating depth ..... 6 x 10-° cm
Description ....... WR-22 waveguide with brass end
flanges. Inside polished; out-
side clean but not polished.

* Approximation of plating thickness.

4.4 Laboratory Set-Up.

The apparatus used in the heat flow measurement experiment consists of a
test dewar housing a two stage CTI refrigerator unit. One end of the waveguide
under test was mounted directly to the 20 K station of the refrigerator. This

formed the heat sink end of the waveguide. The source end of the waveguide was
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terminated with a copper block used to position the heater and temperature sen-
sitive diode. A second diode was secured to the 20 K station to monitor the
sink. The sensors are connected to a special readout unit that is calibrated

to the specific diode used. Indium is used at all thermal connections to as-
sure proper heat transfer. Two #36 gauge copper wires deliver the power to the
heater. A pair of #38 gauge copper wire connects the diode to the outside world.
All four wires originate from the copper block and are a source of loading at
the heat source. To minimize this effect, all four wires are wrapped around the
20 K station to decrease the AT, hence decreasing the unwanted heat flow.
Thermal radiation effects are minimized by use of a copper heat shield encap-
sulating the wavéguide. The shield is tied to the 77 K station of the re%ri-
geration unit. The entire experiment is done in a vacuum environment where

the pressure ranges from 4 to 10 pHg. The same apparatus was used with all four

sections of waveguide.

4.5 Test Procedure.

Once the section of waveguide is mounted in the testing apparatus, a vacuum
is drawn on the dewar. When the pressure drops below 150 uHg, the refrigeration
unit is activated. The system is cooled down and allowed to remain at the low
temperature level until the source and sink stabilize. The pressure decreases to
about 10 pHg where equilibrium exists. At this point, the source and sink tem-
peratures should be equal since only a very small load exists. The source and
sink are within 2° of each other before the measurements begin.

The power is supplied to the heater. This is done by setting the power sup-
ply voltage to a specific level and allowing the current to stabilize. The source
will first increase sharply and then slowly approach its equilibrium value. At

equilibrium, the source and sink temperatures are recorded along with the corres-
ponding heater voltage and current. The power supplied to the heater and hence

the source, is then equal to the heat flow through the waveguide.
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measurement correlation.

Results

Waveguide #1:

about 200 mW.
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The copper (TE) waveguide gave the best computation-

TABLE 1

Waveguide 1 Heat Flow

The maximum deviation from the calculated values is

Test Source Sink Heater Heater Measured Calculated
No. Temperature Temperature| Current Voltage Heat Flow Heat Flow
K K mA \ W W

1 18.8 10.5 47.41 30.02 1.423 1.268

2 23.5 11.0 60.00 38.20 2.29 2,175

3 31.0 12.0 77.81 50.00 3.89 3.789

4 41.0 13.5 93.04 60.32 5.61 5.950

5 56.0 16.7 114.00 74.70 8.52 8.472

6 56.0 17.3 114.00 75.00 8.60 8.367

7 130.0 33.0 148.00 100.10 14.80 14.973




LIAUERIITOE PAQAMETED!
PRINCIPLE HRTER&DL.F.CBPPEE ?ES

SOURCE TEMPERATURE 18.8 (KELUIND)
SINK TEMPERATURE 10.5 C(KELUIN)
LENGTH 11.43 (CH)

DIM H 1.27CCH)D OIN & .B35CCHY
TOTAL HALL THICKMESS .141& (CM>

CRUSS-SECTIOM RRER
COPPER TE .34559578 (SQ CM)

THERMAL RESISTAMCE (H/K )
COPPER TE 5.954531271L
TOTAL  6.54531271
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HAVESUIDE PRRAMETERS
PRINCIPLE MATERIAL...COPPER TE
SOURCE TEMPERATURE 23.5 (KELUIN)
SINK TEMPERRTURE 11 (KELUINY
LEMGTH 11.43 <CM)>
DIM R 1.27(IM) OIM B .835¢CH>
TOTAL WALL THICKNESS .1815 {CH)

CROSS-SECTION RRER
COPPER TE .34580575 (SO CM)

THERMAL RESISTAMCE (H/K
COPPER TE 5.74£233333
TOTAL  S5.74E58399

WRAVESUIDE PRARBMETERS
PRIMCIPLE MATERIAL...COPPER TE

SNURCE TEMPERATURE 31 (KELVIND
SINK TEMPERRTURE 12 (KELUIN?
LENGTH 11.432 (CM>

OIM H 1,27(CH 2 DI & .B33CC
TOTAL WALL THICKMESS .1@1& C(CH3

CROSS-SECTION AREA
COPPER TE .34530575 (3G CM)

THERMAL. RESISTRMCE <(H/K .
COPPER TE S.81538502
TOTAL  S.8190E582

HERT FLOW <(WARTTS)
COPPER TE  1.25393383

COPPER TE
TOTAL  1.26398303

4

HRUEGUIDE PRRRMETERS
PRINCIPLE MRTERIAL...COFPER TE
SOURCE TEMPERATURE 41 (KELVIN)
SINK TEMPERATURE 13.5 (KELVIN)>
LENGTH 11.43 (CH)

OIM R 1.2%(CM) DIM B .B35¢CM),
TOTAL WALL THICKNESS .1816 (CM)

CROS5-3ECTION RRER
COPPER TE .34580576 (SQ CM>

THERMRL RESISTRNCE (H-sK )
COPPER TE 4.52209526 !
TOTAL  4.62209586

HERT FLOW C(HATTS)
COPPER TE  5.343531389
TOTAL  S5.949€3133

6

HAUEGUIDE PARBMETERS
PRINCIPLE MRTERIAL...COPPER TE

SOURCE TEMPERATURE 56 (KELUIN>
SINK TEMPERATURE 17.3 (KELVINY
LENGTH 11.43 (CH>

OIH A 1.27¢CHD BIM B .635CCH>
TOTAL WALL THICKMNESS .1@1€ (CH)

CROSS-SECTION RRER
COPPER TE .34588578 (SQ CM)»

THERMAL RESISTANCE (H/K )
COPPER TE 4.62522975
TOTAL  4.62522075

HEAT FLOW C(HATTS)
COPPER TE  3.3571882
TOTAL  ©.3671882

FIGURE 11

HEAT FLOW (HWATTS)
2. 17593343
TOTAL  2.17583349

HEAT FLOW CHATTS)
COPPER TE  3.733958433
TOTAL  3.788584383

HRVESUIDE PARAMETERS
PRINCIPLE MATERIRL...COPPER TE

SOURCE TEMPERATURE S6 (KELUIN»
SINK TEMPERATURE 16.7 (KELUVIN)
LENGTH 11.43 <CM>

OIM | 1.27¢CMD DIM B .B3S(CH>
TOTAL WALL THICKNESS .1@16& (CM»

CROSS-SECTION RRER
COPPER TE .34589578 (S@ CM>

THERMRL RESISTRANCE {H/K >
COPPER TE 4.8385682232
TOTAL  4.83556223

HEART FLOM CHWATTS)
COPPER TE  8.4724523
TOTAL  8.4724523

7

WAUEGL'IDE PRRAMETERS
PRINCIFLE MATERIAL...COPPER TE
SOURCE TEMPERATURE 13@ (KELUIN)
SINK TEMPERATURE 33 (KELVIN>
LENGTH 11.43 (CH>
DIH A 1.27(CH) OIM B .B35(CH>
TOTAL WALL THICKNESS .101E& (CH)

CROS3-3ECTION RRER
COPPER TE .34580576 (SQ CH>

THERMAL RESISTANCE (H/K )
COPFER TE 6.47840788
TOTAL  6.473406788

HEAT FLOW (HATTS)
COPPER TE  14.9728146
TOTAL  14.9723148

Calculation Results: Waveguide 1
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4.6 Continued:

Waveguide #2

The copper (OFHC) waveguide test produced interesting results. When AT is
small, the measured value was extremely close to the calculated value. As AT
increases, the measured values oscillate about the computed result. Maximum

deviation was approximately 1 watt.

TABLE 2

Waveguide 2 Heat Flow

Test Source Sink Heater Heater Measured |Calculated
£: Temperature [Temperature Current Voltage Heat Flow | Heat Flow
o K K mA v W W

1 23.7 12.4 76.87 50.0 3.843 3.839

2 24.1 13.2 76.82 50.0 3.841 3.807

3 25.9 14.0 91.47 60.0 5.483 4.376

4 38.0 17.1 105.85 70.0 7.409 8.695

5 53.0 23.1 126.94 84.99 10.788 11.538

Waveguide #3

An interesting problem developed when the stainless steel waveguide structure
was cooling down. The source end of the structure could not be cooled below
57°K for the ini;ial equalization. This waveguide was not used for normal heat
flow measurements. WATER computed the leakage to be approximately 15 mW.

Waveguide #4

This piece of waveguide is longer than waveguide #3 but all other parameters
are equal. Again, the problem developed during cooling and the source would not

drop below 73°K. WATER computed the unwanted heat flow to be about 15 mW.
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FRINCTPLE MAT HL...CUPP

SOURCE TEMPERATURE 23.7 (KELVIN)
SINK TEMPERATURE 12.4 (KELVIN)
LENGTH &.72125 (CM)

OIH A 1.27(CH> OIM B .€35(CH>
TOTAL WALL THICKNESS .181& (CH)

Hﬁk& UIDE PRRRH%T%

LENGTH &.73125 (CM)>
DI A 1.27(CM)>

CROSE-SECTION AREA
COPPER OFHC .345€057€ (SG CH)

THERMAL RESISTANCE (HsK >
COFPER OFHC 2.94339€37

DI B .E35(CH)
TOTAL WALL THICKNESS .1816 (CH)

CROSS-SECTION AREA
COPPER OFHC .3458057€ (SQ CM)

THERMAL RESISTANCE (W/K >
COPPER OFHC 2.£6314526

WRJEGUIDE PARAMETERS
FRINCIPLE MATERIAL...COPPER OFHC
SOURCE TEMFERATURE 24.1 C(KELUIND
SINK. TEMPERARTURE 13.2 (KELVIH)

UEGL TERS
principLe MHTERTHECE, EBRFER 6FRC
SOURCE TEMPERATURE 25.9 (KELUIN»
SINK TEMPERATURE 14 (KELVIN)
LENGTH €.73125 (CH>

DIM ®@ 1.27¢(CHD DI B .€35CCH
TOTAL HALL THICKNESS .1816 (CMD

CROSS-SECTION ARER
COFPER QFHC .34588576 (SQ CHO

THERMAL RESISTANCE (W/K )

£ .OPPER OFHC 2.71935698
TOTAL 2.94339637 TOTRL  2.86314526 TOTAL  2.71935€98

. HEAT FLON CHATTS > HERT FLOW <HRTTS) COFFER S‘Egg FLEE‘TO?E;S?I;?)
COPPER OFHC 2.832910238 COPPER OFHC 3.3878821 TOTAL 4. 376@3‘{51

TOTAL 3.839162328 TOTHL 3.8678021

4
PRINCIPLE MATERTHL. -, COPEER GEHC

SOURCE TEWPERATURE 38 (KELVIN)D
SINK TEMPERATURE 17.1 C(KELVIN)
LENGTH 8.731235 (CHD

DIN R 1.27(CH) DIM B .E63S(CH)
TOTAL HALL THICKMNESS .1816 <CH)

CROSS-SECTION ARER
COPPER OFHC .3458057€ (SG CM)

THERMAL RESISTANCE (WK )

5

rrINCIPLE HETERTVIDE BORRMRTERRC
SOURCE TEMFERATURE S2 CKELUIN)
SINK TEMPERATURE 23.1 (KELUIND
LENGTH £.73125 <CH)
OIM A 1.27¢CH>
TOTAL HALL THICKNESS .1616 (CH)

DIN B .€35(CH)

CROSS-SECTION AREA

COPPER OFHC .34568576 (SG CH)

THERMAL RESISTANCE C(H/K )
COFFER OFHC 2.40381237 COPFER OFHC 2.50471935
TOTAL  2.40361237 TOTAL  2.58471835
HERT FLOW C(HATTS)

COPPER OFHC  8.69452219 ____HEAT FLOW CHATTS)
TOTAL  3.59452219 COPFER OFHC  11.5362188

; TOTAL  11.5382188

FIGURE 12

Calculation Results:

Waveguide 2

Waveguide #3

HAVEGUIDE FARAMETERS
PRINCIPLE HATERIAL...STRINLESS STEEL
PLRATING MATERIAL...COFPER ETP
SOURCE TEMFERATURE 57 (KELVIM)
SINK TEMFERATURE 16 C(KELVIND
LENGTH 7.62 (CH)
OIH A LB223CCHD DIM B .3352CCHD
TOTAL WALL THICKMESS .@254 (CH)
DEPTH OF PLATING 6E-03 (CH)

CROSS-SECTION AREA
STAINLESS STEEL 3459527856 (32 CHD
COPFER ETP 1.82734337E-24 (S22 CMD

THERHAL RESISTAMCE (H-K >
STRINLESS STEEL 4452.239358
COFFER ETP 43642883 (4 35,4936/
TOTAL  2€31.€30612

HEAT FLOW
STAINLESS STEEL
COPFER ETP
TOTAL

CHATTS)

.B1835563427
FEOPASIPE—2.3433 |WBE I3
.B176596528

FIGURE 13

Computation Results:

Waveguide #4

Sl £
FRIMCIPLE MATERTHLOE, ERETELERScrer,
FLATING MATERIAL...COPPER ETP
SOURCE TEMPERATURE 75 C(KELUIN)
SINK TEMPERATURE 10 ¢KELUIM)
LENSTH 15.24 (M)
OIM A .5223(0M) BIM B .3353(CM"
TOTAL WALL THICKMESS .0254 ¢CM)
DEPTH OF FLATING BE-85 (M)

o~ CROSS-SECTION AREA
STRIMLESS STEEL .94535279568 (5Q CM)
COFPER ETP 1.92734337E-94 (SQ CM)

THERMAL RESISTRMCE (H-K )
STHINLESS STEEL K321.98415
SOPPER ETP 3278452668 /4 694, %692
TOTAL  47@85.65293

HEAT FLOH <HARTTS)
STRIMLESS STEEL  9.39153221E~-93
COPPER ETP 37897435 4,4233920/ 2«
TOTAL  .©138149249

Waveguides 3 and 4
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4.7 Apparatus Component Description

4.7.1 Diode temperature sensors.

Lake Shore Cryotronics series DT-500-CU-36 temperature sensing diodes were
used in the measurements experiment. The pair of diodes was checked at 300, 77
and 10 degrees Kelvin against room temperature, LN , and hydrogen vapor pressure.
respectively. The two diodes have very similar response characteristics and
are within 2° of each other at the 10° Kelvin level.

The temperature readout unit was properly calibrated to the DT-500 series
diodes. The diodes are connected to the readout unit via phosphor bronze wire.
The wire was wrapped around the 20 K refrigeration station to reduce unwanted
heat transfer.

Indium foil was used between the diode sensors and the copper source and
sink stations so that good heat transfer is assured.

4.7.2 Miniature heater.

The source heater used in the apparatus is the MINCO products H4A series
button heatér. The unit is able to deliver 20 W at 115 V. Indium was used be-
tween the heater and the copper block to assure proper heat transfer. Number
36 gauge copper wire connects the heater to a variable power supply.

4.8 Sources of Error.

1. The small wires connecting the source heater and temperature diode
to the outside world éause a slight loading to occur at the source
end of the waveguide.

2. The waveguide may be radiating significant energy to the 77 K heat
shield. This energy leakage will produce a slight thermal load on
the entire waveguide structure. |

3. The temperature diodes do not correlate exactly with actual tem-

perature. For copper (TE), a 1 degree change may correspond to

400 mW of heat transfer as shown below.
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When the heater current is large, power may be lost in the small

wires feeding the heater.
Resistance of #36 copper wire: 0.415 Q/ft.

A total of about 4 ft of #36 wire is used to connect the heater

to the power supply. This wire creates a 1.66 Q load on the

power supply.

If the current is 100 mA, then the power lost in the wires is

166 mW.

Thickness of the plating material is at best a close approxima-

tion and may not be uniform over the length of the waveguide.

.9 Possible Improvements.

1.

FRIMCIPLE MATERIAL...COFFER TE
SOURCE TEMPERRTURE 55 CEELUIMY
SIMK TEMPERATURE 16.7 C(KELUIN?

Use a 20 K and a 77 K heat shield around the waveguide. Radiation

effects should be greatly attenuated by use of the additional shield.

The outside of the waveguide and the inside of the heat shield should

be'highly polished. This action should reduce radiation loading.

Use more accurate temperature sensing elements.

HAVEGUIDE PARAMETERS HRVEGUIOE PRRAMETERS
FRIMCIPLE MATERIAL...COFFER TE
SOURCE TEMPERRTURE S8 (KELUIM)D
SINK TEMPERATURE 1€.7 (KELUIND

LENMGTH 11.4Z (CM> LENMGTH 11.43 (CH>
ODIM A 1T.27CCHY OIM B JE3S(CHY DIM A 1.27(CH) DI B .E35¢CC
TOTAL HALL THICKHESS .161€ (CH3» TOTAL WALL THICKHESS 1618 (CHO
CROSS-SECTION AREA CROSS~-SECTION RRER
COPFER TE .345SEa576 (&0 CH) COFFER TE .34SE857E6 (S0 CM)
THERHAL RESISTRNCE CHA D THERHMAL RESISTANCE (HsK .
COPFER TE 4.EB190816 COPFER TE d.83856223
TOTAL 4.6190816 TOTAL 4. E3CSE223
HERT FLOW CHATTS) HEAT FLOW C(HATTS)
COFFER TE 8.29183519 COFPER TE £.4724529
TOTAL

£.29163519 TOTAL  E.4724529
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5.0 CONCLUSION

WATER, the Waveguide Assembly Thermal Energy Routine, is an effort to com-
pute the heat transfer through any general waveguide configuration. The program
is structured to enable the user to calculate the needed information easily and
efficiently. The calculations performed by WATER are considered to be reason-
ably accurate, the method used to test the program's validity is somewhat crude
and many improvements must be made on the testing apparatus before close corre-
lation will be witnessed. At present, the engineer may use the program as a
tool to solve waveguide thermal loading problems encountered in the cryogenic

world.
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APPENDIX A

List of Important Variables

Thermal conductivity versus temperature table.
Material name list.

Integration results.

Conductivity analysis array.

Dimension A (R).

Dimension B (R).

Total wall thickness.

Outside diameter (C).

Outside diameter of outer conductor (X).

Outside diameter of inner conductor (X).

Inside diameter of tube (X).

Skin depth of plating (R), (C), (X, outer conductor).
Skin depth of plating (R), (C), (X, inner conductor).
Total cross-sectional area (R), (C).

Principal material cross-sectional area (R), (C).
Plating cross-sectional area (C), (R).

Length.

Outer conductor structural area (X).

Outer conductor plating area (X).

Inner conductor structural area (X).

Inner conductor plating area (X).

Total thermal resistance.

Resistance of outer conductor structural material (X).
Resistance of outer conductor plating material (X).
Resistance to inner conductor structural material (X).
Reistance to inner conductor plating material (X).
Main material thermal resistance (R), (C).

Plating material thermal resistance (R), (C).

Heat flow through outer conductor structural material (X)
Heat flow through outer conductor plating material (X).
Heat flow through inner conductor structural material (X)
Heat flow through inner conductor plating material (X).
Total heat flow.

Heat flow through main material (R), (C).

Heat flow through principal material (R), (L).

*kkkkk
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APPENDIX B

PROGRAM LISTING
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PROGRAM LEMGTH= 15264 BYTES . UARIABLES= 2517 BYTES
FREE HMEMORY= 27¢SE8 EYTES
START=16385 LOMEM=31589 FREE=324@97 STRING=26855 HIMEM=36864

18 FEM s+ HAUEGUIDE ASSEMELY THERMAL EMERGY ROUTINE *%*

8 FEM H.A.T.E.F

28 REM  CFEATED BY RICHRRD F. ERADLEY

48 FREN

26 REM

€8 FEM

7a HOME = FRINT " H.H.T.E.R"
€8 PRINT : PRINT : FRINT = FRINT

398 PRIMT HRVEGUIDE ASSEMBLY"
168 PRIMT " THERMAL ENERGY ROUTIME"

118 FOR WHH = 1 TO 1489

128 MNEXT HH

138 FREM <o<odrdadrd> s ondmCnInsEndd

146 REM <> MOHITOR FPROGRAM <>

158 EREM <20radamadd>dBL30R0IDIhIRohad

168 REM  #* MEMORY LOCHTION SHIFT %=

176 FRINT CHR$ (4);"BRUN LOMEM:z": & LOMEM: 163E4
186. HIMEM: ZE&E4

133 POKE 1813,75: POKE 1414.,12

268 POKE 1815.151: POKE 1016.76

21 POKE 1617,6: FOKE 16818,131

228 REM %% IHITIRLIZE ARRAYS *%

228 DIH ARCTS.,2>: REM  THERMAL COMDUCTIVITY ARRAY
248 DIH H¥E): FREM MATERIAL LIST

253 DIM PR(B)>: REM IMTEGRATIOM RESULTS

266 DIM CC(7S5.23: REM CONMDUCTIUITY ANALYSIS

&ra FI = 3.1415928535897°93

zem DF = "": REM CTRL-D

S o = @a :

Zaa REM «* DISPLAY OFTIONS *¥

218 TEKT : HOME

sz8 FRINT H.B.T.E.R": FRINT
338 PRIMT " MOMITOR LEUEL"

348 PRINT : PRIWT "<T)> THERMAL COMDUCTIUITY AMALYSIS®
358 PRINT “(R> RECTANGULAR WRUESUIDE HEAT FLOW “

388  PRINT "<C) CIRCULAR WRUEGUIDE HERT FLOW"

378 PRIMT "(¥) CORXIAL TRANSMISSION LINE HERT FLOW"
330 PRIMT "<D> DISPLAY CALCULATION RESULTS"

398 PRIMT "<I> CM TO IMCHES"

408 PRINT "CM>» INCHES TQ CHM"

41@ FRINT "(E> EXIT PROGRAM"

426 GET OF

4268 IF 0%
446 IF G#
433 IF af
4cl IF OF
478 IF 2%

"I" THEHW GOTO 4548

“C" THEMW MM$ = "C": GOTO SE0
"M" THEM 30T0 4503

“T" THEM GOTO 4580

"R" THEM MM$ = "R": 50TO 559
46 IF Q% “D" AMD @ <= > @ THEN GOTO 3114
433 IF @F = “E" THEN GOTO 5329

988 IF OF = "R" THEN MM$ = "¥": GOTO S5E8
218 B0TO 428

528 FEM <L rdnds IR Inad

S53@ FREM <> CALCULATION SECTION <>
548 REM =2 L3I3L3Ibab LD IDId iDL
558 REM  #* IMITIAL RUM THRU ROUTINES =+



SE8  GOSUR &
Sra  GOSUE 3
oEB  IF HH# "R" THEN GOSUR 1866: GOSUBR 2324
S8e IF MM# "C" THEW GOSUEB 2e@@: GOSUE 2426
E@8  IF MM$ = "X" THEN GOSUB 2096: GOSUB 2564
e16 GOSUE Z74a

E28 GOSUB zZ&ia

g38 IF MHM# "C" OFR MM¥ = "R" THEN GOTO 2116
g4 IF Mg = "X" THEW GOTO 341a

€38 GOTO Z21@

£EQ REM S e

€7@ REM + TEMPERATURE INMPUT +

523 REM St R R

£98 HOME :PU = @

88 FOR I =1 7O G:PR(I) =19

7l MEXT I

728 INPUT “"EMTER SDURCE TEMPERATURE (KELUINI ";350
28 IF 20 = 8 THEM GOTO 218

743 IMPUT "EMTER SINK TEMPERATURE {KELWIM> ";:3I
798 IF SI = @ THEM GOTO 318

7EQ  RETURM

B B 2 o & B e e S S S S S S s

788 REM + INTEGRATION SECTION +

733 REM +++tddtbrd bbb bbb bbb

800 REM SRS,

213 REM X MATERIAL IMPUT X

8200 REM SRR NEEHRRHNERE

238 HOME :8C = @:5D = 6

€48 FOR I = 1 TO E:M$CI> = "": HEXT 1

258 IF MME = "X" THEN GOTO 973

268 IMPUT "ENTER PRIMCIPLE MATERIAL “sH$I1D
378 IF M${1> = "" THEM GOTO 318

£28  HOME

338 IMPUT "IS WAVEGUIDE PLATED? ":Z

[oe  IF 2% = "MO" THEM GOTO 37@

18 IF Z¢ = "YES" THEM GOTO 24

Sz GOTO &&0

339  IMPUT "EMTER PLATIMG MATERIRL ";M#$(2)

48 IF M$(2> = "" THEN GOTO 318

358  IMPUT "DEPTH OF PLATING {(CHM> ";3D

g968 IF SO = B8 THEM GOTO 314

379 IF MME < > "X THEN G0OTO 1299

828 HOME

a0  INPUT "OUTER COMDUCTOR STRUCTURAL MATERIAL “sH$C1D
1088 HOME

1818 IMPUT "IMMER COMDUCTOR STRUCTURAL MRATERIAL “:;M3$(2)
1626 HOME :
1833 IMPUT "IS OUTER COMDUCTOR PLATED "2

1648 IF 2% = "NO" THEN GOTO 1110

1838 IF 2% "YES" THEM BOTO 1873

1860 GOTO 1926

1873  INPUT "OUTER COMODUCTOR PLATIMG "5M$C32
1826  INPUT “DEPTH OF PLATING (CHM>» "“;iSD

1433 IF 50 = 3 THEN GOTO 318

1188 HOME

1118 IMPUT "IS IMMER COMDUCTOR PLATED ":2:
1128 IF &% “NO" THEM GOTO 1z9@

1139 IF 2% "WYES" THEM G0OTO 1158

1146 GOTO 1184

1158 INPUT "IMMER COMOUCTOR FLATING ";i;M$C4)
1168 INFUT “DEFTH OF PLATIHG (CH> “;SC

g1]
oo

[N
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1 1 ?Ej F:EH .,-’.-_,.c,.-,.:’.;_.-._.-._.-/-,-/-/

1122 REM % RANGE SET %

1196 REM Sooocoeceoo

1266 PU = @ FOR I = 1 TO 6:FACI) = B: MEWT I
1218 FU = PU + 1

1226 IF M$CPUY = "" THEN GOTO 1720
1236 ROM = @

1246  PRINT [9;"0FEN";H$CPU)

1258 ONEFR GOTO 310

1268 PRINT D$;"READ";M$CPY)

1276 ROM = ROM + 1

1286 INFUT RACROW.1)

1296 IMPUT ARCROW.2)

1368 IF ARCROW,1) = @ THEM GOTC 1338
1318 GOTO 1276

1328 REH  #% RANGE SET

1336 U1 = @K = B

1346 FOR I = 1 TO ROW

1356 IF ARCIL13 > = S AND AACIL1> € = SO THEN
1366 IF U1 = 1 THEM &OTO 1530

1378 GOTO 1618

1366 K = K + 1

1398 IF K =1 AHD ST < > AACI.1» THEN GOTO 1430
1468 U1 = 1

1418 ARCKL1) = AACT L1 3 ARCKL2D = ARCLL2D

1426 G6OTO 161

1430 X1 = ARCTIL12 = ARCT = 1,1

1448 ¥2 = #AR(I,22 = RACT - 1,2)

1438 »3 = X2 ~ A1

14600 ¥4 = (SI — RRA(T - 1,133 % X3

1478 ARK,1D = SL:AR(K.2D = ¥4 + ARCT - 1,20

142300 K = K + 1

1488 ARCKL1Y = ARCTIL12AACKL2Y = ARCTLZD

1568 X4 = (81 - ARCT - 1,130 % X3

1318 W1 =1

1526 GOTO 1£18

1538 IF 50 = AT - 1,10 THEM U1 = 3: GOTO 1618
1594 K = K + 1 '

1358 Y1 = ARCTIL1 ) - ARCT - 1,12
1568 ¥2 = ARCI.2) - ARCT - 1,20
157 ¥32 = ¥2 ~ ¥1

1566 ¥4 = (S0 - ARCT - 1,102 *# ¥3

1598 ARCK,1) = S0:RRACK,2) = Y4 + ARCT - 1,20
1egd Ul = @
1618 HEXT I

16280 REM SOSKHHRYRAELY,
1636 REM %X INTEGRATION X
1640 REM  HXHKKKHNERNNE,

1658 FOFR J=1TOK -1

1668 C = ARCY + 1,173 — AR J.1D
1673 D = <ARKJ + 1,23 + ARCJ,23) » 2
16808 PRA(FUY = ¢C * D) + PRIFPU
1sgk  MEXT J

17668 FPRINT O#;:"CLOSE" ;H$F(PL)

1716 GOTO 1216

1726 EETURH

1738 FEM  ++++++4+++ttbttbbbb b+
1746 FREM +FPLATINMG DEPTH FREU.+
1758 FREM ++++++++++++++++++++
1768 HOME

177 IF HH$ = "K¥" THEN GOTO 1&E68



17&6
1798
12006
i&10
1gz8
1838
1840
1858
1&ea
1379
1828
1339
19658
1318
1324
193a
194@
1558
19e8
197a
1988
1396
2608
2018
2029
2a3a
2eda
28350
2a8d
2873
2836
2338
clna
211@
21208
2128
2149
2150
2168
2173
2138
198
2263
2218
2229
22348
2248
22358
220
yvrd
2239
2239
2338
2314
2328
2334
2348
2339
2389
2379
2333

37

INFUT "HEW PLATING DEFTH “;SD

GOTO 1ez6

IF SO < > @ THEM IHFUT “"HEW OQUTER COND FLATING
IF SC <« > @ THEN IHPUT "NEW INMER COMD PLATING
RETURH

FEM ++++++++++ bbb
REM + RECTANGULAR WRUEGUIDE DIMENSIOHS — +
FEM ++++++++4H bbb
HOME @ HGR s TEAT

30308 4118: REM HWRVESUIDE GRAPHICS

INPUT "DIMENSION R (CM2» “:A

IF 2% = "M" THEM MM# = "xX": G0TO 568

IF R =4 THEM 6G6OTO 219

INPUT "DIMENMSIOM B (CH} ";:B

IF B =@ THEN GOTO 3149

INFUT "TOTAL HALL THICKHESS (CHM)> "sT

IF T = 6 THEM 6&O0TO 316

TEAT

RETURN

FEM +++++++++++++t++ bbbt bbb+

FEM + CIRCULARR WRUEGUIDE DIMEMSIONS +

FEM  ++++++++++++++ b+

TEXT : HOME

IMPUT "OUTSIDE DIRMETER {CM> ";0D

IF 0D = 8 THEM GOTC 214

FRINT : INPUT "TOTAL HALL THICKHNESS C(CH> "5T

IF T = @8 THEM GOTO 314

RETURM

REH ++++++++++++++++++++

REM + COEA DIMEMSION +

REHM ++++++++++++++++++++

HIME

FRINT "QUTSIDE DIA OF OUTER CONDUCTOR®

FRIMT ¢ IHWFUT “"(CH>» "1

IF Ot = 8 THEM G0OTO 314

HOME

PRINT "QUTSIDE DBIA OF IMMER COMDUCTOR™
PRIMT " CCOMNOUCTOR + PLATING)"

PRIMNT : IMPUT "CHM) ";D2

IF D2 = 8 THEM GOTO 318

HOME

IHPUT IS IHWMER CONMDUCTOR TUEBULAR? “;i2¢
IF 2% = "HO" THEM GOTO 2256

IF 2% = "YES" THEM G6OTO 2238

GOTO 2186

IMPUT "INSIDE DIA OF TUBE <CM> “;iD3

IF D2 = @ THEN GOTO 218 '
HOME

FRIMT "TOTARL WALL THICKHNESS OF QUTER CONDUCTOR®
FRINT 2 IMPUT "CCM>» ";T

IF T =8 THEM 3OTO 318

RETURH

REM ++++++++++ bbb+
REM + RECTRMSULAR ARER ROUTIME +
REH ++++++++++++H A+

Appendix B

DEFTH (CHO" 55D
DEFTH (CH> “iSC

TCS = B:HIS = 9:PCS = @
TC3 =¢R*B)-CR-2%T)*<B-2%T)
MCS = ¢A # By -~ ¢A - 2 % (T - 3033 # <B - 2 % (T - 5000

PC3 = TC5 - MC3
RETURH
REM +++++++++++++++++tt++++++++++
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&396 FEM + CIRCULAR ARER CRLCULATION +

2468 REHW

2418 TCs =

4ttt bttt bttt bbbt bbbttt
@:MCS = B:PCE a

24260 A1 = B:AZ2 = @:RA3 = @A ’

2933 R2 =PIl (2D » 2 -T)* 0D » 2 ~-T3

2443 A1 = PI % <00 ~» 2 = <00 ~ 22

2458 TC3 = AL - /2

243 A3 =PI (0B » 2 - T + 3032+ 0D ~» 2 - T + 30>
24738 MCS R1 - A3

24283 PCS = TCS - MCS
2433 RETURN

2588 REM
2318 REM

N nnm s T
+ CORAIAL ARER ROUTIME +

2526 REM ++++++++++ttbtt bbb+
2938 Ml = a:M2 = a:F1 = @:F2 = @
2548 REM % QUTER COMDUCTOR **
2a56  REM PRIMCIFLE

25688 Rl
2578 A2

PI ¥ <Dl » 23 * (D1 ~ 23
PI * (D1 »2-T+ S0+ {D1l 72T+ 8%

2539 M1 Rl - A2

2598 REH FPLATING

e A =PI # (Dl r 2 -Tr+ <01 »2-T>
2e18 Pl = AZ - AZ

26828 REM  #% INMER COMDUCTOR *%

2638 REM PRIMCIFPLE

26048 A4 = (D2 ~ 2 - 3C) ¥ {D2 » 2 - 3C) ¥ PI
2658 RS = (03 ~» 2) # (03 ~ 2) « PI

2668 M2 = R4 - A3

2678 REH PLARTINMG

cE2d BB = (02 ~ 2) « (02 ~» 2% ¥ PI

2698 P2 = A6 - A4

ara8  RETURHN

2l FREM 4+ttt bbb
2728 FEM <+ LEMGTH IMPUT ROUTIHE +
2738 REM  ++++++ttttttb bttt bbbttt b+
2743 HaME

2758 IMPUT "TOTAL LEMSTH OF HWRVEGUIDE <CH> “;L
2red IF L =8 THEN GOTO 319

2778 FRETURN

2788 REH B o o o U R L
2798 FREH + RESISTHHCE CHRLCULRATICN +
2388 REHM O O R A A S A A SRR AP SPR S S RS S SR AT 'S
2218 Rl = 8:R2 = B:R3 = 3:R4 = G:R = @
2826 IF HHF = "K" THEN GOTO 2&876

28208 R = (L % (S0 - SI3»y » (MCS % PRC1Y + PCS % PRCZ))

2548 RM =

(L # €30 — 313> » (HMCS * PR(1D2)D

2858 IF PA(2) = B THEM G6OTO 2579

2268 RP = (L * (S0 - SI>) » C(PCS * PR(Z))

2eva  IF MM¥ < > "X" THEN GOTO 2968

2338 R1 = (L # (50 = S5I») » (ML * PHC(1DD

2898 IF PACZ2 < > @ THEM R2 = (L * <80 - 513> » (Pl * PRI3))
2388 R3 = (L * (30 - SI>» » (M2 * PR(2)D

2918 IF PAC4)> < > @ THEM Rd = <L # {50 - SI)) ~ (F2 ¥ PRCA))D

2320 R = L % (30 - SI) ~ (M1 * PACL) + P1 # PA(3) + M2 % PR(2) + P2

# FHOG DD

g3za  REM
2940 REM
REM
IF HME = "X" THEM

2359
29€a

s S R n s
+ HERT FLOW CALCULATION +
O E o S R
GOTO 3914

2378 @ = (503 - 51> » R

2988 OM =

<S0 - SI) 7~ RH



39 ix

IF FPRCZY = 8 THEN GOTOD 36816

2068 GF = CS0 - €1 ~ RP

IF MM$ <« > “X" THEN GOTO 2674

@8 @1 = <80 - €12 7 R1

IF F2 €< > & THEN @2

€50 - &1» 7 R2

2848 02 = (S0 - SI» ~ R3

2838

IF R4 € > 8 THEW G4

(S0 - 51> ~ R4

JRER G = €S0 - SIy » R

3878
2980
Za%a
2168
2116
z1z2a
2178
3148
3158
2186
2i7a
3186
2196

Ize0
3216
T2z

323

2248
3258
3260
2276
2256
2260
2260
3210

— =y
2326

3338
3346

235,

LecTocRl 4

3ca
3378
23ta
3350
4840
2418
3428
2428
3444
7450
3460
2470
24e0
3496
3564
3518
3520

3538

CCHOY
3548
(CHO

3359

35¢€0

RETURM

FEM  ++++ttttttttttttt bttt tbbt b+

REM + DISPLAY OF FRRAMETERS +

REM  4+++t+tttttttttt bbbttt b+

IF HH$ = "K" THEM 6G6OTO 2416

HOME @ PRINT HAVEGUIDE PRRAMETERS"
PRINT "PRIMCIPLE HATERIAL...":MFC(12

IF M$C2> = " THEM GOTO 3188

PRINT "PLATING MATERIAL..."5M%( 21

FRINT “SOURCE TEMPERATURE "5;S0:" (KELUIH>"
FRINT "SIMK TEMPERATURE ":SI:" C(KELUIMHD"
FRINT "LEHWGTH ";Ls" CCHO"

Appendix B

IF MM$ = "R" THEN FRINT "DIM A "3A:"CCH";" ";EDIH B ";B5"

IF HHM$ = “C" THENW PRINT-"OUTSIDE DIRMETER= ";005"(CHMO"
FRIMT "TOTRL HWALL THICKMESE ":Ts" (CHO®

IF M$c2y = "" THEM GOTO 3246

PRINT “DEPTH OF FLATIMG “:S0:" CCHH!

FRINT = FRINT * CROSE-SECTION ARER"

PRINT M$C13:" "iMCS:" CS@ CH"

IF M$C22 = " THEN GOTO 2z86

PRIMT M$C23;" ";PCS:" (SQ CHY

GET kKK#: IF DD$ = "P" THEN FR# 1

HOME

FRINT = FRINT " THERMAL RESISTRANCE CHWsK ¢
PRIMT M#C12:"  "iRM

IF HM$C2y = """ THEN GOTO 3340

FRIMT M$C2:"  “;RF

FRINT "TOTRL "R

PRINT = PRIMT " HEAT FLOW C(HATTS "

FRINT H$C1 X" " 50

IF H$C2> = "" THEN GOTO 3258

FRINT MEC2;:" Y0P

PRIMT “"TOTAL  "i@

GOTO 3756 :

HOME = FPRINT TRANSMISSION LINE PRARAMETERS®
FRINT "OQUTER COMOUCTOR.. "iM#c1l)

FRIMT “"IMNER CONOUCTOR.. "sM$C2)

IF M35 < > "" THEM PRINT "QUTER CONMDUCTOR PLATIME. .
IF H¥c4x < > "" THEW PRINT “INMER CONDUCTOR PLATING..
PRINT "SOURCE TEMPERRTURE “:S0;" (KELUINM"

FRIMT "SIMK TEMFERATURE "3SI;" CKELUINM

PRIMT "LEMGTH "iLs" C(CHM'

FRIMT "OUTSIDE DIA. OF OUTER COMD.":D1;" CCHMOX"
PRINT "QUTSIDE DIA. OF IMMER COWD. ":D02;" CCHO"

:.n(‘

"iMECE)
"iHEC4O

IF 03 < > 8 THEM PRINT "IMSIDE DIR. OF TUBE ":D3s" (CH

PRINT “OUTER CONMD. WRALL THICKMESS “iTs" CCHM2

IF M$(3) < > "" THEM PRINT “"OUTER COMB. PLAT. DEPTH ";5D;"

IF M${4) < > "" THEM PRINMT "IMMER COMD. PLAT. DEPTH ";3C;"

PRINT : PRINT " CROS5-SECTIOMAL ARER"
PRIMT "OUTER COMDUCTOR "sM1:" (St CHO®
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3378 FRINT "IMHER COMDUCTOR ";MZ5" (SG CMO*
336@ IF M$(3)> < > "" THEM PRINT "OUTER COMD. PLAT ";P1;" (S@ CHO"
3398 IF M$(4> < > "" THEM FRINT "INMER COND. PLAT “;P2;" (S0 CM)"
Jegd GET KK#: IF DD = "P" THEN FR# 1
2618 HOHE '
Iez2@  FRIMT ® THERHAL RESISTANCE (KELUIN/HARTT »
3630 - PRINT : PRINT "OUTER COMOUCTOR ":R1
2648 IF Rz < > @ THEN FPRINT "QUTER COMDUCTOR PLATING ";R2
Z658 PRIMT : PRIMT "IWNER COMOUCTOR “;R3
J668 IF R4 < > @ THEM PRINT “INMNMER COMDUCTOR PLATING “;R4
2E7@  GET KK#: IF O0OF = "P" THEM FR# 1
28€@ HOME :
JE9B  PRINT HEAT FLOW CHATTS
3728 PRINT : PRIMT “QUTER COHDUCTOR ;01
3719 IF R2 < > 8 THEM PRINT "QUTER COMDUCTOR PLATING “;@2
3728 PRINT "INNER COMDUCTOR ";:0Q3

-._,q

2738 IF R4 < > @ THEN FRINT "INHER COMDUCTOR PLATING "G4
Jrd4@ PRIMT : PRINT. "TOTAL HEAT FLHH "l

3758 FR# @

V6@ FRINT : PRINT "<FETHRN- FOR CPTIONE": GET KK#

IO REM o S S R R R T

3738 REM 3 DISPLAY OPTIBNS %
3790 REM RS R R N R RS KR
2388 HOME : PRINT OPTIONS"

2818 PRINT : PRINT "{T)> TEMPERATURE CHRHGE"

28268 PRINT "cD0)> CROSS-SECTION DIMEMSIONM CHANGE™

3838 PRINT "(M> HATERIAL CHAHGE"

3848 PRINT "(L)> LEMGTH CHRHGE"

285 PRIMT "(P> PRINT COPY OF RESULT"
S8E@ PRINT "(S)> SKIM DEPTH CHANGE"

387@  PRINT "(E)> EXIT TO MAIM FROGRAM"

2866 FRINT "(R>» RETYPE RESULTS®

J2ge GET 0D#

2903 IF DD$ = "T" AHD MHE < > “X¥" THEM GOSUE 636@:FY = @: GOSUB 121G:
GOSUE 2816: GOTO Zilg

2318 IF QD% = "T" AND HMM$ = "X" THEM GOSUE €968:PY = @: GOSUB 121@:
GOSUE z&1d: 50TO 416

2928 IF ODF = "0O" AND MHM$ = “R" THEN GOSUE 1568: GOSUB 23368: GOSUB
221@: GOTO 211@

39206 IF DDF = "D" AMD MM$ = "C" THEN GOSUER Ze@@: GOSUB 241@: GOSUB
281@: GOTO 2114

2940 IF DO% = "D" AMD MH$ = "X" THEN GOSUE 2@93: GOSUB 252@: GOSUB
2gla: GO0TO 2418

2658 IF OD% = "L" AMD HM# < > "¥" THEN GOSUE 2748: GOSUB 2818: GOTO
3114

3568 IF DD%
2410

978 IF OD#

"L" AMD HM$

"¥" THEM GOSUB 2748: GOSUB 2816: GOTO

= "P" AMD HMM$ < > "¥" THEN PR# 1: GOTO 2118
Ja98@  IF DO#F = "P" AMD MMF = "X" THEM FR# 1: GOTO 2410
39368 IF DOD$ = "R" AMD MM$ < > “"X" THEN GOTO 3116
406@ IF OD# = "R" AHD MM$ = "X" THEN GOTO Z41@
4010 IF D0$ = "H" AND MM$ < > "X" THEN GOSUER 8308: GOSUB 2818: GOTO
3116

4626 IF ODF = "H" AMD HH$ = "X" THEN GOSUB £368: GOSUB 2536: GOSUB
281@: G070 2414

462@ IF DD% = "S" AND SD < = @ AND MH$
2328: GOSUR z218: GOTO Z11a@

4046 IF DD = "S" AND €D < > O RAMD HMM$ = “"C" THEN GOSUB 176@: GOSUB
241a: GOSUR z2&10: GOTO 3114

4658 IF DD% = "S" AND MM$ = "X" AND €O < > @ THEM GOSUB 17E€@: GOSUB
2538: GOsUe z&81H: GOTO 34148

"R" THEM GOSUB 17€0: GOSUB
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4688 IF OD$ = "E" THEM GOTO 218

4878  GATO Zeoe

4E80 FREM  +++++++++++++++ 4
4698 REM + WAVEGUIDE GRAFHICS +
41688 REM ++++++++++++++
4118 HGR

41283 HPLOT 41,91 TO 99,51

4128 HFPLOT 99,21 TO 99.129

4148 HFLOT 41,129 TO 99,129

415 HFLOT 41,91 TO 41,129

4168 HPLOT 4€,9€ TO 94,46

4176 HPLOT 46,9 TO 4€,124

4188 HFLOT 46,124 TG 84,124

41968 HFLOT 94,98 TO 94,124

4208 HPLOT 181.21 TO 239,21

4218 HPLOT 238,21 TO 239,59

4228 HPLOT 41,91 TO 181,21

4228 HPLOT 99,31 TO 239,21

4243 HPLOT 99,129 TO 239,59

42568 HFLOT 46,124 TO 94,181

4288 HPLOT 67,141 TO &7,145

427 HFLOT 71,141 TO 71,145

4288 HPLOT &E,14Z2 TO ?@,142

4298 HPLOT 69,1328

4388 HPLOT EE8,148

43218 HFLQAT 768,148

43c@ HPLOT 99,148 TO 99,144

4328 HPLOT 41,148 TO 41,144

4248 HFLOT 25,189 TQ 25,115

43258 HFLOT 25,183 TO 27,1689

436@ HPLOT 25,112 TO 27,112

4378 HFLOT 25,115 TO 27,115

4388 HPLOT 2&8,118 TO 28,111

4398 HPLOT 28,113 T0 28,114

4488 HFLOT 25,91 TO 29,81

4418 HPLOT 25,129 TO 29,129

4428 HPLOT 175,168 TO 175,112

4428 HFPLOT 175,112 TO 179,112

4448 HPLOT 239,76 TO 239,74

4458 HPLOT &9.1168 TO 9z.118

4468 HPLOT 161,118 TO 184,110

447@ HFLOT 166,196 TO 116,106

4428 HRPLOT 1@8,16? TO 188,113

4498 FERETURH

4508 FEM <2<sdrdadrdrdodadadndndaLaLs
4516 FEM <> DRTA COHUVERSIOM CH-IM <>
4528 FEM <o4odrdrdsdrda e Lri>4aLy
453 FEM #% IMCH TOQ CM =+

4546 HOME

4556 IWPUT "IHPUT CH “;CH

4568 PRINT CHM:™ (CHy»= “;CH ~ 2.54;" (IHCHES.
457a IF CH = @ THEN GOTO Z14

4328 GOTO 4554

4598 FEM %% IHCHES TO CH %=

4E068  HOME

4618  THPUT "IHFUT IHCHES ";IN

4628 PRINT IM:" (IMCHES»= ";IH #% 2.54;:" (CH.
4628 IF IN = @ THEN GOTO Zia

4646 GOTO 4€1@

4558 FEM <o<rdndndrdndadsIndaIndaLag>
4€e@ FEM <> DRTA ANALYSIS SECTION <>



4676
46€8
4596
4764
4716
47218
4728
4748
4758
4760
4778
47ga@
4798
4£804
3216
482A
45368
4E43
4£54
4562
4876
4880
42968
4938
4914
4328
4926
4941
4356
49€£Q
4378
4988
49350
S8ya
581Aa
Sozo
o334
5044
-@sa
SBEd
Sava
Sa8a
5896
o166
Slie
Slza
o128
S140
5156
S1€4
S1va
S1&a
5194
S2E0
S21le
S22
Szza
52408
5258
S26a
Szra
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FEM <rdrdodadrdrdodnrdadrdada L3>
REM THERMRL CONDUCTIVITY DATH
bDE = "": FEH CTRL-D

HOME

FRIMT "THERMAL CONDUCTIUITY"®

PRIMT z FRINWT

FREIHT "(P>» PREVIOUSLY STORED ORTA®
PRINT "(N> HEH DRTR FOR DISK"®

GET F¢

HOME

INFUT "ENTER TYFE OF HATERIAL ";iR$
IF F# = "P" THEN GOTCO 414

IF F£# = "0" THEN GQTO S&68

GOTO Z1éa
ROW = @

FEM <«x HEW DATR IMFUT *¥*
HOME
FOW = ROW + 1

FRINT "ROW # ";ROM: PRINMT

INFUT "ENTER TEMFERRTURE ¢(KELUIN} ";TEMP
IF TEMP = 8@ THEM ROW = ROW - 1: GOTO 5196
INFUT "ENTER CONDUCTIUVITY (HsCH-K>» “;C

IF C =8 THEM ROW = ROW - 1: GOTO S100
CCCROW,13 = TEMP

CCCROH.2) = C

GOTC 4836

FEM #*% ERROR..TEMP OR CONDUCT %%

HOME

INFUT "ENTER ROW OF ERROR “;ER

INFUT “TEMFP OR CONDUCT : “:iZ%

IF Z¢ = "TEMP" THEH GOTO S828

IF Z2¢ = "COMDUCT" THEH GOTO 5678

FREINT "BRD ENTRY. TRY AGAIN®

60TO 49&48

FEH *% TEMP CHRMGE **

HOME

FRINT "OLD EMTRY "iCCCER,1)

INPUT "ENTER NEW TEMPFERRTURE: "“i;CC{ER.1)
GOTO 5166

FEM ¢ CONDUCTIVITY CHRNGE **

HOME '

FRINT "0OLD ENTRY "3CCCER.2)

INPUT "ENTER MEW COMDUCTIVITY: "iCC(ER.Z)

HOME

FEM #*% OFTIONS DISFLAY *%

HOHE

FRINT "CM>» HMORE DRTA ¢C>» CHRNGE DATA"
PRINT "(D)> DISFLRY DRTR  (S)> STORE DATA"
FRINT “CP>» PRINT DATR (¥ DELETE ROW®
FRIMT "CE>» ERIT TO MOMITOR"

GET €%

IF ¢ = "E" THEH GOTO S7ee

IF 0¢ = "M" THEN GOTO 4£38

IF ¢ = "C" THER GOTO 4946

IF 0 = "D" THEM GOTO S358

IF 6% = "8" THEN GOTO S4€@

IF ¢ = "P" THEM PR# 1: GOTO S350

IF 9% = "X" THEN GOTO 5278

GOTO S1za
FEM #% DELETE LINE ROUTIME =
e =1
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w268 HOME

2238 INPUT "DELETE ROMW # "sLL

9@ IF LL = 8 THEN GOTO S186

2218 CCCLL,1> = 186668

9328 G = @6 + 1

9338 GOTO S296

9348 EREM %% DISPLAY OF DRTA =

3338 HOHE '

o368 PRINT "iHE

9378 PRINT

2328  PRIMT "TEMPERATURE" ,"COMDUCTIUITY®
2388 PRINT " KELUIN"." H/CH-K"

2486 FRINMT

2416 FOR K = 1 TO ROK

o428 PRINT Ks* "SCCCKL10," "CCCK.22
2438 HEXT K

3448 PRINT

5458 PR# @: GOTO 5138

o468 FEM #% ORDERIMG ROUTIHE *%
9478 REM *% LOWEST TO HIGHEST TEMP -
3488 HOME : PRINT OROERING DATA"
=98 CH = @

2508 FOR J =1 TO ROH - 1

9318 IF CCCJd.1) < = CCCJ + 1,12 THEN GOTO 5596
9528 TEMC1.,13 = CCCd,10

9538 TEMO 1,22 = CCCJ.2)

2348 CCCU,1) = CCCJ + 1,1)

5558 CCCJ,22 = CCOJ + 1,20

o5e@ CCCJd + 1,10 = TEM(1,1)

9578 CCCJ + 1,23 = TEM(1.,23

25c8 CH =
S50 NEXT J
SE@8 IF CH = @ THEM GOTO Sez@
Se1@  GOTO S48 B
ez FOR I =1
336 IF CCCIs1 8888 THEN CCC(I,1» = 8:CCC(I1.2> = 8
SE4E HEXT I
238 REM %% STORE DRTR ON DISK  «*
SEE@  FRINT D&:"OFEN" ;A%
2678  PRIMT O#;"DELETE":R$
SEE@  PRINT O$;:"OPEN" ;A%
2688 FRINT D$:;"HRITE" ;A%
Srg@ FOR I = 1 TO ROW
718 FRINT CCCI.1)
3728 PRINT CC(I1.,2)
373A MEKT 1
374 COCCROM + 1,1) = B:CCCROM + 1.2 = @
2758 FRINT CCCROW + 1,10
avE8  PRINT CCCROW + 1.,2)
5??6 PRINT D¢s"CLOSE":R$
ared  GOTO 31@: REM .. 10 MONITOR LEVEL
5798 REM %+ READ DATA FROM DISK
S80R HOME
S&81@ REM RETRIEVE THEPHRL OATA
5828 ROKH = @
SEZ8  PRINT D#;:"OPEN";R$
S84@ PRINT D#;:"RERD":R$
5858 ROHW = ROH + 1
S66@ IMFUT CC(ROW.1)
587@ INPUT CCCROM.2)
5688 IF CCCROMW.1> = @ THEN ROW = ROH - 1: GOTC S968



S890
9566
2916
o824
2928
5946
«95a
99ta
297a
295a
2990

€639
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Appendix
GOTO Se5a
FRINT D¢;"CLOSE" ;A%
GOTO S16a
EMD : REHM ..OF PROGRAH
FEM <rdodardodadrd s drdndddd
REM <> PRIHTER SET-UF ROUTIHE <=
REM <ododadadododrdsdatrdal>Iad>
FEH FORHMATTED LIST
POKE 23,33
GOSUB B5GA9B3: REM TURH ON FRIMTER
DEF FM CT<AD> = PEEK (RD> + 256 # FEEK <@D + 1)
eE8@ SR = FH CTC163)
gala LM = FM CTC1853:FR = FH CTC189)
eaz2@ HH = FH CTC115>:8ST = FH CT(111 3
FRIHT "PROGRAH LEMETH= ";LM - SR;:" EYTES URRIRELES= ";HH

- &T + FR - LH;" BYTES"

6646
EH56
H

T O
S
~J T
Dol

2y
o0 Td

PRINT "FREE MEMORY= "3ST - FR;" BYTES"
PRINT "START=";SR;" LOMEM=";LM;" FREE=";FR;" STRING=";ST;" HIMEM=

=" 22

FPEINT

LIST

CALL 1213: END

REM GOTG 66832 :REM FOR AFFLE PRIMTER

FREH FOLLOWING FOR TRENDCOM 286 FRINTER .
PE# 1: FRINT CHR# (&): REM FIRST CHARRACTER MOT FRIMTED
FOKE 1913,68: POKE 1785,72: REM HARGINS

POKE 1857,868: REM LIME LEMGTH

FETURN '

REM FOR APFLE PRIMTER

6168 PRINT CHR$ (4);:"PR#¥L"

6178 0% = CHR$ <17 EREM FRIMT @ TO PRIMT GRAFHICS
B188 POKE - 12524.8: REM ELACK OM HWHITE

€196 POKE - 12328,7: REM DARK FRINT

6288 POKE - 12527.,8: REM LEFT HMARGIN

€218

FETURH
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SKIN DEPTH VS. FREQUENCY GRAPH
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THERMAL CONDUCTIVITY DATA
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FREE CUT BRRSS

TEMPERATURE COMOUCTIVI
KELUIN H CM-K

& B2
3 LG
& @31
¢ B3
& L B4
3 .85
1 LBSE
< . AEE
o 14 « B8
18 16 " ha
i 18 ' . 184
1=z za 115

RN a8 S DO o

13 2= 127
14 24 .14

1o =6 .15

ez .1€5
v e 175
16 I . 158
15 24 .z

e 36 212
=1 28 ome
ce 44 234

" 4E 27
ZE 4& .25
oo 2 . &

EC .35
M va 37
32 s . e

7 1k .45
2L 125 .52
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CCPPER ETP
TEMFERATURE  CONOUCTIVITy  TEMPERATURE  CONDUCTIVITY

- 33 95 7.7
14 =3 i ss 7.3

2 3 33 22 59 7
3 B - 33 €2 5.8
307 25 34 B4 5.4
3 8 55 35 BB 8.2
5 ?r ;’w /B B3 5 !
3 7 79 .9
s 2.3 I3 72 .3
1@ 18 12 = e
1L 13 13.2 41 78 5.4
] o = = .
14 24 14.5 e 5 1

15 28 14.5 a5 o z
15 23 1.3 45 33 4.9
13 32 1?-; 43 35 4.2
15 34 29 49 144 4.5
29 38 12 S5 119 4.5
gL = 12 51 129 4.4
22 412 11 ' 52 139 4.3
22 42 18.6 52 159 4.2
24 44 1'3*;{ 1 54 175 4.2
25 48 9.8 55 208 4.1
2 23 o 355 225 4.1
23 52 3.5 5 258 4.1
23 oo 53 27 4.1
=3 04 8.2 S5 3ap 4.1
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COPPER OFHC
TEMPERATURE CONDUCT 1Y)

KELUIN HoOH-K
1 4 2
2 5 2.3
3 B8 2
4 7 2.5
3 S 4
5 3 4.9
7 14 5
3 11 5.9
Q 1z £
13 13 5.5
11 14 E.3
12 15 7.3
13 18 7.2
14 17 2.2
15 15 8.E
15 19 ]
i7 20 9.5
13 22 18,1
19 23 15,5
29 24 18.13
21 25 11
22 258 11.1
23 28 11.2
24 39 11.1
25 3z 11.1
28 34 11
27 35 18,5
23 33 14,3
29 45 1a
35 42 9.8
31 44 9.3
32 1 3
33 45 5.7
29 54 2.4
33 95 ‘.E
38 55 s
37 55 6.4
33 7a 5.3
35 ras] 3.5
49 59 5.2
41 a5 5
42 35 4.3
43 95 4.8
44 153 4.9
45 125 4,2
45 158 4
47 175 4
43 299 4
43 225 4
54 258 4
31 275 4
52 399 4
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COPPER TE

TEMPERATURE CONDUCTI

KELUIN HoCM-
1 4 1.5
2 5 1.7
3 5 2.2
d 7 2.5
3 g 2.8
5 2 3.2
T 1d 3.5
3- 12 3.2
9 14 4.9
15 15 5.4
11 12 5.2
12 20 5.5
13 22 7
14 24 7.3
15 . 2B 7.5
i5 23 7.3
17 34 7.3
13 32 3
19 34 8
26 26 7.9
21 38 s
22 43 7.5
23 42 7.3
24 44 7.1
25 45 7
25 4 5.7
27 58 5.5
23 35 5
23 54 5.7
33 b3 9.4
21 %) 2.1
32 S 4.3
23 29 4.7
34 25 4.5
33 S5 4.3
35 395 4,2
37 166 4.1
33 114 4
39 125 4
46 136 2.9
41 14a 2.9
42 154 3.9
4z 175 3.9
44 288 3.3
45 225 3.9
45 259 3.9
47 275 3.9
43 395 3.3
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STAINLESS STEEL

TEMPERATURE CONDUCTIVITY
KELUIN H CH-K

1 4 2. 9E-832
2 ) 3. 9E-23
) E 4.SE-03
4 7 3. 8E-683
5 & &.FE-33
& ] 7.BE-G3
v 13 SE-83
& 12 811
9 14 8132
16 15 -815
11 ] ‘ .a1g
12 23 819
3 e . 322
14 24 824
15 26 . 827
i& 28 829
i7 28 . 232
1& 32 8324
13 24 83268
e 26 .84
el a8 . 342
2z 4 . 846
23 s . 848

2 44 - @32
23 4E . @834

- B5E
a7 Sa - 839
ce 29 « BEE
29 €a . 87
28 ES « 875
a1 v -ag
o2 ’S - BE3
33 & . 856
24 85 . 859
23 Sa - 891
6 95 . 852
ar 10: itk
a8 11a . 898
39 128 . 182
44 134 . 185
41 14@ . 167

42 156 .11
43 16a -112
44 174 .115

43 124 - .12 -
4£ 156 . 127
47 L] - 13

45 21a .134
49 & 138
S 22a .14

3l 24 - 145
ac 25 - 148

3‘3
33 268 - 15
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PTFE

TEMPERATURE CONDUTTIVITY
KELUIN HrCH-K

1 4 4. 7SE-@4
2 5 S. BE-iid
I B E. GE-i4
4 7 7.4E-G4
5 3 3. 2E-34
E 4 9E-24
713 3. 5E-a4
5 12 | 1.02E-53
a0 14 1.19E-03
18 1E 1.26E-63
11 18 1.35E-@3
1z 2@ 1.42E-a3
13 22 1.5E-53
14 24 1.55E-53
15 25 1.51E-53
15 28 1.66E-53
17 @ 1.71E-63
18 3z 1.75E-63
19 34 1.8E-@3
3 1.S4E-53
21 33 1.9E-63
2z 4@ 1.91E-a3
232 42 1.395E-93
24 a4 ZE-83

25 4R 2. BZE-33
5 48 2.085E-a3
e Z.1E-@3
22 55 2. 15E-63
23 6@ 2. 2E-93
3 65 2.256-03
31 78 2.26E-93
Iz 75 2.29E-013
I3 ea 2. 3E-03
24 85 2.32E-63
IS o@ 2.33E-03
€85 2. 35E-63
37

1648 2.33E-93

33 125 2.4E-83
33 bal% 2.45E-93
44 175 2.48E-83
41 Sha 2. 5E-83
4z 225 2.3E-83
230 2.35E-83

273 2.5E-53
380 2.5E-23

TS
RNATS
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APPARATUS COMPONENT DATA
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MINIATURE HEATER-BUTTONS

HS4A100
HEATER-SENSOR

H6A SERIES

H4A SERIES

H7A SERIES

HBA SERIES

1. Provide Localized, Concentrated Heat . . . give you localized heat in minimum space
... just .750” diameter and only .180” or .165" thick.

2. Application Versatility . . . ideal heat source for small mechanical, electrical or elec-
tronic assemblies and components such as gyros, valves, relays, crystal ovens, instruments,
circuits, thermal time delays, for laboratory and medical use, cryogenics temperature

control, etc.

3. Installation Simplicity . . . lets you put heat where you need it . . . simple to install
on flat surface with #2 machine screw or high temperature cement.

4. "Off-Shelf’’ Availability . .. 2, 5, 10, 15 and 20 watit units at 28 and 115 volts avail-

able from stock for immediate shipment.
5. Correct Wattage Easily Determined . . .

a special combination Heater-Sensor is

available, from stock, for prototype work . . . lets you experimentally select the right
wattage for your use . . . saves time, prevents errors.

6. Custom Units Available . . . you can specify non-standard voltage, wattage for your

critical or special applications.

Minco’s Miniature Heater-Buttons are a
widely accepted means for providing con-
centrated, localized heat in minimum space,
and give you a reliable method of warming
to operating temperature such mechan-
ical, electrical or electronic devices as
valves, gyros, relays, crystal ovens, instru-
ments, circuit modules, thermal time delay
devices, etc. They are easily mounted by
means of small (#2) machine screw or
high temperature cement, or the Model H7A
units can be clamped between surfaces.
In conjunction with temperature con-
trols, the Heater-Buttons can- be used to
maintain devices at precise temperature
levels for critical applications. Minco’s
Heater-Buttons are widely used as heat
sources for aero-space, laboratory and com-

mercial applications.

Three standard models, each available
for immediate delivery in 5 power ratings
and in both 28 and 115 volt versions, offer
the user a choice of regular, low silhouette,
and environmentally sealed units. Other
wattages and voltages are available on spe-
cial order. To help you select the proper
Heater-Button, and for other experimental
or temperature sensing purposes, a special
combination Heater-Sensor Button, the
HS4A100, is available from stock for your
prototype work. You can experimentally se-
lect the right value of wattage for your
application. Brief instructions for use are
on the reverse side of this bulletin; complete
instructions are included with each Heater-
Sensor.

M I Nco PRODUCTS, INC.

7300 Commerce Lane | Minneapolis, Minnesota 55432 | TWX: 910-576-2848 | Telephone: (612) 571-3121

Appendix E

BULLETIN HB-1

H4A
H6A
H7A
H8A
SERIES

SMALL, LIGHTWEIGHT
0.750 diameter
0.180 or 0.165 thick
4 to 6 grams

SIMPLE
INSTALLATION
Use #2 machine screw,
high temperature
cement, or clamp
between surfaces.

4 STANDARD
STYLES
(1) Regular or
(2) Solder-sealed with
axial leads
(3) Low-profile with

radial leads

(4) Low-profile
immersible

WIDE SELECTION
40 standard models,
plus special Heater-
Sensor available from
stock, 115 or 28 volts,
2, 5, 10, 15, 20 watts.

EASY SELECTION

Use Heater-Sensor

model to determine
wattage requirements.

CUSTOM UNITS
AVAILABLE
Non-Standard voltage,
wattage, lead lengths
available on
special order.

THERMAL
EFFICIENCY -
Solid internal structure,
flat mounting surface
give good thermal
coupling, shock and
vibration resistance.

HIGH
TEMPERATURE USE
Usable to 500° F.
(260° C.) element
temperature.

HB8A SERIES

Will meet moisture
resistance and immersion
per MIL-H-22577A.
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MINIATURE HEATER-BUTTONS

SPECIFICATIONS
WATTAGE MODEL NO. MODEL NO.
115 Volts AC or DC 28 Volts AC or DC
ENV.SEALED ENV.SEALED
STANDARD |ENV.SEALED|LOWPROFILE|LOW PROFILE| STANDARD |ENV.SEALED|LOWPROFILE|LOW PROFILE
2 H4A2W115 H6A2W115 H7A2W115 HBA2WI115 H4A2W28 H6A2W28 H7A2w28 H8A2W28
5 H4ASW115 H6A5W115 H7AS5W115 HBASWI15 H4A5W28 H6A5W28 H7ASwW28 HBAS5W28
10 H4AI10W115 H6A10W115 H7A10W115 HBA10W115 H4A10W28 H6A10W28 H7A10w28 HB8A10wW28
15 H4A15W115 H6AI5W115 H7A15W115 HBA15W115 H4A15w28 H6A15W28 H7A15w28 HB8A15w28
20 H4A20W115 H6A20W115 H7A20W115 HBA20W115 H4A20W28 H6A20w28 H7A20w28 HB8A20w28

HS4A 100 HEATER-SENSOR
HS4A100 Heater -Sensar has same dimensians as H4A Series.

Element resistance is 100 ¥1 ohms at 0°C. (32°F.) and varies
approximately .7 ohms per degree C. (opproximately .39 ahms per degree F.) fram 0°C ta 200°C. A table of resistance versus
temperature, and instructions for use (Applicatian Aid #5) are included with each unit.

MAXIMUM POWER ALLOWABLE
RELATIVE TO ELEMENT TEMPERATURE RISE
ABOVE MOUNTING SURFACE TEMPERATURE

IEEENENENRENE ]
2 |EEREEEEEEERN!
] DE-AATING CURVE
z » :-‘ N"HEATER BUTTON
§ bt SERIES HAA, HBA. M7A, HBA
2 pt=d  MOUNTED ON ALUMINUM SURFACE
s - HELD AT CONSTANT TEMPERATURE -
o
a
% 18
&
- 2
E %!
£ ¢
>
. -

CeaTicANE 0 20 0 60 80 100 120 140 160 180 200 220 240 260 280 300 320 DEGREES
Fumgl! O M 72 108 144 180 216 252 208 324 260 396 422 468 S04 S0 526 DEGAEES

ELEMENT TEMPERATURE RISE
ABOVE MOUNTING SURFACE TEMPERATURE

«500 MAX. &

H4A H7A H8A
H6A

090 CLEARANCE HOLE
OB #2 MOUNTING SCREW

<

.750 * .010 D <73 t.01

.750 £ .010
.m CLKAIAICI IOI.I

8

—4 b
-165 HAK —j G‘“‘“

3 )
)
i)

= ¥

I

ol

«165 MAX. (H4A SERIES)
#180 RAX, (H6A SERIES)

POWER RATING DETERMINATION

The maximum power at which the Heater-Buttans can be
used is determined by the temperature of the surface to
which they are attached. To assist in evaluation af this
factor, the abave derating curve is used. [nternal element
temperature of all madels is limited to 260°C (500°F) and
therefore the sum of the temperature rise of the element,
added ta the temperature aof the heated surface cannot
exceed this figure. Please ask for Minco Apphcohon Aid
#4 for detailed information.

The HS4A100 Heater-Sensor Button is used for prototype
and empirical determinatian of the power required in an
application. By aperating the HS4A100 fram an adjustable
power source, the temperature of the element and the pawer
required for on application can easily be determined by
simple valtage and current measurement. Please ask for
Minca Application Aid #5 for detailed instructians.

MINCO -coucrs e

7300 Commerce Lane / Minneapolis, Minnesota 55432 | TWX: 910-576-2848 | Telephone: (612) 571-3121

PHYSICAL SPECIFICATIONS

SIZE: 0.75" diameter, .165 or .180 thick maximum not in-
cluding terminals. See dimensional sketch above.

CASE: Nickel plated brass. Crimped closure on H4A Heat-
ers, H7 A Heaters, and HS4A Heater-Sensor. Crimped and

solder-sealed closure on H6A and HBA Heaters.

LEADS: AWG#28, stranded, Teflon insulated, nominally
6" long.

TERMINALS: Glass-to-metal sealed feed-thru on H4A, H6A,
and HS4A Models. Potted leads on H7 A. Potted terminals
on H8A Models.

MOUNTING: Clearance hole for #2 machine screw. Mount-
ing surface must be flat and burr free for good thermal
contact. A thermal transfer compound (Dow Corning Heat
Sink Compound #340 or equivalent) should be used on
mounting surface. Tighten to screw manufacturer's rec-
ommended torque.

IMMERSION: Immersion in non-conductive liquids is per-
missible. HBA and HBA Models are solder sealed to pro-
tect the element under adverse environment. Since the
terminals are exposed on all models other than the H8A,
precaution should be taken not to immerse terminals in
conductive fluids. HBA Models meet moisture resistance
and immersion per MIL-H-22577A.

WEIGHT: Standard and low profile models 4 grams max.
Environmentally sealed models 6 grams max.

6-10-68
FORM 651214
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