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ABSTRACT

The work performed on this project consisted of defining seal requirements,
analyzing and testing seal performance to develop a design data base, and
applying that design criteria to evolve a seal solution suitable for applica-

tion to a liéh:;commetcial-sized heat pump.

At the point where the compressor piston rod joins the drive mechanism of the
BR-105 linear engine, a linear acting seal is required to ensure the hermetic

enclosure of the refrigerant (R-22) system. The estimated maximum pressure

difference across the seal, under all couditioms including start—up, will be

80 psi, and the estimated temperature range will be -30° to 100°F. Maxi-
mm life goal is 15 years with operation of at least 4000 hours per year.
The seal will be exposed to an oil/refrigerant mixture on one side and atmos-
phere contaminated with combustion products on the other side. The rod
diameter is 1.0 inch, the maximum piston stroke is 6 inches and the speed

range is from 800 to 1200 cycles per minute.

After consideration of the requirements, the evolved seal design consists of
two or more bellows elements placed in series and joined to the underface of
the pistoﬁ at one end and to the c¢rankcase at the other. The intermediary
ends of the bellows are joined together so that all the joints are made leak
tight. The compressor piston rod is enclosed within the bellows. Bellows
elements are driven at their point of junction by a mechanism synchronized to

the piston motion but so constrained as to limit the stress in each element,

thereby insuring an effective, long—~life hermetic seal.

EXECUTIVE SUMMARY

This is a final report om a project for Test and Demonstration of a Hermetic
Compressor Seal (Phase I), Union Carbide Contract No. 86X-61613C. The period
of performance was from July 1, 1980 through January 31, 1981. The first
draft report was submitted March 6, 1981.



The objective of the project was to perform the analysis, design and tests
leading to an early demonstration of a hermetic seal for a linear-engine-

driven compressor for application in a heat-actuated heat pump system.

?he technology base of this seal development program was based on previous
work by Tectonics. A metal bellows seal had been used successfully on a
lever-type engine/refrigerant compressor (Model BR-300) where the dynamic
motion of the seal was oscillatory as opposed to the linear motion of the
BR-105 engine/compressor. Some early work also had been done on the concept

of a linear seal solution wherein the necessary drive mechanism had pre-

viously been put to practice.

The effort on this program concentrated on the development and advancement of
a linear wmotion metal bellows hermetic seal. Thus, wherever 'seal" 1is

referenced in this report, it will refer to the linear metal bellows seal.

A major effort on the program was the adaptation of amalytical methods neces-
sary to predict the dynamic behavior and failure modes of the seals as a
function of their design, material of construction and environmental param-—
eters. Once refined, the engineering amalysis procedures were used to inves=

tigate the suitability of available off-the-shelf seals to the expected heat

pump applicatiom.

Actual seals, specified from engineering analysis and available standard
shelf stock, were procured from two seal manufacturers and were tested under
various conditions and in various combinations. Test rigs were adapted for
the seal tests so that both sinusoidal motion and actual engine dynamics of
the heat pump drive could be investigated. The sinusoidal drive permitted
precise variation of speed and displacement for analytical correlation.
Correlating these taest results with predicted performance validated the

accuracy and suitability of the anaiytical methods.

By integrating the test and analytical results, a suitable seal solution to
the BR-105 application was defined and developed. This solution, in tumm,

has been analyzed, tested and demonstrated. The solution 1s shown to be
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compatible with the requirements for a linear-motion hermetic refrigerant
seal. Further, based on the materials used and seal manufacturer's exper-
ience, the seal solution is shown to exhibit stresses low enough to be con-

sidered to have "infinite life."

TECHNICAL DISCUSSION

Seal Procurement

The seal development effort was predicated on the analysis and testing of
existing seals selected from manufacturers' stock. This approach served two
important functions. First, program analyses would benefit from the
manufacturers' extensive experience, which would provide data for accurate
seal stress and life expectancy calculations. Second, a seal solution based
on available off-the-shelf materials would provide a ﬁimely and reliable
input to the heat pump development program to follow.
{ .

Two independent seal manufacturers were selected as suppliers for this pro-
ject, a primary supplier and a backup supplier. Six metal bgllows seals were
ordered in the early part of the program from the primary supplier. Two more
were ordered later from the backup supplier. Table 1 gives a description of

these purchased seals.
Seal design and selection followed preliminary in-house performance analysis
and comprehensive discussions and visits with the manufacturers. The seals

were selected to allow:

e Maximum flexibility of arrangement and combination - of conceivable

alternatives in seal arrangement,

82311



e Configuration compatibility with the engine/compressor,
e Reasonable assurance of desired strength and life expectations.
The present seals are constructed of readily available steel and shaped to

form a compressible/expandable bellows.

Table 1. Linear Seals Procured for the Project

SEAL NO. DESCRIPTION QUANTITY

1 BELLOWS ASSEMBLY, 0.003-INCH PLATE

THICKNESS, 1.00-INCH I.D., 1.75-INCH 0.D.,

AM-350, CONDITION H, 30 CONVOLUTIONS 1
2 AS ABOVE WITH 39 CONVOLUTIONS 1
3 AS ABOVE WITH 78 CONVOLUTIONS 1
4 AS ABOVE WITH 30 CONVOLUTIONS 1
5 AS ABOVE WITH 60 CONVOLUTIONS 1
6 AS ABOVE WITH 78 CONVOLUTIONS 1
7 BELLOWS ASSEMBLY, 0.007-INCH PLATE

THICKNESS, 0.500-INCH I.D., 1.00-INCH

0.D., 60 CONVOLUTIONS 2

Throughout the program, discussions were held with the manufacturers to
determine the practicality of seal design options suggested by analysis and
test results.

82311
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Analysis Procedures

Earlier work with seals at Tectonics revealed that for a successful develop-
ment of a reliable and practical seal solution a thorough understanding of
seal behavior under dynamic conditions was necessary. This required a strong
analytical base so that the seal behavior could be analyzed under all the
possible conditions that a seal may experience in the Braun linear engine-

refrigerant compressor system.

A literature review was conducted to gather available information on the
subject matter. It was discovered that, although there exists a wealth of
information on the dynamics of springs, and that such analysis is relatively
straightforward, a considerable amount of effort and original thinking would

be required to utilize the standard methods for the present application.

A lumped-parameter method was followed in the analysis, where the primary
outputs become the amplitude of oscillation of individual seal convolutions
and the fundamental and resonant frequencies. The amplitude information was
used to calculate stress levels that were then plotted in the form of Goodman
diagrams1 to determine endurance strength and seal life. Infinite life 1is
considered to occur for every point within the bounds of the endurance limit
envelope. The fundamental and resonant frequencies output provided

information on the forbidden range for seal operation.

Manufacturer's data consists of formulas, graphs, and charts for accurate
seal stress calculations and requires input from dynamic analysis or measure-
ments of actual deflections. Existing in-house analysis procedures were
modified to produce the necessary input data for the manufacturer's stress

nomographs.

lShigley, Joseph Edward, Mechanical Engineering Design, 3rd Ed., (New York:
McGraw-Hill, 1977).
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Comprehensive parametric studies of seal dynamics were performed in order to
understand seal behavior, explore and predict failure 'modes, and optimize
design of a practical seal. The parameters varied included material thick-
ness, spring rate, number of convolutions, pressure differential across seal

wall, acceleration (drive speed), and driving force functionm.

The initial studies included simple cases of seal configurations that, com-~
bined with actual seal testing, provided a means of checking the validity of
and establishing confidence in the analytical method for the present applica-

tion.

Seal Test Description

Two test drive mechanisms were available for this program: a sinusoidally
driven BR-420 machine and a BR-105 engine. The BR-420 fixed-stroke machine
provided a simple and manageable tool where different speeds were obtained by
changing drive pulley size. The BR-105 in turn provided the actual engine

dynamic environment.

Test rigs for the two test beds were designed and fabricated to allow testing
of single or multiple seals, incorporating a proprietary drive mechanism.
Figures 1 and 2 are photographs of the two test rigs with seals and drive

mechanisms assembled.

The seals were tested for their dynamic behavior by observing and measuring
the motion of the individual convolutions as well as following the seal
motion for beats or surges. The method of observation and measurement 1is

described below.
Still photography of seal motion was used to study and record seal behavior

and convolution displacements. A General Radio 1531-A stroboscope in

combination with a 1531-P2 flash delay unit and a 1537 photoelectric

82311
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Figure 1.

% S P IR

a. Single-Seal Arrangement

b. Multiple-Seal Arrangement

Fixed-Stroke Test Rig (BR-420) With Linear Drive Mechanism
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Figure 2. BR-105 Test Rig With Linear Seal (at far left)
and Drive ifechanism
pick—off was used for freezing the seal motion at any desired position. The
equipment provided proper synchronization of the strobe light flashes with
the subject seal motion. Figure 3 shows the photographic setup used for the

tests.

Photographs of the seals were made at different points of stroke. (Figure 7,
to be discussed later, is a typical example). The space between two adjacent
convolutions can be measured from these photographs. With the camera magni-

fication factor known, the actual distance between the convolutions can be

calculated.

Single Seal Analysis and Test Validation

Eleven variations of a single seal arrangement (as listed in Table 2) were

defined for the initial analysis. The arrangements were selected to produce

82311
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TYPE 1536-A

PHOTOELECTRIC

PICKOFF

c 3 STROBOSCOPE
TYPE 1531-A
“X" CONTACT
CAMERA
TYPE 1531-P2

FLASH DELAY UNIT

Figure 3. Setup for Photographing Seal in Motion
results that could later be correlated with actual tests. The simulated test
conditions relate to conditiomns, shown schematically in Figure 4.

In the eleven analytical cases, the variables investigated included bellows
material thickness, number of bellows convolutions, and linear speed (cycles

per minute).
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Table 2. Analysis/Test Cases-—-Single Seal

RELATIVE BELLOWS SPEED
DISPLACEMENT PLATE (CYCLES
FLANGE DESCRIPTION THICKNESS PER NUMBER OF
CASE | TO FLANGE Fl ( INCHES) MINUTES) | CONVOLUTIONS
1 2 1 SHAKER ARRANGEMENT 0.003 1000 31
2 Z—VAR FREE END 0.003 800 31
3 2-0 .8 F1 DIFFERENTIAL DRIVE 0.003 1250 39
4 2-0 o7 F1 DIFFERENTIAL DRIVE 0.003 1250 39
5 2—0 8 Fl . DIFFERENTIAL DRIVE 0.003 800 39
6 2-0 7 Fl DIFFERENTIAL DRIVE 0.003 800 39
7 2=0 FIXED END (SAME AS 0.003 1000 30
ACTUAL INSTALLATION)
8 F,=0.8 F, DIFFERENTIAL DRIVE 0.003 1000 31
9 F2=0.8 Fl DIFFERENTIAL DRIVE 0.005 1000 31
10 F2=O.8 Fl DIFFERENTIAL DRIVE 0.003 2000 31
11 F2=0.8 Fl DIFFERENTIAL DRIVE 0.005 2000 31
Note: Each case was analyzed on the basis of inputs from the schematic

arrangement shown in Figure 4 using the BR-420 fixed-stroke drive.

82311
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i1

Fy 2 DRIVESHAFT
L—- «~ 2 __ TOP FLANGE OF SEAL FIXED
BELLOWS SEAL\ TO DRIVE SHAFT
F
T «—2_ BOTTOM FLANGE OF SEAL VARIATIONS:

® FREE (F,=VAR) CASE?2
® FIXED TO DRIVE (F,=F,) CASE 1

MOTION I ® DRIVEN DIFFERENTIALLY (Fy=KFy)
CASES 3-6, 8-11 :
® FIXED IN SPACE (Fy=0) CASE7
(REPLICATES ACTUAL SEAL INSTALLATION)

DRIVE
MECHANISMS*

*BR-420 FIXED-STROKE OR BR-105 ENGINE

Figure 4. Analytical and Test Arrangements of Single Seal

For each of the defined test cases, the maximum displacement amplitude of

each seal convolution was analytically determined as represented in Figure 5.

As background for the data of Figure 5, the case 4 results are elaborated in
Figure 6, which illustrates the deflections for the full-stroke cycle from
top dead center (TDC) to bottom dead center (BDC). The two maxima are
symmetrical, assuming no mechanical limits are encountered. The analytical
deflection values plotted in Figures 5 and 6 are relative to the displace-

ments at the midstroke position.

82311
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KeY: () F, = F,,SHAKER, 0.003 PLATE, 1000 RPM @ F, =0, FIXED END, 0.003 PLATE, 1000 RPM

@) ¥, = 0 FREE END, 0.003 PLATE, 800 RPM F, = 0.8 F,0.003 PLATE, 1000 RPM

() F, = 08 F, 0.003 PLATE, 1250 RPM (9) F, = 0.8 F,, 0.005 PLATE, 1000 RPM
(@ F, = 0.7 F,, 0.003 PLATE, 1250 RPM F, = 0.8 F;, 0.003 PLATE, 2000 RPM
() F, =038 F,, 0.003 PLATE, 800 RPM @ F, = 0.8 F,, 0.005 PLATE, 2000 RPM
F,= 0.7 F;, 0,003 PLATE, 800 RPM

20

19 4

1.8 4

1.7

1.87 -

1.8 4

1.5

1.4 4

DISPLACEMENT AMPLITUTDE (INCHES)

1.3 4

1.2 4

1.1+

“~

0'll"TI"“TYT"‘YTIf[l‘rl"l’fﬁ]“r'll"TTrfIY"

0

Figure 5.

5 10 15 20 25 30 35 40

CONVOLUTICN NUMBER

Seal Convolution Displacement for Single-Seal Amplitudes
Under Dynamic Conditions (Analytical Results)
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F1 = 167
RELATIVE DISPLACEMENT BETWEEN
; TDC ADJACENT CONVOLUTIONS
w17 _2 ________ .o (:r‘gc MAXIMUM)
] |
P}
= (b)
=
=
; = MIDSTROKE
=] CONVOLUTION NUMBER (NEUTRAL POSITION)
=
Z F | i A
(VY]
_E (BDC MAXIMUM)
Fy=167 8oc
t ANALYSIS VARIABLES:
r LOWER END OF ® NUMBER OF CONVOLUTIONS
T0P OF BEL“L:O;NS' ® CYCLES/MINUTE
BEL(LFow)Ns' 2 ® PLATE THICKNESS
FULL s'r'noxs ® BELLOWS MATERIAL

*CONSTRAINED TO DEFLECTIONS SHOWN (e, Fy = 0.7 Fl)
CASE 4 OF GENERAL CASE F, = KF,

Figure 6. Single Bellows Seal Analysis Representation (Case 4)

The parameter of interest from this analysis is the relative displacement of
adjacent convolutions, with the maximum such value for a given case being
subsequently used in stress calculations. This maximum value will occur

where the slope of the deflection curve is steepest.

82311



14

To further illustrate the derivation of deflection values, reference is made
to an actual test sequence illustrated in Figure 7. This figure presents
strobe photos of an actual seal at top and bottom dead centers and at mid-
stroke. Referring to Figures 6 and 7, which represent the same test case

(No. 4), the following points are evident:

e At tﬁe bottom of the bellows (last several convolutions, e.g., 35 to
39, Figure 6), the bellows convolution spacing can be seen to go
through the widest variation through the full stroke. Quantita-
tively, the convolute spacing at the F2 end (TDC and BDC MAX) 1is
several times the convolute spacing of the midconvolutes at all
strokes, except at the neutral midstroke position. The cause of
this is the delay in momentum transfer (inertia effect) as the
flexible convolute sections move out of phase with each other and
pile up as the direction of motion changes. The displacement quanti-
ties plotted in Figure 6 are the incremental displacements between
midstroke and TDC/BDC. Thus, since TDC and BDC data are symmetri-
cal, the total deflection throughout the stoke between the last

convolution segments is twice the plotted value of the TDC value.

e A second interesting correlation between the analytical results and
the actual test is made by examining seal behavior at about the
fourth and fifth.convolution from the top of Figure 7. Figure 5
shows that there is no relative displacement (zero slope) between
the convolutions. The statements in the preceding paragraph imply
that the spacing between those elements remains constant throughout
the stroke. Qualitatively, this behavior is evident on the photos

of Figure 7.

82311
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i) at TDC ii) at mid-stroke iii) at BDC

Figure 7. Typical Photographs of the 39 Convolution Seal at Different

Points of Stroke (BR-420 Drive)
Data: F2 = 0.7 Fl’ Case 4

RPM = 1250
Seal Plate Thickness = 0.003 Inch

82311
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Thus, it is possible to qualitatively assess the validity of the analysis in
predicting seal behavior. Quantitative comparisons also were made by measur-—
ing actual displacements from the stroke photos and comparing results with
those predicted, as shown in Table 3. Agreement between test and analysis
shows good correlation, considering the margin for error when measuring small

distances from the strobographic photos.

Table 3. Maximum Displacement per Convolution for the 39 Convolution
Seal (0.003-Inch Material), Predicted and Measured Values in
Sinusoidal Motion

MAXIMUM DISPLACEMENT (DEFLECTION)
PER CONVOLUTION

CASE PREDICTED MEASURED
NUMBER RPM Fy ( INCHES) ( INCHES)
3 1250 0.8 Fl 0.048 0.046

4 1250 0.7 F1 0.054 0.052

5 800 0.8 Fl 0.029 0.028

6 800 0.7 Fl 0.036 0.041

Stress Analysis

The maximum convolution displacement for each seal case, measured as well as

calculated, was used to calculate maximum seal stress levels. The resul:zant
. . . 1 .

stress levels are presented in the form of Goodman diagrams™ wherein the

endurance and 1life of the seal can be exhibited.

Figure 8 shows the resultant Goodman stress diagram for the four cases listed
in Table 3. The endurance limit envelope is representative of the steel used
in the manufacture of the tested bellows seal. '"Infinite'" seal life 1is

assumed to be demonstrated when all stress points lie within the endurance

82311
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3—--—F,=08F,, 1250 RPM
4 =— - —F, = 0.7 F,, 1250 RPM
§— —= —F,=08F,, 800RPM
§ ———F,=0.7F,, 800 RPM

Stress (Kpsi)
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Figure 8.
Seal
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T
80 120
Stress (Kpsi)

SEAL DATA:

DEFLECTION:

PRESSURE:

0.003 PLATE THICKNESS
1.75 INCHES 0.D.

1.00 INCHES 1.D.

AM-350 STAINLESS STEEL

SEE TABLE 3

ZEROQ psi EXTERNAL PRESSURE
DIFFERENTIAL ACROSS THE

SEAL.

Effect of Speed on Stress Levels in a 39-Convolution
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limit envelope. While the four test cases do meet this criterion, they do
not represent a ''solution” since an actual seal installation is not
represented. For such an actual seal installation (e.g., case 7 of Table
2), the maximum deflection is beyond the range of the manufacturer's charts

for stress calculation.

From this early work, the measured maximum deflectioms were felt to be
acceptable to meet stress criteria. Using that deflection, an analysis was
made to determine the influence of seal plate thickness and pressure
differential across the seal on stress levels. Figures 9 and 10 show the
stress levels in the Goodman diagram of different plate thicknesses and
pressures across the seal. This parametric analysis led to concentration on

one specific plate for the seals.

Up to this point the analysis and tests had been directed toward developing
an understanding of the general behavior and dynamics of linear seals.
Analysis procedures were improved and exercised to provide the framework to
extend the seal analysis toward a practical solution for the BR-105 engine-

compressor.

A basic philosophy applied to this applications effort was to utilize exist-—
ing, available bellows stock materials, as opposed to a direct seal design
effort. This approach was felt to offer the strongest probability of a
timely seal solution, as well as providing the availability of existing

' . . .
manufacturer's stress data based on extensive field experience.

For a fixed machine stroke, a single-seal application was investigated
analytically (i.e., case 7). A seal with the selected plates, which would
result in a certain nominal nondynamic deflection per convolution, was
assumed. The resultant dynamic deflection is plotted in Figure 11, a diagram
equivalent to Figure 5 (discussed earlier). The maximum slope gives an
equivalent of the maximum convolution displacement. This deflection is well
beyond the range of the manufacturer's design stress data and would result in

"immediate" seal failure. This has been demonstrated.

82311
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Figure 9. Effect of Plate Thickness on Stresses in Metal Bellows Seals
at 30 psi Differential Pressure
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Figure 10. Effect of Plate Thickness on Stresses in Metal Bellows Seals
at 80 psi Differential Pressure
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Figure 11. Seal Convolution Amplitudes for Single Seal, Two Seals,
and Three Seals in a Series
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The previous work with the Braun seal was then applied to determine its
potential benefits. The results are significant. The schematic seal
arrangements evaluated are shown in Figure 12. In a multiple arrangement,
the bellows seal segments, each with a given number of convolutions, are
series-connected end to end. One end of the combination is fixed, the other
end driven by the primary drive shaft, and the intermediate connection points
controlled by the mechanism. The total number of convolutions is 110, as in

the single-seal arrangements.

Parametric analyses were made relative to the number of convolutions per seal
segment and drive arrangement to minimize maximum displacement for the whole
seal system. The resultant dynamic deflection amplitudes are shown in Figure
11 for the two- and three-segment seal arrangements in comparison with the
single seal. The resultant maximum displacement amplitudes¥are 0.07 inch for
the dual-seal, and 0.054 inch for the triple-seal arrangements. The maximum
displacement, as discussed earlier, is twice the slope, since the calculated
amplitudes represent the TDC position relative to the position at stroke
midpoint. For this investigation, the speed was increased to 2000 RPM to

more closely match the anticipated acceleration environment of the BR-105

engine.

Stress levels correspouding to the above deflections were determined for the
multiple-seal arrangements, including the effect of pressure differential
across the seal. No stress calculations could be made for the single seal
because the maximum displacement per convolution was beyond the range of the
manufacturer's charts. The Goodman stress diagrams are given in Figures 13,
14 and 15. 1In all cases, the three-segment seal would provide infinite life,

and the two-segment seal would provide limited life.

*o0f the convolution stretched the most

82311
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Fi
1) SINGLE SEAL: FIXED END W
F2 Fi
2) TWO SEALS IN SERIES: FIXED END W
F3 F2 Fi

3) THREE SEALS IN SERIES: FIXED END Z_I\/W\/_RV\NW

Figure 12. Schematic of Seals in Series With Driving Functions
Corresponding to Displacement

These analytical results with the multiple-seal arrangement have been sup—

ported by demonstrations on the test rigs.

Conclusions

The work performed on this project has produced two significant results:
e Analytical techniques have been improved and modified to allow precise

evaluation of the dynamic performance of complex linear metal bellows

seals.
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® A seal solution has been identified, analyzed, and demonstrated to
meet the general requirements set forth for a hermetic refrigerant

seal.

The ability to achieve the seal solution is made possible by the application
of the proprietary Braun seal solution. It provides limits on the stress
levels and "infinite" design life of the seal when used under conditions of

high dynamic loading of the bellows.

Again, the work was accomplished within the framework of existing, readily
available seal components whose‘ specifications were derived from early
preliminary analyses. As the program progressed in results and insights, the
relation of BR-105 seal requirements to specific seal characteristics began
to emerge. The program concluded with a seal solution optimized for a

specific stroke utilizing those available seals.

However, the BR-105 engine has a nominal maximum stroke of 5.000 inches and
higher accelerations for a given cycling rate. This stroke 1is greater than

the BR-420 machine on which most of the tests were performed. The seal

‘solution, nevertheless, has been dynamically demonstrated on the BR-105

engine. Confidence therefore exists that an eventual mating of the seal

solution concept with the operational characteristics of the Braun—105

engine/compressor will be achieved.

As work progresses on the engine/compressor and seals in the Heat Pump Demcn-
stration program, it is expected that the final seal solution application
will involve trade-offs between engine/compressor design and seal design. In

turn, this trade-off will focus on two related efforts:
e Continuing coordination with the seal manufacturer to explore alter-

nate seal configurations=-still remaining within manufacturer's exist-

ing tooling capabilities;
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e Continuing analysis and design work on the engine/compressor to

evaluate such parameters as stroke and accelerations and their impact

on system performance.

Both of these efforts have been initiated. For example, computer performance
analyses and design layouts were already made for BR-105 machines with two
different strokes. Early results are promising. With only a limited
reduction in power, the modified machines could lead to a lower cost,

simpler, and safer seal design, as well as a more compact, lower cost machine.

82311



L 13

»

O 0~ O\ Wb W

.

15.
16.
17.
18.

39,
40,
41.
42 .
43,
44,

45.

46,

47.
48.

49.

50.

29

ORNL/Sub/80-61613/1

INTERNAL DISTRIBUTION

V. D. Baxter 19. W. A, Miller

R. S. Carlsmith 20. R, E. Minturn

F. C. Chen 21. L. I. Moss, Consultant

J. E. Christian 22. J. C. Moyers

N. Domingo 23. G. D. Pine

P. D. Fairchild 24. G. T. Privon

S. K. Fischer 25. C. K. Rice

L. Jung 26. C. E. Snyder

F. R. Kalhammer, Consultant 27. R, E, Thoma

M. A. Karnitz 28. E. A, Vineyard

J. 0. Kolb 29. C. D. VWest

M. A, Kuliasha 30, W. H, Williams, Comnsultant
T. R. LaPorte, Consultant 31. K. H, Zimmerman

M. Lessen, Consultant 32-33. Central Research Library
W. P. Levins 34, Document Reference Section
H. A. McLain 35-36. Laboratory Records - RC

V. C. Mei 37. Laboratory Records

J. W. Michel 38. ORNL Patent Section

EXTERNAL DISTRIBUTION

Bob Ackerman, Mechanical Technology, Inc., 968 Albany-Shaker Rd.,
Latham, NY 12110

John Adams, Research and Eng. Center, Whirlpool Corporation,
Monte Road, Benton Harbor, MI 49022

John Andrews, Solar Technology Group, Building 701, Brookhaven
National Laboratory, Upton, NY 11973

Glenn A. Babcock, Baltimore Aircoil Co., Inc., P.O. Box 7322,
Baltimore, MD 21227

B. Backstrom, Chalmers University of Techmnology, Jordvarme Grup-
pen, S-41296, Goteborg, Sweden

James Bard, Bard Manufacturing Co., Inc., P.O. Box 607, Bryan, OH
43506

E. K. Bastress, Energy Conversion ¢ Utilization Techmology Div.,
CS-142, Forrestal Building, Department of Energy, Washington, DC
20585

Fred W. Bawel, Arkla Industries, Inc., 810 E. Franklin Street,
P.O, Box 534, Evansville, IN 47704

William Beale, Sunpower, Inc., 6 Byard Road, Athens, OH 45701
Glendon M. Benson, Energy Research and Generation, Inc., Lowell ¢
57th Street, Oakland, CA

Don Beremand, NASA-Lewis Research Center, Mail Stop 500-215,
21000 Brookpark Rd., Cleveland, OH 44135

J. Berghmans, Katholieke Universiteit, Institut Mechanica,



51.

52,
53.

54.

55.

56 .

57.

58.
59.
60.

61.
62.

63.

64.
65.

66 .
67.
68.
69.
70.
71.

72,

73.
74.
75.

76.

30

Celestijnenlaan 300 A, B-3030 Heverlee-Belgium

Frank R. Biancardi, United Technologies Research Center, East
Hartford, CT 06108

Gerald L. Biehn, 807 N, Brae-Burm Place, Staunton, VA 24401
Wendell Bierman, Carrier Corporatiom, Carrier Tower, P.O. Box
4800, Syracuse, NY 13221

Morton Blatt, Science Applications, Inc., 3256 Erie Street, San
Diego, CA 92117

Ulrich Bonne, Honeywell Incorporated, 10701 Lyndale Avenue South,
Corporate Technology Center, Materials ¢ Processes Dept., Bloom-
ington, MN 55420

Gary F. Borla, Northeast Utilities, Energy Management Service,
P.0. Box 270, Hartford, CT 06141

Torbjorn Bostrom, Director, Dept. of Energy Systems ¢ FEnergy Sup-
ply, Swedish Council for Bldg. Res., Sankt Goransgatan 66, S-112
33, Stockholm, Sweden

A. T. Braun, Tectonics Research, Inc., 9556 West Bloomington
Freeway, Minneapolis, MN 55431

James Burke, Arthur D, Little, Inc., 32 Acorn Park, Cambridge,
Massachusetts 02140

James M. Calm, Project Manager, Heat Pump Development, Electric
Power Res., Inst., 3412 Hillview Avenue, Palo Alto, CA 94303

Guy H. Cheek, 7718 Rocky River Road S., Momroe, NC 28110

Raymond Cohen, Ray Herrick Laboratories, Purdue University, West
Lafayette, Indiana 47907

Donald D. Colosimo, Mechanical Technology Inc., 968 Albany-Shaker
Rd., Latham, NY 12110

Edward H. Cook, 809 Goodrich Ave,, St, Paul, MN 55105

Gerard Coyne, Trane CAC, Inc., 6200 Troup Highway, Tyler, TX
75711

James Crawford, Trane CAC, Inc., 6200 Troup Highway, Tyler, TX
75711

Kenneth Cuccinelli, Division of Marketing Services, American Gas
Association, 1515 Wilson Blvd., Arlington, VA 22209

Ali Dabiri, Science Applications, Imnc., 1200 Prospect Street,
P.0. Box 364, LaJolla, CA 92038

Charles F. Daly, Charles Daly Associates, P.0. Box 2594, Hickory,
NC 28601

Jerry Dapper, BDP Company, Div. of Carrier Corporation, P.0. Box
70, 7310 W. Morris Street, Indianapolis, IN 46206

R. J. Denny, Air-Conditioning § Refrigeration Institute, 1815 N.
Fort Meyer Drive, Arlington, VA 22209

David Didion, Mechanical Systems Section, Building Environment
Division, National Bureau of Standards, Bldg. 226, Room B126,
Washington DC 20234

Bill Dittman, Copeland Corporation, Campbell Road, Sydney, OH
45365

Richard Dougall, Dept, of Mechanical Engineering, University of
Pittsburgh, Pittsburgh, PA 15261

James E, Drewry, Gas Research Institute, 10 West 35th Street,
Chicago, IL 60616

Richard English, Research Division, Carrier Corporatiomn, Carrier
Parkway, P.0O. Box 4808, Syracuse, NY 13221



-y

77.

78.

79.
80.

81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.

92.

93.
94.

9s.

96.

97.

98.

99.

100.

101,

102,

31

J. N. Eustis, Department of Energy, Office of Industrial Pro-
grams, CE-121.1, 1000 Independence Avenue, S.W., Washington, DC
20585 '

Scott Farley, Heating ¢ A.C. Group, The Coleman Company, Inc.,
3110 North Mead, Wichita, KS 67201

Harry Fischer, P.O. Box 5377, Sun City, FL 33571

Robert Fischer, Battelle-Columbus Laboratory, 505 King Avenue,
Columbus, OH 43201

R. J. Fiskum, Energy Conversion Equipment Branch, CE-112, GF-
217/FORS, Department of Energy, 1000 Independence Avenue S.VW.,
Washington, DC 20585

Greg Flynn, P,O. Box 164, St, Clair Shores, MI 48083

Kenny A. Gerlach, 8 Bennett Road, Redwood City, CA 94062

Dr. Joseph Gerstmann, Advanced Mechanical Technology, Inc., 141
California Street, Newton, MA 02158

Ted Gilles, Lennox Industries, Inc., Promenade Towers, P.0O. Box
400450, Dallas, TX 75240

L. R, Glicksman, Massachusetts Institute of Techmology, 77 Mas~
sachusetts Avenue, Bldg. 3-137, Cambridge, MA 02139

Bruce Goldwater, Mechanical Technology, Inc., 968 Albany-Shaker
Rd., Latham, NY 12110

D. E. Grether, International Environmental Corp., P.O. Box 25608,
5000 S.W. 7th Street, Oklahoma City, OK 73125

James E. Griffith, Research ¢ Technical Lab., PSE¢gG Research Cor-
poration, 200 Boyden Avenue, Maplewood, NJ 07040

G. C. Groff, Director, Research Division, Carrier Corporationm,
Carrier Parkway, Syracuse, NY 13201

Gershon Grossman, Faculty Mechanical Eng., Technion Israel Imst.
of Technology, Haifa 32000, Israel

Marvin Gunn, Energy Conversion ¢ Utilization Technology Div., CS-
142, Forrestal Building, Department of Energy, Wasbington, DC
20585

Vinod P. Gupta, 3M Company, 42-7E-01, 900 Bush Avenue, St. Paul,
MN 55101

W. T. Hanna, Battelle Columbus Laboratories, 505 King Avenue,
Columbus, OH 43201

James Harnish, Unitary Products Engineering, York Div., Borg-
Warner Corp., P.O, Box 1592, York, PA 17405

Charles Hastings, Manager, Government Business Development, The
Trane Company, 2020 14th Street North, Arlington, VA 22201
Floyd Hayes, Thermal Systems, The Trane Company, 3600 Pammell
Creek Road, LaCrosse, WI 54601

James Hill, Building Research, Room B306, National Bureau of
Standards, Washington DC 20234

C. C. Hiller, Electric Power Research Inst.,, 3412 Hillview Ave-
nue, Palo Alto, CA 94303

Ralph Hise, Consolidated Natural Gas Research Company, 11001
Cedar Avenue, Cleveland, OH 44106

Bob Holtz, Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, IL 60439

Dipl.-Ing, Karl-Otto Holzapfel, IEA Heat Pump Center,
Fachinformationszentrum-Karlsrube, D 7514 Eggenstein-
Leopoldshafen 2, Federal Republic of Germany



103.

104.

105.

106.

107.

108.

109.
110.

111,

112,

113.

114,

115,

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129,

32

John A. Horvath, Horvath g Associates, 38 Sutcliffe Drive, Wil-
lowdale, M2K 2A6, QI645, Ontario, Canada

Katherine Hughes, Marketing, Honeywell Inc., Technology Strategy
Cen., 1700 West Highway 36, Roseville, MN 55113

H. Michael Hughes, Friedrich, 2007 Beechgrove P1., Utica, NY
13501

Bao Hwang, David Taylor Naval Ship R¢D Center, Mail Code 2722,
Annapolis Laboratory, Amnapolis, MD 21402

Howard Izawa, InterNorth, Inc., 2223 Dodge Street, Omaha, NE
68102

Steen Rolf Jacobsen, Civilingemior, Steenshus, Bronsholmvej 19,
2980 Kokkedal, Denmark

T. Jacoby, Tecumseh Products Company, Tecumseh, MI 49286

Heintz Jaster, Corporate Research ¢ Development, General Electric
Company, P.0. Box 43, Schenectady, NY 12345

Lennart N. Johansson, Stirling Power System, 7101 Jackson Koad,
Ann Arbor, MI 48103

James L. Kamm, University of Toledo, Scott Park Campus, Toledo,
OH 43606

T. Kapus, Building Equipment Division, Department of Energy, CE-
113, 1000 Independence Avenue, S.W., Washingtom, DC 20585
Richard Kavanagh, Office of Research, Dev., and Tech. Applica-
tions, International Energy Agency, 2, Rue Andre-Pascal, 75775
Paris CEDEX 16

Ken Kazmer, Gas Research Institute, 8600 West Bryn Mawr Avenue,
Chicago, IL 60631

George Kelly, Building Environment Division, IAT, Bldg. 226, Room
B122, National Bureau of Standards, Washington, DC 20234

Ross R. King, Ontario Hydro, 700 University Avenue, Toromto, MSG
1X6, Ontario, Canada

R. W. King, Manager, Product Evaluation, Copeland Corporationm,
Sydney, OH 45365

P. Kuppers, KFA Julich, PLE, Postfach 1913, D-5170 Julich 1,
Federal Republic of Germany

James W. Leach, North Carolina State University, P.O, Box 5246,
Raleigh, NC 27650

¥. David Lee, Arthur D, Little, Inc.,, 32 Acorn Park, Cambridge,
MA 02140

John I. Levenhagen, 1813 Dixie Dr., Waukesha, WI 53186

D. C. Lim, Energy Conversion Equipment Branch, CE-113.2, Depart-
ment of Energy, 1000 Independence Avenue S.W., Washington, DC
20585

Harald E. Loewer, Reinhold-Schneider-STR 135, 7500 Karlsruhe 51,
West Germany

George Long, Northern Illinois Gas Co., P. O. Box 90, Aurora, IL
60507

Harold Lorsch, Franklin Research Laboratories, Twentieth gy Park-
way, Philadelphia, PA 19103

VWard MacArthur, Honeywell Inc., 1700 West Highway 36, St. Paul,
MN 55113

Bob Macriss, Institute of Gas Technology, 3424 South State
Street, Chicago, IL 60616

J. C. Major, Swiss Federal Institut for Reactor Research, CH-5303



.y

130.
131.
132,
133.
134
135,
136.
137.
138.

139.

140.
141.

142.
143.

144,

145.
146.

1470
148.

149.
150.
151
152.
153.
154.
155.
156
157

158.

33

Wurenlingen, Switzerland

D. J. Martin, ETSU, Bldg. 156, AERE Harwell, Oxfordshire OX 11
ORA, England

Tom Marusak, Mechanical Technology, Inc., 968 Albany-Shaker Rd.,
Latham, NY 12110

Alden I, McFarlan, 691 Dorian Road, Westfxeld NJ 07090
Lowell A. McNeely, 7310 Steinmeier Dr., Indianapolis, IN 46250

. F. C. McQuiston, Oklahoma State University, 301 Engineering

North, Stillwater, OK 74078

Dick Merrick, Arkla Industries, Inc., P.O. Box 534, Evansville,
IN 47704

Philip Metz, Brookhaven National Laboratory, Building 701, Upton,
NY 11973

R. J. Meijer, Stirling Thermal Motors, 2841 Boardwalk, Ann Arbor,
MI 48104

Donald K. Miller, York Div., Borg Warmer Corp., P.0. Box 1592,
York, PA 17405

J. P, Millhone, Office of Buildings Energy Research ¢ Develop-
ment, CE-11, Department of Energy, 1000 Independence Avenue S.V.,
Washington, DC 20585

John W, Mitchell, University of Wiscomsin, 1500 Johmson Dr.,
Madison, WI 53706

Eugene C. Moran, Springfield Operations Office, Washington Gas
Light Co., 6801 Industrial Road, Washington, D.C.

Bill Morse, Columbia Gas, 1600 Dublin Rd., Columbia, OH 43215

¥. E. Murphy, Department of Mechanical Engineering, Texas AgM
University, College Station, TX 77843

R. W. Newell, Rheem Manufacturing Co., 5600 0ld Greenwood Road,
P.0. Box 6444, Fort Smith, AR 72906

Alwin Newton, 136 Shelbourme Dr., York, PA 17403

Richard C. Niess, McQuay, Inc., P.0O. Box 1551, Minneapolis, MN
55440

Helmut E. Nimke, P.E., RD¢D Department, The Brooklyn Union Gas
Co., 195 Montague St., Brooklyn, NY 11201

Mary Jane Nissen, David Taylor Naval Ship R¢D Center, Code 2722,
Annapolis, MD 21402

James W. Osborne, Department of Energy, CE-121, FORSTL, 1000
Independence Avenue, S.W., Washington, D.C. 20585

Jerald Parker, School of Mechanical ¢ Aerospace Eng., Oklahoma
State University, 218 Engineer North, Stillwater, OK 74078

. Amin Patani, Homeywell Corporate Technology Center, 10701 Lyndale

Avenue, S., Bloomington, MN 55420

B. A. Phillips, Phillips Engineering Company, 721 Pleasant
Street, St. Joseph, MI 49085

Herbert Phillips, Director of Engineering, A.C. ¢ Refrigeration
Institute, 1815 North Fort Myer Drive, Arlingtom, VA 22209

Joe Pietsch, ARCO Comfort Products Co., 302 Nichols Drive,
Hutchins, TX 75141

William J. Plzak, 2350 N. Pine Creek Road, La Crescent, MN 55947

. James M. Porter, 1102 Nancy Court, La Crosse, WI 54601
. V. Recchi, National Research Council, % O. T. B. Zona Industri-

ale, Contrada del Parco, Bari, Italy
Wayne Reedy, Carrier Corporation, Carrier Parkway, Syracuse, NY



159.

160.
161,

162.
163.
164,
165.

166.
167,

168.

169.

170.
171.
172,

173.

174.

175.

176.

177.

178.

179.

180,

181,

182,
183.

34

13221

Edward A. Reid, Jr., Columbia Gas Syst. Serv. Corp., 1600 Dublin
Road, P.0. Box 2318, Columbus, OH 43215 ) '

Robert C. Reimann, 5504 Ortloff Road, Lafayette, NY 13084

Gordon Reistad, Dept. of Mechanical Engineering, Oregon State
University, Corvallis, OR 97331

Hal Rhea, Lennox Industries, Inc., P.0. Box 877, 1600 Metro
Drive, Carrollton, TX 75006

Bill Riley, Advance Development, Heil Quaker Corporation, 647
Thompson Lane, P.0. Box 40566, Nashville, TN 37204

J. Rizzuto, New York State Energy Research § Development Auth.,
Agency Building No. 2, Rockefeller Plaza, Albany, NY 12223

A. Rojey, Institut Francais du Petrole, 14 Avenue de Bois-Preau,
BP 311, Ruei P Malmaison Cedex, France

Ray D. Roley, Jr., 2631 Golden Road, Tyler, TX 75701

William Rudoy, University of Pittsburgh, 323 Benedum Engineering
Hall, Pittsburgh, PA 15261

J. D. Ryan, Energy Conversion Equipment Branch, CE-112, GF-
217/FORS, Department of Energy, 1000 Independence Avenue S.V.,
Washington, DC 20585

Jean-Marie Saller, Direction Des Etudes et Techniques Nouvelles,
Centre D’Essais et de Recherches, Sur Les Utilisations Du Gaz,
361, avenue du President Wilson BP33, 93211 La Plaine Sant-Denis
Cedex, France

Shogo Sakakura, Agency of Industrial Science and Technology, Min-
istry of International Trade and Industry, Kasumigaseki, Chryoda-
Ku, Tokyo

Maxine Savitz, 5019 Lowell Street, N.W., Washington, DC 20016
Walter J., Schaetzle, University of Alabama, Drawer ME, Univer-
sity, AL 35486

D. E. Scherpereel, Director, Mechanical Systems Research, Elisha
Gray II -, Research ¢ Engineering Center, Monte Road, Benton Har-
bor, MI 49022

Charles Sepsy, Dept. of Mechanical Engineering, Ohio State
University, Room 2075 - Robinson Lab, 206 West 18th Avenue,
Columbus, OH 43210

Boggarm S, V., Setty, 5726 Heming Avenue, Springfield, VA 22151
Jacob E. Shaffer, York Division, Borg-Warmer, P.0. Box 1592,
York, PA 17405

Samuel Sheltom, School of Mechanical Engineering, Georgia Inst,.
of Technology, Atlanta, GA 30332

Dave Sheridan, General Motors Research Labs., G.M, Technical
Center, Warren, MI 48090

J. A. Smith, Test and Evaluation Branch, CE-113.2, Department of
Energy, 1000 Independence Avenue S.W.,, Washington, DC 20585
Mason Somerville, Professor, Dept. of Mech, Eng., University of
Arkansas, Fayetteville, AR 72701

Hans Spauchus, Energy and Materials Sciences Lab, Georgia Inst,
of Techmology, Atlanta, GA 30332

Richard B. Stamm, 1414 S, Redwood Dr.,, Mt. Prospect, IL 60056

F. Steimle, Angewandte Thermodynamik ¢ Kimatechnik, Fachbereich
13, Universitat Essen, Universitatsstr. 15, 4300 Essen 1, West
Germany



k)

184.
185,
186.
187,
188,
189,
190.

191.

192,
193.
194.
195,
196.
197.
198.
199,
200.
201,
202,
203.
204,
205.
206.
207.
208.

209.

210,

35

Mike Stenback, Michigan Consolidated Gas Company, One Woodward
Avenue, Detroit, MI 48226 ’

Raymond F. Stevens, Hartford Steam, Boiler Insp. ¢ Ins. Co., 56
Prospect St., Hartford, CT 06102

W. F. Stoecker, 144 Mechanical Engineering Building, University
of Illinois, 1206 W. Green Street, Urbama, IL 61801

Jim Swain, Battelle Columbus Laboratories, 505 King Avenue,
Columbus, Ohio 43201

Paul Swenson, CNG Research Company, 11001 Cedar Avenue, Cleve-
land, OH 44106

¥. D. Syniuta, Advanced Mechanical Techmology, Inc., 141 Califor-
nia Street, Newton, MA 02158

Alan R, Tarrant, Lome Star Gas Co., 301 South Harwood St., Dal-
las, TX 75240

W. H. Thielbahr, Energy Comnservation Branch, Department of
Energy, Idaho Operations Office, 550 Second Street, Idaho Falls,
ID 83401

Tommy Thompson, BDP Company, Div. of Carrier Corporation, P.O.
Box 70, Indianapolis, IN 46206

R. Topping, Arthur D. Little Inc., 32 Acorn Park, Cambridge, MA
02140

Hamid Torab, 1837 Shirley Lane, Apartment A3, Ann Arbor, MI 48105
William Toscano, ORFMA, P.O. Box 809, Sudbury, MA 01776

E. L. Tramel, Cons. g Energy Mgmt. Branch, Tennessee Valley
Authority, 350-401 Building, Chattanooga, TN 37401

Dave Trayser, Battelle Columbus Laboratories, 505 King Avenue,
Columbus, Ohio 43201

David Tree, Ray Herrick Laboratory, Purdue University, West
Lafayette, IN 47907

Philip D. Umholtz, SRI International, 333 Ravenswood Ave., Menlo
Park, CA 94025

Pirjo-Liisa Vainio, Ministry of Trade ¢ Industry, Energy Depart-
ment, Pohj. Makasiinikatu 6, SF-00130 Helsinki 13, Finland
Hendrik Van Der Ree, TNO, Heat Pump Section, Laan Van Westenenk
501, Apeldoorn, The Netherlands

S. E. Veyo, Research § Development Center, Westinghouse Electric
Corp., 1310 Beulah Road, Pittsburgh, PA 15235

Gary C. Veilt, Taylor Hall 116, The University of Texas, Austin,
TX 78712

Michael Wahlig, Lawrence Berkeley Laboratory, University of Cali-
fornia, Berkeley, CA 94720

Donald Walukas, ORFMA, 795 Oak Ridge Turmnpike, Oak Ridge, TN
37830

Edward C. Watt, Detroit Edison Company, Commercial Planning
Dept., 2000 Second Avenue, Room 348 W C B, Detroit, MI 48226
Ralph Webb, Department of Mechanical Engineering, Pennsylvania
State Univ., 208 Mechanical Eng. Bldg., University Park, PA 16802
R. G. Werden, Robert G. Werdem ¢§ Associates, P.0O. Box 414, Jen-
kintown, PA 19046 .
Eugene P, Whitlow, 1851 N. Valley View Drive., St. Joseph, MI
49085

Glynn T, Williams, Hooper ¢ Angus Associates, 950 Yomge Street,
Suite 502, Toronto, M4W 2J7, QI590, Ontario, Canada



211.

212.

213.

214.

215,

216.

217.

218.

219.

220.

221,
222.

223-243,

244-270.

36

Joseph W. Wilson, Elizabethtown Gas, One Elizabethtown Plaza,
Elizabeth, NJ 07207

R. Gary Wilson, Elisha Gray II Research ¢ Engineering Cen.,
Whirlpool Corporation, MSR Department, Monte Road, Benton Harbor,
MI 49022

Lawrence Woodwarth, Brookhaven National Laboratory, Building 475,
Upton, NY 11973

J. Richard Wright, Director of Techmology, ASHRAE, Inc., 1791
Tullie Circle, NE, Atlanta, GA 30329

Leslie R, Wright, Gas Research Institute, 8600 West Byrn Mawr
Avenue, Chicago, IL 60631

David Young, Ontario Hydro, Research Division, 800 Kipling Ave-
nue, Toronto, Canada M8Z 554

P. Zegers, Commission of the European Communities, 200 Rue de la
Loi, Brussels 1049, Belgium

Alan Zimmerman, Special Products Group, The Coleman Company, P.O.
Box 1762, 250 N. St, Francis Street, Wichita, KS 67201
Congressional Information Service, Research Building 83, Kodak
Park, Rochester, NY 14050

Edison Electric Institute, 8th Floor, 1111 19th Street N.VW.,
Washington, DC 20036

Institute for Energy Analysis, ORAU-Library

Office of the Assistant Manager for Energy Rg¢D, U.S. Department
of Energy, Oak Ridge Operations, Oak Ridge, TN 37831

Energy Conservation Distribution, Oak Ridge National Laboratory,
Building 9102-2, Rm. 112, Oak Ridge, TN 37831

Technical Information Center, Department of Energy, P.0. Box 62,
Oak Ridge, TN 37831






