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'o INTRODUCTION

The abjective of Contract DAAKD2-73-C-0323 hetween iinergetics Incorparated
and the U S. Army Mobility Equipment Research and Development Center was fo
demonstirate the feasiility of manufacturing cwapact heal esxchangers by bonding
wire screens into low conductivity (i.e. plostic) matericl and to vhilize the manu-
facturing technigues to manufocture o sel of compact, high-perfarmance, oryo-
genic heat exchangers svitable for integretion inte @ Claude cycle refrigeration
systern.

During e course of e pragram, e fecaidility of mandiachuing compact heat
exchangers was wecembully demorsirated by manuiacturng several ledk Tight heat
exchanger sections; howewer, it wos clso found thet the orifical manufacturing
process is wery sernifive 1o certain phweical parameters of The row moterial used in
the process. These particular phweicsl perameters are characteristioally Jndet the
control of commercial mamddachurers and are generalily nof of sufficiant impor-
tance in the gemeral matericl end use 1o warrant the level of quality control
necessary for Ngh vield in Mhe heat eschanger fabrication process. The partioular
row materials of interes! are Yhe copper wire soreen and The epoxy plastic
larminate,

The salution fo Hese materials problems is cofrectdble by writing o moterials
specification to specify ¥he accepicble range of wollues for Fhe various maoterials
parameters found in the course of Yhs program %o be portioulerly oritical. To
purchase he raw material o such wecification is expacted 1o result in bo'h long
lead-tirme and high cost compared to Fhose lead times and costs experienced in
purchasing e norrmmalis awaibabile materialis.

In e course of the program, fhe heat exchanger asserrbly was designed and docu-
mented. The design incorporates many feaghures which reflect fhe experiences in
corrseting problems faund in orior heg? exchonger asserrblies. The primary design
feature is the ncorporation of the intersection manifolding into the exchanger
itself. This is done to preciude e ladkage problems which were experienced in
designs with the manifolds coupled externally to *he exchanger asserbly.
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The new manifolding rechnigue wcs cpplied 10 o heat exchanger of similar design 10
the unit described in thi, report. Duwring the lesting of this assembly, the hect
exchanger performence date indicoted i@t lecks had developed ot the manifolds.
The problermm abhich developed s ariribuwichie 10 ¢ mew Type of adhesive which was
wsed lo join he aluminum manifold 10 the epoxy heo! exchanger sections. The
adhesive which had been prowen successful in The past for oryogenic applications
had, of hat time, been removed from tThe marke! a8 o result of its being 2
sspec fed CArcinogen,
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2.0 HEAT EXCHANGER THERMODYNAMIC DESICN

2.1 Cerneral Performance Anal #s:s

The performence of e eschanger is analyzed using the dasic NTU and pressure
drop relations. Given o desired effectivensss, the reguired NTU is /il -~ e). The
basic overall design NTU (wirhout longitudingl conduction) is abtained from

\ - '—-—v—;——— " p——— B3 5 - -
NTU Nltuh f\ W‘”"i_ﬁ Mu. f

and Me individual package NTUN are egual 1o

¥ | I

Ny e L™

The Collburn modubus
. 23
) = me F'h

is found from Reference (.

Fhe hydraulic radiue of wire mesh is gven by

a, .
'h?s_'
A

=g

Special care must be foken in the evalluation of the conduction parameters.
Because the wires are not all orientad perpendicviar %o The wally, the effective
conduction length varies rondomly. On the owerage, the wires will be ot o 45°
wmwmmvaL‘cmuMm

Lfcos 45 = 1AL’




where L' is the thickness of the wall or one-half of the gos passoge width,
depending on the compuiation. Also, the effective conduction area through the
wall consists clmost iotaliy of the wire cross section only (becouse of the low
conductivity of the plastic); this arec is equal to the product of the wall side area
and the quantity (I - ¢ ),

The pressure drop is given by the Famning equation as

(.2

)
v
e !-

L
4™

where f is agoin token from Reference |,

The effects of longitudingl conduction for the complefe exchanger (including gas
passages) are then calculated as descrided in the next section. Finally, o safety
factor of about 10% (this varies with the required effectiveness) is odded to
compensate for any remaining flow unbalance.

The procedure for arriving af an acceptable design is obviously iterative. 1t can be
shortened significantly by using the design equation

AP 112 & Ny, 23
NTU, 2 j »

to arrive af a starting point for required flow area. This equation is applied 1o both
gas flows mwmmuivndmwem least double the required overall
value, with factors added for the various conduction parameters. A valuve of 2.5
NTUi is normal. The ratio 1/] can be assumed 1o be constant with a value of ten for
the Reynolds numbers of inferest,

2.2 Longi fudinal Conduction

L))

The method for analy2ing lorgi budingl = ondur tion effacts

veses the factor

. e ——




] s /LA, Nelsh "
g | Cmin .
1; i :
! | with the following k values in Btu/(hr-ft - °F/ft):
| { kcopper = 226, kplostic = 0.075, kplc:stic-copper bed = 0-255

The value for the conductivity of the plo:;i)c-copper (kplqstic-cop S bed) was
obtained from data preseted by McAdams "/, The data, in graphical form (Fig.
2-1), give the thermal conductivity of a packed bed of spherical particles
containing stagnant interstitial fluid for various void volume fractions. (The data
have been extrapolated to include standard wire mesh sci.en void volumes.) The
bed conductivity kB is correlated by plotting kalkg, the ratio of bed conductivity to
stagnant fluid conductivity vs. ks/kg. the ratio of matrix material conductivity to
stagnant fluid conductivity. This result is opplied to the subject case by consider-
ingthe plasiic to be the low-conductivity interstitial fluid, i.e., kg =k

S —————

plastic’

23 Channel Flow Unbalance and Its Reduction

The deleterious effects of unbalanced channel flow on high-efficiency counterflow
heat exchangers has long been known, and was analyzed in a paper by Fleming(3).
i This analysis computed the degradation in exchanger NTU as a function of the
magnitude and extent of the unbalance. The results showed that, for a 99% design
effectiveness exchanger, if the flow in 20% of the channels varies by + 10% from
nominal, the actual exchanger effectiveness is reduced to about 98%. This is

| equivalent to a 50% reduction in NTU. This magnitude of flow variation is not at

= all uncommon, despite close attention to tolerances and headering. For example, in

r a tubular channel with laminor flow, the mass flow is proportional to the fourth

- power of the hydraulic diameter, and a + 3% size variation will produce a 3%

- change in flow.

L |

This exchanger utilizes a patented technique which has the effect of forcing the
individual channel flows into a more or less balanced state, ragardless of passage
size variations and nonuniform manifolding. This technique was described in detail

—
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by Cowans' "’ and will be treated in only a general manner here. Basically, it can
be considered as a quasi-negative feedback control system, as shown in the block
diagram of Fig. 2-2. In any flow channel, the pressure difference between inlet and
outlet causes a mass flow in proportion to the pressure drop and is governed by
geometrical and fluid property factors. For laminar flow (the normal condition),

this can be written as

/

m = — |AP = Rl AP
o e A

In a counterflow exchanger, if the mass flow of an individual channel changes with
respect to the flow in adjacent channels, the temperature gradient in this channel
also changes due to energy conservation effects. The mass flow is dependent on
the physical properties of density and viscosity as well as channel geometry (as
noted in the above equation)and these are in turn proportional to |/T and TO'7,

respectively. Therefore we have
m o~ AP

and an increase in temperature tends to decrease the mass flow. This effect,
however, does not provide for stabilization in a normal exchanger, because a
temperature rise in the high flow channel creates an even greater rise in

temperature in the adjacent channels, restricting their flow also.

This temperature-pressure drop relation can be used to stabilize the flows by
making the effect of the temperature change (due to muss flow change) greater in
the hot flow passages than in the cold ones. This is accomplished by taking
advantage of the fact that the greatest deviation from the design temperature
gradient, due to unequal flows, occurs at the longitudinal center of the flow
passage. If a small resiriction is placed at the midpoint of the hot flow passages,
such that it is the dominant factor in governing the mass flow, then initial changes

in mass flow will create a proportionately large change in restriction. However,
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the adjacent cold flows will not experience the same proportionate change in
restriction even though their fluid temperature does rise from the increased heat
transfer. Therefore, the net effect is to bring ‘the hot mass flow rate back to
nearly the level of the cold flows. The converse is, of course, true if the hot flow
is less than the adjacent cold flows.

Incorporation of this compensation feature was the necessary step in obtaining true
99+% effectiveness in a compact exchanger. It was first proven in a corrugated
"100% primary surface" exchanger with a design NTU of 200. The best efforts at
maintaining close passage tolerances and perfect manifolding had produced a
maximum actual NTU of only 33. After incorporating the flow compensation
geometry, the actual NTU improved to 167, or a fivefold gain. This technique can,
of course, be applied to any form of counterflow exchanger. It is particularly
adaptable to the screen-plastic type, since only a change in the flow passage cutout
for the middie section lamina is required. This is illustrated for the subject
exchanger in Fig. 2-3.

2.4 Design Analysis Results

The results of the design analysis performed per the procedure outlined in the
preceding sections are presented in Table |. The specification requirements are
also shown for comparison, and the specified system flow diagram is presented in
Fig. 2-4. Note that the design NTU values are sufficient for an exchanger of 99%
effectiveness while only 98.5% is required. However, the pressure drops of the
first three sections (particularly in the low pressure side) are excessive. This is a
result of limitations on usable screen mesh and section sizes with the current

fabrication techniques.

The longitudinal conduction effects have not been included in the above, as they
are relatively insignificant. The most critical section is the coldest. In this
section, C = 54 watts/® K, k = 22.5 x 1073 watts/em %K, A = 21.75 cm?, and | = 13.3
cm. Then

At . 815x10°7°
e

and the loss in effectiveness is .067% of the total ¢ of .99.




SECTION LENGTH

Figure 2-3 - lllustration of How Flow Compensation Technique
is Incorporated into Counter-Flow Exchanger
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Estimated Input Power = 70.8 KW
Mrotal = 27.9 g/sec.

‘ Pressure Ratio = 4.44
~‘ 301.5K 305K
| U 1.05 Arm. © l @ .62 am.
: BAL HEX ]
‘; 98.5%
: ,
iU 73.58K 77.16K
4 1.06 Atm. ® 4.58 At @
H 40w, 93.13K
L’ @ ‘.“ Am.
| UNBAL# ~ICED 70.6%/ = 6.5 g/sec,
64.22K o 65.00K
1.07 Atm. A ki 4.53 Atm.
j S
BAL HEX
, 98.5%
s S 15.00K
| 1.08 Atm. @ 4492;6";/ 18.63K
| s /\/\ o N .
Al
L UNBALANCED @@ = 12.4 g/sec |
12.42K 12.55K @ |
1.09 Atm. @ ® 4 .44 Atm. 4
L A |
l
] | BAL HEX :
| 98.5% - :
i @ 6.41K
4.40 Atm.
I 4.50K @ ® h N 9 g/sec
l. 1.1 Atm.
T __/\/\ V. 4.68K
1 32 W- l .5 Afm
Figure 2-4 - Heat Exchanger Thermodynamic State Schematic
2-10
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3.0 HEAT EXCHANGER PHYSICAL DESIGN

3.1 General Configuration :

The heat exchanger consists of o set of three balonced-flow sections and two
unbalanced-flow sections. This heat exchanger is designed for use in a Claude
cycle refrigeration system. Due to limitations in the tooling, the cross-sectional
diameter and flow passage dimensions of the modules are fixed. To allow the high
design flow rate of almost 30 g/sec within allowable pressure drops, the first
balanced flow section is designed to consist of two exchonger sections connected in
parallel. The remacining sections of the exchanger are manifolded to the parallel
sections and connected in series. The fact that the first balanced flow section
contains two sections connected in parallel mokes the overall physical design of
this heat exchanger somewhat complex and requires definite refinements in
manifold design. Figure 3-1 shows a schematic of this system.

To eliminate the monifold leakage problems which plogued prior exchanger
systems, a new manifold configuration was designed. In contrast to the manifold
design for the prior systems, the manifolds in the new system are an integral part
of the heat exchanger rather than an exterior addition. Each manifold is port of
the system structurally as well as functionally. All are designed in such a manner
that the thermal contraction differences between the aluminum manifolds (which
are sandwiched between the separate heat exchanger modules) and the plastic will
not cause breakage at the joints.

This heat exchanger is designed to be encapsulated in a very close-fitting outer
shell for the purpose of maintaining a vacuum-tight system. This shell is con-
figured from 321 stainless steel sheet to provide both minimum weight and longi-
tudinal conduction losses. The shell is attached only to the top manifold on the
warm end of the heat exchanger. Holes are cut in the can to provide for the supply
and return port flanges, which emerge from the manifold and connect to the
cryogenic system turbines and other auxiliaries. Special lateral movement bellows
have been designed not only to provide for longitudinal movement of the heat
exchanger body with respect to the outer shell, but also to retain any leaking
helium within the shell. (The longitudinal movement can be greater than 0.30 in. at
the cold end of the exchanger.) Each port flange has a bellows with one end welded
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to the outer shell and the other end ot the flange on the end of the port tube.
Therefore, when the heat exchanger body expands or contracts longitudinally due to
temperature changes, the bellows deflect laterally.

-

3.2 Detail Description

Figures 3-2 ond 3-3 are the design layout drawirgs for the heat exchanger
assembly. Figure 3-2 shows the overall configuration, while Fig. 3-3 shows the
piping and flange datails.

As described previously, the warmest balanced flow section is formed by placing
two exchanger sections in parallel. Thus, the configuration and fabrication tooling
for all the exchonger sections are essentially identical. This can be seen in the
layout as the diameter of all the component sections are the same.

The top manifold is designed as o weldment of three items. The two circular ribbed
portions which mate to the component sections are designed to be turned on an
engine lathe, then welded into a milied housing.

The tronsitional manifold betwsen the paraliel and series components is also
designed as a weldment to facilitate the ease of fabrication. As can be seen from
the left-hand view in Fig. 3-2, the gas passages from the parallel to series portions
are placed at the intersections of the circular manifolds.

It will be observed in the layout that bolts are used to place all of the component
sactions in overall compression. This has been found to be necessary in all
exchangers of this type in order to reduce the stresses ploced on the adhesive joints
between the component sections and their respective manifolds.

The forces generated by the bolts are transmitted to the exchanger sections
through Belleville springs. This is done to accommodate the large amount of
longitudinal shrinkage which occurs when the assembly is cooled to operational
temperature.

The bolts are machined from Inconel bar. Inconel is used because of its high
strength so thot cross-sectional area ond thus longitudinal conduction can be held
at a minimum.
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The hollow volume in the center of each component exchanger section must be
filled with insulating material, such as refrasil, to prevent convection currents

from increasing the apparent longitudinal heat conduction.

The design of the piping arrangement for the inlet and outlet at the top of the
assembly is shown in Fig. 3-3. The objective here is to achiesve equal flow distri-
bution for both the inlet and outlet flows.

The detail design of a typical port (there are six such ports) is pictured in Fig. 3-3.
The port tube is flanged and threaded at the manifold end. There is a groove for a
Bal-seal at the manifold to seal the joint. The seal at the shell around the
exchanger is continued at the port through the use of a flexible steel bellows. The
use of a bellows is essential to accommodate the longitudinal motion of the plastic
exchanger with respect to the steel sheli during operational cooldown.

It will be noted that the total assembly is designed to have all external joints
welded at final assembly. This is done to achieve the objective of absolute helium
leak tightness since the assembly is designed to fit into a vacuum chamber in the

final system.
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4.0 FABRICATION PROCESS

4.1 General Description 2

Fabrication procedures for the wire mesh screen and plastic heat exchanger
modules are basically very simple. A thermosetting material (Narmco Metlbond
1113) is used in conjunction with wire mesh screen for construction. The die-cut
Narmco parts, which contain all of the flow passages, conform to the designed
cross-sectional dimensions of the module. The screen parts are die-cut to conform
to the exterior cross-sectional dimensions of the module. In preparation for
stacking the sandwich, the screen parts are put through a cleaning process to
degrease and etch their surfaces.

Each epoxy-resin type plastic part is carefully aligned and pressed onto a screen
part with a fixture used to aid in this procedure. Each new plastic-screen pair
(referred to as a lamina) is carefully checked against a master lamina to ensure its
uniformity. Limits are established as to allowable variation in lamina dimensions

and any lamina not within these limits is rejected.

A pressing fixture is utilized to fabricate the finished heat exchanger module. The
fixture is basically a container whose inner dimensions are close to the exterior
cross-sectional shape of the module, with a hydraulic cylinder and piston mounted
on one or both ends. The fixture has two basic functions, the first of which is to
compress the stack of parts within it. A unit loading of 160 to 180 psi on the cross-
sectional face of the parts stack is used. The second function of the fixture is to
heat the stack to the required cure or flow temperature of the plastic. This may be
accomplished either by circulating hot fluid through the fixture walls and core or
enclosing the complete fixture in an oven.

Each part of lamina is stacked in the pressing fixture, one on top of the other, to
form a multilayered sandwich of alternating screen and plastic parts. All parts or
lamina are aligned with respect to each other by means of a stacking alignment
fixture. During the stacking of parts or lamina, each piece is inspected visually to
catch repairable and irrepairable flaws. After it is stacked, it is again inspected
for alignment with the part beneath it.

After the stack is heated and pressed, it is allowed to cool before removing from
the fixture. The outside surfaces and each face are then machined smooth.
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Initial leak testing of the module is accomplished by pressurizing each flow passage

with nitrogen gas, removing the pressure source from the leak-test system, and

. observing the decay rate of the gas in the pressyrized flow passage. Acceptable
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decay rates are dependent on the intended use for the heat exchanger.

4.2 Process Refinements Initiated During Project

A large part of the total effort on this program was spent refining various steps in

the manufacturing process described in general in the preceding section.

A major factor in adjusting the fabrication process for this program was the type of
epoxy laminate material commercially available for use. In previous epoxy plastic
heat exchanger assemblies manufactured in the Kinergetics' facility, the epoxy
laminate used was Metlbond #252 (manufactured by Narmco materials Corp.).
Prior to inception of this project, the Metlbond #252 for which the process had
been perfected was discontinued as a commercially available product. A new
product, Metlbond #1113, was manufactured as a replacement. This change
necessitated a re-evaluation of the exchanger section design and fabrication
technique. Since the thickness of the new material was different, the thickness
and/or porosity of the screen material which could be utilized to form a leak-tight

section changed. Therefore, a search for theoretically correct screens and a
production evaluation program was required to proceed with the new Narmco
material. -A number of usable screen wire and mesh sizes are available
commercially and the particular selection is dependent on the NTU/ A P and
NTU/volume considerations of the system. The screen must be chosen to present a

unit area void volume slightly less than the unit area volume of a sheet of plastic.

The Metlbond #1113 sheet is approximately 0.010 inch thick and some available
screen sizes that meet this criterion are listed in Table Il. Sections with |
acceptable leak-tightness were fabricated from the screen sizes marked with an
asterisk.

A saecond effect of the above material change was the differing cure requirements
and behavior of the new epoxy. Significant experimentation was required to

determine the correct process temperatures and times. A serious problem surfaced




Table 1l
Wire Screens Usable with 0.010-inch-Thick Plastic

A

Wire Effective Hydraulic
g Mesh diameter, in. Void. Fract. thickness, in. radius ) in.
§ U
60* 0.0075 0.615 0.0092 0.00300
60 0.0070 0.645 0.0090 0.00318
60 0.0650 0.675 0.0088 0.00340
60 0.0060 0.700 0.0084 0.00350
35 0.0070 0.678 0.0095 0.00370
65 0.0070 0.610 0.0085 0.00274
60-50 0.0075 0.645 0.0097 0.00340
55-60* 0.0075 0.620 0.0092 0.00320
50-60 0.0065 0.704 0.0091 0.00390

A *Indicates that sections with acceptable leak-tightness have been fabricated
! from the given screen size.
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as a tendency of the plastic to "bubble" under vacuum (formerly used in the
process) and fixtures and meihods of pressurizing the chamber with Helium had to
be devised. This pressurization with inert gas cured the porosity problem.

Previous exchangers of the larger (10-1/2 inch) cross section had been fabricated
from Polystyrene plastic. This was replaced by the Narmco for a number of
reasons (principally overall section strength and reliable attachment of the
manifolds during thermal cycling and at very low temperatures). Use of the
Narmco necessitated several changes in the assembly procedures, however. Lamina
cut from Narmco (which is a soft pliable material at room temperature) do not hold
their shape well. It was therefore necessary to fabricate holding fixtures which
positioned the lamina strips while the screen sections were lightly pressed on the
plastic. This fixture, with a lamina installed and its protective covering partially
peeled back, is shown in Figure 4-1.

It was also found to be necessary to lay the raw Narmco sheet on sheets of contact
paper before punching. This produced good sharp edges on the lamina, and the
contact paper facilitated handling. It was necessary, however, to chill the Narmco

to remove the paper.

Since the wall sections of the lamina were relatively thin (to produce the maximum
performance), alignment of the total part became critical. A viewing fixture was
produced which allowed the assembled screen-lamina part to be placed in the
pressing fixture and aligned with a reference pattern to make certain that all parts

would be in alignment when finally assembled.

During the course of the program, significant variations in some properties of the
Narmco between batches was noticed. A particularly important characteristic was
the "tackiness" at room temperature. If the Narmco is not tacky, it will not stick
to the screen, and the assembly process does not work. Discussions with the
Narmco manufacturer revealed that the variations were random (a function of the
specific gravity of the resin) and were not closely controlled because this property
was not of great importance to the majority of their customers. It was finally
determined that the lamina-screen assemblies could be formed with non-tacky
Narmco by first heating the screens and plates in an oven and then lightly pressing
the assemblies together.
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- Lamina Fixture with Lamina Installed
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Figure 4-




A final problem, which appeared at the end of the program, was a variation in
screen thickness due to production tolerances. Wire mesh screen is formed from-a
grid of wires woven alternately over and under a perpendicular wire grid. If the
weaving is done in such a manner that the deflection of the mutually perpendicular
wires is equal, then a cross-section is obtained as shown in Figure 4-2a. The total
thickness of this screen is then seen to be 2 x wire diameter. If, however, one set
of wires remains straight, the cross-section becomes as shown in Figure 4-2b, and
the total thickness is 3 wire diameters. Since the volume of wire is the same in

either case, the effective void volume will vary by 50%.

The pressures exerted by the fabrication fixture are not sufficient to compress the
screen to the 2 wire diameter thickness. Therefore, unless the screen is woven
with a uniform crimp, the void volume will be too great, and the plastic will not fill
the gaps, creating leakage paths.

It was determined, after lengthy discussions with screen manufacturers, that screen
is specified only as to wire diameter and mesh, and the above thickness variations
can occur randomly. Since it is not feasible for the plastic manufacturer to vary
his thickness (except in large special orders), only the screen may be varied. It is
therefore required that the screen be specially selected for thickness to allow
usage in this exchanger fabrication process. |t is expected that obtaining screen of

the proper mesh, wire diameter, and thickness will be extremely difficult.




(a) Properly Formed

(b) Improperly Formed

Figure 4«2 ~ Excmples of Variation in Thickness
of Woven Screen
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5.0 CONCLUSIONS AND RECOMMENDATIONS

As stated previously, the objectives of this program were to demonstrate the
feasibility of fabricating a wire screen and plastic composite heat exchanger and to
utilize the manufacturing process to fabricate a set of compact high-performance
cryogenic heat exchangers. The objective of demonstrating the feasibility of
manufacturing the component sections of this type was achieved. Several leak-
tight sections were manufactured utilizing the process developed during the
project. Due to the amount of effort expended in developing the manufacturing
techniques, it was not possible to accomplish the second objective within the scope

of the program.

As has been described previously, the manufacturing process which was developed
to fabricate the heat exchangers displayed extreme sensitivity to various physical
parameters of the materials used in the process. As a result, most of the effort
expended on the project was spent in developing techniques to desensitize the

process to the greatest extent possible.

It is recommended that if such a project be undertaken in the future, that effort be
included in the project to generate the necessary materials specifications to which
the raw materials would be procured. This would possibly increase the projected
cost and leak time over past projections, but would vastly improve the process yield

and production rate.
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APPENDIX A

PURCHASE DESCRIPTION
FOR A SET OF
CRYOGENIC HEAT EXCHANGERS

1.0 Scope of Work
This Purchase Description covers the design, fabrication, and test of a set of com-

pact, high-performance, cryogenic heat exchangers. The set of heat exchangers is
required as @ major component in an advanced design multi-stage Claude cycle

cryogenic refrigeration system.

2.0 Objectives
The work specified in this Purchase Description has the following objectives:

2.1 To demonstrate the feasibility of manufacturing compact heat exchang-
ers by bonding wire screens into low thermal conductivity material.

2.2 To fabricate a set of compact, high-performance, cryogenic heat
exchangers suvitable for integration into a Claude cycle refrigeration

system.

3.0 General

Advanced multi-stage Claude cycle cryogenic refrigeration systems, using helium
gas as the refrigerant, are being designed to run for at least 2,000 hours without
major maintenance. To be compatible with these systems, the design life of the set
of heat exchangers will be at least 2,000 hours. The heat exchangers will also be
designed for high-effectiveness and low volume. While carrying out this work, the
contractor will coordinate closely with U. S. Army technical representatives to
provide for the successful integration of the heat exchangers with the other

components of the system.
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4.0 Procedure
The following procedure shall be used:

4.\ Heat Exchanger Specifications
The advanced multi-stage Claude cycle refrigeration system will consist of at least

one expansion turbine and Joule-Thomson valve. The system is expected to operate
between room temperature and 4.4 K with a pressure ratio across the room
temperature compressor of approximately 4. The overall mass flow into the
warmest heat exchangers will be approximately 40 g/sec. The set of compact,
high-performance heat exchangers will operate between 300 K and 10 K. The
balanced flow effectivenesses of the individual heat exchangers comprising the set
will be in the range from 98% to 99%. The ratio of the cold-side pressure drop to
the inlet cold-side pressure for the set of heat exchangers will not exceed 5%. The
flow passages of the heat exchangers will be designed to minimize flow
maldistributions which can limit effectivenesses to below the required range of 98
to 99%. The volume of the set of heat exchangers will be kept as small as possible
consistent with the other proceeding specifications. It is recognized that some
changes in the proceeding specifications may be desirable in order to insure the
successful fabrication of the set of heat exchangers and the integration of them
with other components. The final heat exchanger specifications will be determined
at a meeting with the Army technical representatives no later than three weeks
after the effective date of the contract.

4.2 Headers
In addition to the individual heat exchangers, headers shall be provided to permit:
1) expansion turbines to be attached in parallel with unbalanced
flow heat exchangers,
2) the Joule-Thomson valve to be attached directly to the cold end
of the bottom balanced flow heat exchanger, and
3) the warm end of the top balanced flow heat exchanger to be

attached 1o a room temperature flange.
The warm end header shall permit the set of heat exchangers to be rigidly
supported from a room temperature flange and shall be the only means of support
for the heat exchangers. The details of the rigid support will be worked out with
the Army's technical representatives. The headers will be designed to minimize
flow maldistributions which limit the thermal performance of the heat exchangers.
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4.3 Structure
The set of heat exchangers and headers shall be fabricated as a single unit and shaoll
be the principal structural member of the refrigeration system. Whenever
practical, components will be directly suspended from the heat exchangers to
minimize heot lecks due to externally supporting components from the room
temperature flange.

4.4 Component Attachment

The expansion turbines and the Joule-Thomson valve shall be attached to the appro-
priate headers by means of demountable vacuum seals. The Army shall supply
stainless steel flanges with Indium O-rings for this purpose. The flat flonges shall
be welded to the headers. The size of the intermediate pipes between the flat
flanges and the headers shall be chosen by the Army on the basis of providing rigid
mechanical strength for possible component support and minimizing pressure drops
in these pipes. Similar flanges and pipes shall be welded to the warm end header to
enable the set of heat exchangers to be connected to a room temperature
compressor.

4.5 Cleanliness

Cleanliness procedures shall be observed during assembly. Heat exchanger parts
and headers shall be degreased and ultrasonically cleaned before assembly. The set
of exchangers shall be packaged for shipping in a clean heat-sealed plastic bog with
dry nitrogen packed inside.

4.6 Thermal Cycling

Before leckage testing, each heat exchanger shall be cycled between room
temperature and liquid nitrogen temperature at least three times. Each cycle must
be performed in less than one hour. The cycling may be performed by completely
submerging the heat exchangers in liguid nitrogen.

4.7 Cryogenic Free Flow Test

The pressure drop across the entire set of heat exchangers shall be measured with
helium gas flowing at not less than 0.5 g/sec while the warm end is maintained at
room temperature and the cold end is maintained at liquid nitrogen temperature.
This measured pressure drop shall be less than the pressure drop measured with
helium gas flowing at the same mass flow rate across the same experimental set-up
at room temperature.




= 4.8 Stream-to-Stream Leckage

After performing 4.6 ond 4.7, the stream-to-streom leckoge shall be measured in
¥ the set of heat exchongers ot room temperature. With all parts of the headers
blocked, except for one part on eoch side, the exchongers shol. be pressurized on
one side with helium gas at 20 psig. The other side shall be evacuated and sealed.
The pressure vs. time shall be measured for at least 24 hours. An acceptable
leakage rate will be | x IO'3 atm - cm3lsec. which is opproximately bubble
tightness.

B 4.9 External Leckage Test

* Leaks through the outer walls of the set of heat exchangers shall be measured with
a helium mass spectrometer having a sensitivity of at least IO'8 Torr-liters/ sec.
The external leckage test shall be performed after 4.6 ond 4.7. A vocuum tight
enclosure, surrounding the set of heat exchaongers, shall be connected to the leak
detector. This test shall be performed at room temperature. The inside volume of
the set of heat exchangers shall be flushed with nitrogen gas to remove residual
helium gas which would cause a background reading to occur on the leak detector
and erroneously indicate leckage. Nitrogen and helium gas alternately will be
P introduced into the heat exchongers while the leck detector readings are
monitored. Any leaks located in this manner shall be repaired.

4.10 Pressure Drop Test

Both streams of each heat exchanger in the set shall be tested with nitrogen gas
flowing at room temperature and near atmospheric pressure. A pressure drop vs.
mass flow rate curve for eoch heat exchonger shall be determined.

4.11 Final Report
The report shall contain the design and test data of the set of heat exchuigers

designed and fabricated under this contract. Appropriate drawings and documenta-
tion will be provided to fully describe the heat exchangers.




5.0 Design Approval

Prior to initiating fabrication of the heat exchangers and headers, the Contractor
shall submit to the U. S. Army Technical Representative at Fort Belvoir, Virginia

Commander

U. S. Army Mobility Equipment R&D Center

Attn: SMEFB-EA (Contract No. DAAK02-73-C-0323)
Fort Belvoir, Virginia 22060

for opproval drawings and design data in sufficient detail to completely describe
the design of the set of heat exchangers and the expected performance. Approval

of the drawings and design data will indicate that no obvious defects are evident in
the data submitted and this approval shall in no way relieve the contractor of the
responsibility for supplying a set of heat exchangers meeting the specifications of
the purchase request. The contractor shall proceed to fabricate the set of heat
exchangers upon receipt of written approval.
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