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ABSTRACT

HOLLOW FIBER MEMBRANE SYSTEMS
FOR ADVANCED LIFE SUPPORT SYSTEMS

By

George J. Roebelen, Jr.
and
Michael J. Lysaght

Contract No. NAS 9-14682

This report describes an investigation of the practicability of
utilizing hollow fiber membranes in vehicular and portable life
support system applications.

A preliminary screening of potential advanced life support
applications resulted in the selection of five applications for
feasibility study and testing.

As a result of the feasibility study and testing, three applica-
tions, heat rejection, deaeration, and bacteria filtration, were
chosen for breadboard development testing; breadboard hardware
has been manufactured and tested, and the physical properties of
the hollow fiber membrane assemblies have been characterized.
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INTRODUCTION

Hollow fiber membrane systems show promise in replacing existing
components in life support systems because of their potential for
reducing system weight, volume, cost, and complexity.

Conventional flat membrane systems have not been used in life
support systems primarily due to the large volume and heavy mem-
brane supporting structure required., Membranes in the form of
small hollow tubes do not reguire any supporting structure, can
withstand high pressure differentials without collapse or rupture,
and consume considerably less volume than conventional flat mem-
brane systems., Membrane tubes can be formed into bundles and,
with suitable selection of membrane materials and matrices, will
perform life support systems separative functions with high
efficiencies and within small volumes.

This report describes the effort funded by NASA/JSC under Contract
NAS 9-14682 during which a hollow fiber membrane applications and
materials characterization study was performed, five promising
applications were feasibility tested, and the three most promising
applications, heat rejection, deaeration, and bacteria filtration,
were breadboard level tested.

1/2
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SUMMARY

The overall cbjective of the Hollow Fiber Membrane Systems for
Advanced Life Support Systems program was to determine the
practicability of utilizing hollow fiber membranes in vehicular
and portable life support system applications.

An Applications Study and Materials Testing task was performed to
define potential applications for hollow fiber membranes, to
evaluate theoretically and experimentally a variety of materials
for the most practicable applications, and to develop parametric
information as a basis for the subsequent Breadboard phase. Of
the five applications selected for study, carbon dioxide removal
from a breathing gas stream, water vapor removal from a breathing
gas stream, deaeration of water circuits, heat rejection using
water as an expendable, and bacteria removal from PLSS water £ill
and drain circuits, three were demonstrated to have suitable per-
formance characteristics to justify Breadboard studies: water
deaeration, heat rejection, and bacteria filtration.

Breadboard units representing full size Shuttle PLSS assemblies
for the bacteria filtration and water deaeration application and
a half size Shuttle PLSS assembly for the heat rejection applica-
tion were designed, manufactured, and tested.

Analytical evaluation of the data obtained from testing the
breadboard units demonstrates the following:

~ The bacteria filtration unit utilizing Romicon GM-80 acrylate
fibers is completely retentive to bacteria and virus on a
single shot basis.

- The deaeration unit utilizing Amicon SM-96 polysulfone
fibers finds excellent application as a dissolved gas
deaerator, .

- The heat rejection unit utilizing Amicon SM-I polysulfone
fibers has been demonstrated to possess excellent capability
for heat rejection by water evaporation.

- S8izing criteria were established for the three applications.
- The heat rejection unit utilizing Amicon SM-I polysulfone
fibers has been demonstrated to be capable of withstanding

qualification level vibration testing equal to that imposed
on Shuttle ECS hardware without sustaining damage.

3/4
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CONCLUSIONS

The practicality of utilizing hollow fiber membrane devices for
single shot bacteria/virus filtration, dissolved oxygen deaera-
tion from a water stream, and heat rejection utilizing transport
water has been demonstrated.

The feasibility of utilizing hollow fiber membrane devices for
long term bacteria/virus filtration, dissolved hydrogen removal
from a water stream, and carbon dioxide removal from a gas stream
with an intermediate ligquid sorbent loop has been indicated.

Removal of carbon dioxide and water vapor directly from a gas
stream utilizing hollow fiber membrane devices has been demon-
strated to be impractical due to the prohibitively large membrane
area required to obtain suitable removal rates.

5/6
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RECOMMENDATIONS

The studies and test results of this program have indicated that

hollow fiber membrane application effort should be axpended in
the follow areas:

- Heat rejection using large diameter internally vented hollow
fiber membranes.

Membrane development aimed at producing a highly hydrophobic
membrane for use in a ligquid CO2 sorbent systen.

- Long term bacteria/virus filtration testincg.

- Dissolved hydrogen removal from a water stream.

7/8
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NOMENCLATURE

absolute _

actual cubic feet per minute
area

angstrom

British thermal unit

centimeter

heat capacity
molar concentration
methane

carbon monoxide
carbon dioxide
degree Celsius

diameter
diffusivity of "A" in "B"
Knudson diffusivity

effectiveness
environmental control system
extravehicular mobility unit

Fanning friction factor
feet
degree Fahrenheit

gram
mass flux

liquid film thermal coefficient
£ilm conductance

hour

hollow fiber membrane

water

inch
inside diameter

joule

thermal conductivity
kilogram

kilopascal

potassium bicarbonate
potassium carbhonate
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NOMENCLATURE
{Continued)
1 liter
1b pound
L,1 length
LCG liquid cooling garment
m meter
max maximum
mg milligram
min minute
ml milliliter
mmHg millimeters of mercury
M molecular weight
NH3 ammonia
Na molar flux
N2 nitrogen
NGz Graetz number
0.D. outside diameter
02 oxygen
psi pounds per square inch
psia pounds per square inch absolute
psid pounds per square inch differential
psig pounds per square inch gauge
P pressure
Pa pascal (newton per sguare meter)
PP, partial pressure
PLSS portable life support system
POCS portable oxygen system
P/N part number
AP pressure differential
0 heat rejection rate
T mean pore radius
r radius
R universal gas constant
RO reverse OSmoOSis
s second
S/N serial number
t, T temperature

10
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NOMENCLATURE
(Continued)
UA thermal conductance
VA molar volume
W watt
W mass flow rate
Xa mole fraction of specie A
A difference, differential
T micron, viscosity
I+ density
I3 surface tension
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SEPARATIVE MEMBRANE TECHNOLOGY

Membranes, simply defined, are thin, separative barriers between
two phases. 'They are generally constructed from naturally-occur-
ring or synthetic plastic materials, although membranes for gas
separation have been constructed from palladium, a metal, and
boron silicate, a glass. Membranes may also be made in a variety
of shapes, including tubes, flat sheets, or hollow fibers. The
performance characteristics of a membrane are not defined simply
by the choice of the material and its shape. Rather, transport
depends upon several microscopic properties, such as the number
of pores per unit area and the size of these pores, the percent
of solvent (typically H20) imbibed by the membrane, the thickness
of consolidated surface regions ("skins"), and the like. In
short, the transport characteristics of a membrane result from an
interplay of geometric and material considerations,

The mechanism of transport through a membrane is characterized as
either "bulk-flow" or "diffusive.” In the case of bulk-flow
transport, the permeate species flows through discreet pores,
linking one side of the membrane with the other. Separation here
is accomplished by physical sieving, i.e., some of the pentrating
species are small enocugh to go through the pores and others are
not. Bulk-flow membrane separation is analogous to macroscopic
filtration, as with a screen, grids, or the like, and is thus
easy to conceptualize, Diffusive membranes, on the other hand,
have no simple analogy in common experience. They contain no
pores, and permeated species actually dissolve in the membrane
material, then diffuse across the membrane and desorb at the
downstream side. Rate of transport is dependent upon solubility
of the permeate in the membrane material and upon the rate of its
diffusivity; hence, two molecules which are exactly the same in
size and shape could be effectively separated because they dis-
played different solubilities in the membrane material. Diffu-
sive membranes have much lower throughput rates than bulk flow
membranes but, as a general rule, can be utilized for more
challenging separations (example, salt from water).

Regardless of whether transport is "bulk-flow" or "diffusive,"
certain fundamental principles will be followed:

- The relative rate of transport of two or more permeates
(selectivity) is independent of membrane thickness. The
absolute rate of transfer of each permeate decreases with
increasing membrane thickness. Accordingly, from the view-
point of separation efficiency alone, the thinnest possible
membrane is always optimum. Mechanical considerations
intervene, in practice, and set the minimum allowable
thickness.

13
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-~ The flow per unit area of any permeating species through a
membrane is generally considered to be a product of a char-
acteristic mermeability and a driving force., In the final
analysis, the driving force is thermodynamic activity or
chemical potential; practically this is usually manifest as
either pressure or concentration, or both. When the trans-
port conditions are well defined, the performance of the
membrane can be described simply in terms of the permeation
coefficient which will be flux per unit area per unit time
per unit of driving force.

~ The resistance of the membrane to transport is only part of
the overall system resistance. Additional hindrances to
transport will be encountered in the boundary layers on both
sides of the membrane and result from localized depletion of
the permeates species and/or buildup of the rejected or non-
transported solutes. Typically, the system resistances are
two to three times that of the membrane resistance alone
and, in many practical situations, the system resistance
completely dominates the transport. It should be clear that
in those cases no improvement could be realized by developing
and utilizing a superior membrane,

Table T lists the different types of classes of currently signif-
icant membranes and gives the principal uses for each type. There
are several ways of categorizing membranes. One is transport
mechanism, i.e., the membrane is either diffusive or it is bulk-
flow, Another is shape, i.e., the membrane may be in the form of
flat sheet, tube, or a hollow fiber. 8till a third is degree of
water sorption; membranes are generally employed in water, and
those which absorb it to a significant extent behave differently
as a class from those which do not. Finally, microstructure is
important. Some membranes are relatively homogeneous throughout;
others, particularly the "anisotropic," have a very thin, consol~
idated region on one surface which rests atop an integral, ex-
panded, sponge-like substrate. The anisotropic structure 1is
essentially a compromise between the advantages of a thin barrier
layer, as discussed earlier, and the requirement for mechanical
strength and handleability.

Considerable investigative emphasis is currently being given to
"composite" membranes, which attempt to crossover the traditional
functional lines to achieve properties not available in existing
categories. Typically, a composite membrane will be prepared
from a bulk flow, ultrafiltrative matrix in whose pores has sub-
sequently been immobilized a special diffusive barrier (for
example, a liguid with high differential solubility to two gases).
The resultant composite would be used as a diffusive barrier,
even though its basic structure is for bulk flow.

14
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It is interesting to note that the membrane business is currently
between $75 and $150 million worldwide on an annual basis, espe-
cially since the annual dollar volume of this business in 1961
was less than $1 million. The major current area, representing
an estimated 70% of the total business, is biomedical. Membranes
are the enabling components of artificial kidneys, which are the
life-sustaining devices employed by upwards of 40,000 people
worldwide. They are also used in artificial lungs or oxygenators
during cardiac surgery, as well as in a variety of diagnostic and
investigative purpeses. Industrial ultrafiltration is the second
largest category with "turn-Xey" membrane plants selling at
anywhere from $50,000 to $2 million installed. Typical applica-
tions include: prepurification or "final filtration" of process
water for polymerizations, microelectronics, or applications
where extreme high gquality water is required; purification of
effluent streams before discharge as, for example, oil water
streams or automotive paint tank overflow streams; and by-product
recovery as in the citrus and dairy food industries. Still
another major segment of the membrane business is the supply of
devices for separation and concentration of biological and labor-
atory fluids. Finally, membrane desalination is still being
studied as a method to provide potable water from brackish or

sea water. This process is not yet economical in the United
States, but in 1975 worldwide construction of membrane desalina-
tion plants was in the $10 to $20 million rate. Since the prin-
cipal advantage of membrane desalination is its low fuel require-
ments, its attractiveness is expected to increase in the coming
years.

Appendix A discusses the technology of membrane separations in
considerably more detail.

PROGRAM PLAN

An Applications Study and Materials Testing task was performed to
define potential applications for hollow fiber membranes, to
evaluate theoretically and experimentally a variety of materials
for the most practicable applications, and to develop parametric
information as a basis for the subsequent Breadboard phase.

Breadboard units representing Shuttle PLSS assemblies for bacteria

filtratiqn, dissolved gas removal, and heat rejection applications
were designed, manufactured, tested, and evaluated.

16
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APPLICATIONS STUDY AND MATERIALS TESTING

The objectives of this phase were to define potential applica-
tions for using hollow fiber membranes in advanced portable and
vehicle life support systems and to evaluate a variety of materi-
als for each most practicable application to develop parametric
information as a basis for the subsequent design phase.

APPLICATIONS DEFINITION

Potential applications for hollow fiber membranes (HFM) have been
identified by reviewing representative schematics for Portable
Life Support System, Portable Oxygen System, Shuttle Environmental
Control System, and Space Station Environmental Control System.
The results of this review are summarized in Table II where an

"X" represents identification of a potential application, and an

" ® " represents those applications considered most practicable.

The most practicable applications selected for further study are:

I. Carbon dioxide removal from breathing gas stream.
IT. Water vapor removal from breathing gas stream.
IIT. Deaeration of water circuits.

Iv. Heat rejection using water as an expendable,

V. Bacteria filtration for PLSS water f£ill and drain

circuits.

MATERIALS DEFINITION

Potential hollow fiber membrane materials have been identified by
reviewing hollow fiber membranes currently available from HFM
manufacturers, and a literature survey has been conducted to
identify potential areas where membrane impregnants or post
treatments would improve performance. Table III summarizes the
results of this effort. An " @ " represents identification of a
potential material and, where applicable, a potential membrane
impregnant or post treatment. The materials and impregnants or
post treatments selected as most suitable for further study for
each application follow.

CARBON DIOXIDE REMOVAL

1, XM=-S Acrylic Material
Anisotropic Structure
0.051 em (20 mil) I.D.

17
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TABLE TT

APPLICATIONS DEFINITION SUMMARY

X DRepresents Potential Application
Represents Most Practicable Application

HOLLOW FIBER MEMBRANE FUNCTIOHS

A,

Removal of COz from the gaseous environment
1. Can provide for COp partial pressure control

2. Can be basis for a COp partial pressure sensor
using a HFM and a standard pressure transducer

Renoval of Np from the gaseous environment

l. 02 enrichment from air to permit the denitro-
genation of the astronaut

2. Purge suit of N2 prior to or during an EVA

3. Can be basis for a W2 partial pressure sensor
using a HFM and a standard pressure transducer

Removal of Oo from the gaseous environment
1. Would be an alternate means of denitrogenization

2. Can be basis for an 0o partial pressure sensor
using 2 HFM and a standard pressure transducer

3. Can be basis of a direct 02 partial pressure
control regulator

APPLICABLE SYSTEMS

PLSS

POS

®

SHUTTLE

SPACE STATION

®
@

®
®
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jouEng
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TABLE 1T

APPLICATIONS DEFINITION SUMMARY (Continued)

HOLLOW FIBER MEMBRAWE FUNCTICHS

D. Removal of Contaminants

1. Can control contaminants in the environment
and various fluid loops

a. Removal of trace gaseous contaminants
(Hp, CO, HHj, benzene, etc.)

b. Filter out bacteria

67

c. TFilter cut particulate contaminants from
gases and liguids

d. Remove freon 21 from water

e. Reclaim wash and flush water

B. Removal of HoO from Ho, CHL, Op and cabin air

1. Removal of water vapor from the gaseous
environment for relative humidity control

2. Removal of Hp0 from electrolysis and COo
reduction subsystem gases

APPLICABLE SYSTEMS

P ¥ quvanvis NOLIRVH

PL.SS PCS SHUTTLE SPACE STATION
s 2
4
;
:
x X X X
X X X

00TL ¥HSHAS



TABLE IT

APPLICATIONS DEFINITION SUMMARY (Continued)

APPLICABLE SYSTEMS

HOLLOW FIBER MEMBRAWE FUWCTTICHS PLSS

POS

SHUTTLE

SPACE STATION

F.

Removal of gases from H20
1. Ho0 produced by fuel cells is saturated with
Ho which can come out of solution and cause

blockage in suit or other water coolant trans-
port circuits

2. Maintenance operstions on coolant loops can

inject gases which may cause pump activation

or loop blockage and degraded performance or

increased corrosion (:)
Remove HoO from feces

Filuid Concentration Control

1. Membranes can control the mixture concentration
of various fluids

a. Biccide concentration
b. Urine pretreat concentration control

2. Teuperature sensitive membranes can control fluid
temperatures (replacing electromechanical valves)

®

®®

®

b

®E
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TABLE IT

APPLICATIONS DEFINITION SUMMARY {Continued)

APPLICABLE SYSTEMS

PLSS P03 SHUTTLE SPACE STATION

HOLLOW FIBER MEMBRAWE FUHCTICWS

I, Wick Transport Devices
1. Replace sublimators @ @

2. Replace integral wick beilers (x) @

% GHYONYLS NOLYYH

3. Act as heat pipes

~SIIDOTONHDAL
[+ = FT].77]
JouoHSIAYY

Jd, Hollow Fiber Applications (Hothing passes through

the wall)
1. Tube bundle heat exchangers X X X X
2. Tlow restrictors with high dirt capacity and
laminar pressure drop characteristies X X X X %
La=]
3. Pressure damper to avoid stability problems X X 8
«
4., Long cylindrical storage vessels with hemi- o
spherical ends. The fiber/cylindrical section Vo)
can be bent into any shape to attain good veolume E
utilization. X X X X 5
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TABLE TII

HOLLOW FIBER MEMBRANE MATERIALS SUMMARY

GHVANYLS NOLIMVH

&S

M|
parg

HERT ca, Hs0  BACTERIAL
MATEREALS HOLLOW FIBER TYPE COMMENTS REJECTION DEAERATION REMOVAL REMODVAL FILTRATION
1. Aecrylics Bulk Flow, ultrafiltrative R PNS PNS PNS BNS @
2. Aecrylics Composite with glycerine - BNS PNS PHS 1] BRS
3. Acrylics Composite with carbonate salts - BNS BRS ] BNS PNS
4. Acrcylics composites with polyvinyl aleohol - PNS BNS BuS o] PNS
5. Acrylic Composite with enzymes —_ PNS BNS ® BNS PNS
6. Silicone polycarbonate Diffusive No longer avallable MR NA NA NA WA
1. Silicone rubber biffusive Only available as flat sheet HA A NA NA HA
a. Teflon Bulk Flow, mnicroporous "Goretex" ® ® BRS ® BPNS
9. Teflon Bulk Flow, composites Didn't hold impregnants NA HA NA HA WA
10. Kypar Bulk Flow, microporous or ot commercially available and ETH ETH PNS ETM ENS
11. oOther fluorocarbons ultrafiltrative equivalent to ocff-the-shelf ETM ETH PNS ETH PNS
materials
12. Polypropylene Bulk Flow, microporous Only available as flat sheet HA NA nNA HA NA
13. Other polyolefins Bulk Flow, microporous only available as flat sheet NA A NA 219 NA
14. Cellophane Diffusive "Biofiber"; “Cuprophan" s3] PNS PHS @ PNS
15. Cellophane Composite with enzymes - PNS PNS @ PNS BNS
16. Cellophane Composite with carbonate salts —_— PNG PHS ® PNS PNS
17. Cellulose acetate piffusive, RO "Loeb” type membrane ETH PNS ENS ETH PNS
ig, Ethyl cellulose Bulk Flow, microporous only available as flat sheet WA NA NA Ha HA
19. Other cellulosic esters Bulk Flow, micrororous Only available as flat sheet Nh . Hh NA HA NA
20. oOther cellulosic esters piffusive Variants on "Eoeb" membranes ETH ERS PHS ETH# ENS
21, ¢ther cellulosic esters Bulk Fliow, ultrafiltrative - ETH PNS PNS ETM PNS
22. Polysulfone Bulk Flow, ultrafiltrative "SH" i1 @ BNS PNS PNS
23. Polymethyl pentene Bulk Flow, ultrafiltrative - ETHM ETM BNS PNS PRS
24. Other hydrophobic thermeplastics Bulk Flow, ultrafiltrative - ETH ETH PNS PNS BNS

CODE: ® = Material tested: ETM = Material essentially eguivalent to membranes which were tested; HNA = Material not available as hollow Fihers;
BNS = The properties of this fiber (from literature or theoretical consideration) rendered it unsuitable for the application.
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Impregnants:

a. Water with 0.25% surfactant

{DSS)

SVHSER 7100

b. Carbonic anhydrase with phosphate buffer
c. 20% solution of tetraethyl ammonium carbonate

Bio-Fiber 50 Cellulosic Material
Homogeneous Structure

0.020 cm (8 mil) I.D.
Impregnants:

a. Water

b. Carbonic anhydrase with phosphate buffer
c. 30% solution of tetraethyl ammonium carbonate

WATER VAPOR REMOVAL

l‘

N
.

XM Acrvlic Material
Anisotropic Structure
0.051 cm (20 mil) I.D.

Post Treatments:

a, Polyvinyl alechol
b. Glycerinization

Type A Gore-Tex Teflon Material
Microporous Structure
0.08 cm {1/32 inch) I.D.

Bio-Fiber 50 Cellulosic Material
Homogeneous Structure
0.02 em (8 mil) I.D.

DEAERATION

l.

SM~96 Polysulfone Material
Anisotropic Structure
0.02 cm (8 mil) I.D.

SM-I Polysulfone Material
Anisotropic Structure
0.051 ecm (20 mil) I.D.

Type A Gore-Tex Teflon Material

Microporous Structure
0.08 em (1/32 inch) I.D.

23
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HEAT REJECTION

1. SM-96 Polysulfone Material
Anisotropic Structure
0.02 cm (8 mil} I.D.

2. SM~-I Polysulfone Material
Anisotropic Structure
0.051 em (20 mil) I.D.

3. Type A Gore-Tex Teflon Material
Microporous Structure
0.06 cm (1/32 inch) I.D.

4, Bio-Fiber 50 Cellulosic Material
Homogenaous Structure
0.02 om (8 mil) ZI.D.

BACTERIA FILTRATION

GM-80 Acrylate Material
Anisotropic Structure
0.05L em (20 ail) I.D.

LABORATORY PARAMETRIC TESTING

Scale model testing has been performaed on each of the hollow
fiber membranes, and impregnants or post treatments where ap-
plicable, selected in the previous sections. The purpose of this
task is to generate parametric data to allow selection of the
most promising materials for each applicatron and, ultimately,
selection of the three most promising applications to be pursued
further in the subsequent breadboard development efforts.

It became apparent during the materials definition task that the
most meaningful data would be obtained by construciinc scale
model modules for each of the hollow fiber membranes materials.
As a result, twelve different scale model modules ware con-
structed, some in duplicate for different applications, to cover
each combination of hollow fiber membrane meterial and, where
applicable, each impregnant or post treatment. This effort is
considerably larger than the five scale model modules anticipated
at the inception of the program.

An evaluation of the benefits to be gained from high spe=d photo-

graphy of the heat rejection vaporization process indicated that
the vapor would be totally invisible, and that any liquid/vapor
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action in the individual pore region would be several orders of
magnitude smaller than ¢ould be observed with conventional high
speed photography. It was decided to delete the high speed pho-
tography and divert the effort into the expanded scale model
module manufacturing and testing effort.

Vibration testing, originally targeied for this portion of the
program, was postponed to the breadboard development test portion
of the program to allow testing of a module more representative
of flight configuration.

In addition to testing the bacteria filtration unit as a bacteria
filter, it was decided to explore the capabilities of the unit as
a virus filter.,

CARBON DIOXIDE REMOVAL

Scale model modules were prepared containing the selected
materials, XM-5 acrylic and Bio-Fiber 50 cellulosic, each impreg-
nanted with water, buffered carbonic anhydrase, and 35% solution
of tetraethyl ammonium carbonate. Figures 1 and 2 describe the
membrane devices and show photomicrographs of the sectioned non-
impregnated hollow fiber membrane. Testing was performed using
the setup shown in Figure 3 where Nz or CO2 is introduced into
the inside of the dead ended hollow fiber membranes, and the gas
flow through the membrane walls is measured. The intent of this
testing is to generate data describing the N2 and CO2 flux through
the membrane and thereby produce a value of membrane selectivity
for CO2 to Ni3.

Table IV and V summarize the flux values and membrane selec-
tivities (CO2/N3) for each of material and impregnant combina-
tions under consideration.

WATER VAPOR REMOVAL

Scale model modules were prepared containing the selected ma-
terials, XM acrylic post treated with polyvinyl alcohol and with
glycerine, untreated Type A Gore~Tex telfon, and untreated Bio-
Fiber 50 cellulosic., Figures 4, 5, and 6 describe the membrane
devices and show photomicrographs of the sectioned unireated
hollow fiber membrane., Testing was performed using the setup
shown in Figure 7 where nitrogen gas partially saturated with
water vapor was passed through the inside of the hollow fibexr
membranes, and dry sweep gas was passed across the outside of the
hollow fiber membranes. The water vapor removal rate is calcu-
lated by measuring the throughput flow rate and the inlet and
outlet dew point. The results are summarized in Table VI, Water
vapor removal with immeasurable gas loss was obtained with each
of the XM acrylic modules. The Bio-Fiber 50 celluleosic fibers
dried out and ruptured before data could be obtained. No water
vapor removal was detected with the Type A Gore-Tex teflon module.
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MEMBRANE CHARACTERISTICS
'* XM-S From AMICON
* ANISOTROPIC STRUCTURE
" AcryLIc MATERIAL
* 20-m1L 1D

DEVICE CHARACTERISTICS
' 400 F1BERS
* 3.5 INcHES AcTIVE LENGTH
* 5.0 IncHES ToTAL LENGTH
* 575 cM® AREA FoR TRANSPORT

500u

IMPREGHARNTS
WaTER wiTH 0,257 surracTANT (DSS)
PHOSPHATE BUFFER WITH CARBONIC ANHYDRASE
35% SOLUTION OF TETRAETHYL AMMONIUM CARBONATE

FIGURE 1 XM—S MEMBRANE FOR CO, REMOVAL
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200X

2000X

SS 12982-8

MEMBRANE CHARACTERISTICS

* Bro-FiBer 50 From B1o-Rap

100y

' HoMOGENEOUS STRUCTURE
* CELLuLosic MATERIAL
* 8-miL ID

DEVICE CHARACTERISTICS
* 400 FiBERS
* 6-IncHES AcTIVE LENGTH
* 8 INcHES ToTAL LENGTH
* 400 cM® AREA FOR TRANSPORT

IMPREGNANTS

WATER
35% TETRAETHYL AMMONIUM CARBONATE
CARBONIC ANHYDRASE IN PHOSPHATE BUFFER

110 u

FIGURE 2- BIO FIBER 50 MEMBRANE FOR CO2 REMOVAL
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Low Flow High Flow
Bubble Bubble
Mete

\|

lygrometer

Valve

Probe

Hollow Fiber
Module

|
Humidity Bubbler

GAS PERMEATION TEST CONFIGURATIONW

FIGURE 3
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TABLE IV
APPLICATION: CO2 REMOVAL

CANDIDATE: %M FROM AMICON
AREA: 575 cm2

Flux - cm3/min
at 26.6 kPa
(200 mmHg) Total Normalized Flux Membrane

Impregnant Membrane Pressure em3/hr-kPa-m2 Selectivity
None CO2 8,800 16.5 x 106 0.68
N2 13,000 24.1 x 106
Water with Coz 3.18 5,925 6.4
0.25% Surfactant N2 0.50 930
Carbonic Anhydrase COz2 2.8 5,216 4.7
Buffered N> 0.6 1,116
Tetraethyl C02 1.3 2,425 26
Ammoniuwm Carbonate N2 0.05 89.6
35%
TABLE V

APPLICATION: CO2 REMOVAL

CANDIDATE: BIO-FIBER 50 FROM BIO-RAD
AREA: 400 cm?

Flux - cm3/min

at 26.6 kPa
{200 mmHg) Total Normalized Flux Membrane
Impregnant Membrane Pressure em3/hr-kPa-m2 Selectivity

Water COo2 0.373 CO2 992 18

N2 0.018 N2 55
Carbonic Anhydrasa CO2 0.706 Co2 1,885 39
Buffered N2 0.018 N2 55
Tetraethyl CO2 0.122% Co2 o
Ammonium Carbonate N2 0.0%* N2 -

{35% Agqueous)

*Daclined with time.
**None detected after two hours.
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MEMBRANE CHARACTERISTICS
* XM FromM AmIcON
* AcryLICc MATERIAL
* ANISOTROPIC STRUCTURE
* 20-m1L 1D

3 DEVIC , 8

50X * 400 FiBERS

* 3.5 INCHES AcTIVE LENGTH
* 5.0 INcHES ToTAL LENGTH

0€

2
* 575 cM” AREA FOR TRANSPORT
* PerFORATED CASING

POST TREATMENTS

PoLYVINYL ALCOHOL
GLYCERINIZATION

400X

SS 12988-8 FIGURE 4 XM MEMBRANE FOR H»0 REMOVAL
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MEMBRANE CHARACTERISTICS

* Type A Gore-Tex FrRoM GORE
* MIcroPOROUS

* TeEFLON MATERIAL
* 1/32" 1D

DEVICE CHARACTERISTICS
' 100 FiBers
* 3.5 INcHES AcTIVE LENGTH
* 5.0 INcHES ToTAL LENGTH
* 250 cM® AREA FOR TRANSPORT
* PERFORATED CASING
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FIGURE 5 GORE—TEX MEMBRANE FOR H20 REMOVAL



MEMBRANE CHARACTERISTICS
Bio FiBer 5) FroM B1o-Rap
HoMOGENEOUS STRUCTURE
CeLLuLos 1c MATERIAL
200X 8-miL ID
" VICE CHARACTERISTICS
499 [F1BERS

6-INc4ES ACTIVE LENGTH
8 INcHES ToTAL LENGTH
409 cM2 AREA FOR TRANSPORT

o

2000X

FIGURE 6 BIO FIBER 50 MEMBRANE FOR H20 REMOVAL
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Dry
Swaep Gas Sweep
Throughput In lFlowmeper
Flowmeter o, - 4 . %ilica Gel
% A
.
] outlet 1§ W Inlet Q.L,w
! Pressure f Press.
A i Gauge/ | Gauge et 1,
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e i @
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e
q i SR LTy T -
L T
Flow-Through Flow-Through
Psychrometer Psychrometer
Sweep
Hollow Fiber Gas
Module Dut
Humidity
Bubbler

MOISTURE PERMEATION TEST CONFIGURATION

FIGURE 7
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TABLE VI
APPLICATION: WATER VAPOR REMOVAL

TEST: DEHUMIDIFICATION OF AIR STREAM

RESULTS
Water Vapor Removal Normalized Water
mg/min at Vapor Removal
Candidate H20 Partial Pressure g/hr-kPa-m2
XM Fiber Post Treated 6.7 @ 2.19 kPa 128
With Glycerine (16.5 mmHg)
XM Fiber Post Treated 4.8 @ 2,13 kPa 103
With Polyvinyl Alcochol (16.0 mmHg)
Bio-Fiber Dried and Broke --
Gore~Tax None Detected 0
TABLE VII

APPLICATION: HEAT REJECTION AND DEAERATION

TEST: PERMEABILITY TO LIQUID WATER @ 68.9 kPa (10 psi)

RESULTS
Measured Permeation Normalized Permeation
Candidate cm3/min g/min-kPa-m2
Polysulfone 0.10 @ 850 cm2 1.72
0.02 ecm (8 mil} I.D.
Polysulfone 2.2 @ 300 cm2 67.5
0.051 cm {20 mil) I.D.
Gore-Tex 0 @ 225 cm2%* 0
Bio-Fiber 0.33 @ 400 cm?2 5.58

*None detected after three hours.
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DEAERATION

Scale model modules were prepared containing the selected materi-
als, SM-96 polysulfone, SM-I polysulfone, and Type A Gore-Tex
teflon, Figures 8, 9, and 10 describe the membrane devices and
show photomicrographs of the sectioned hollow fiber membranes.
Ligquid hydraulic permeation testing was performed on each module
using the setup shown in Figure 11 where liquid water at 68.9 kPa
gauge (10 psig) was flowed through the inside of the hollow fiber
membranes, and the liquid permeate was collected and measured.
Table VII summarizes the liguid permeation wvalues for each of the
materlials under consideration.

Each of the membrane modules was tested for undissolved nitrogen
removal and for dissolved oxygen removal from a liquid water
stream flowing through the inside of the hollow fiber membranes.
The outside of the membrane was subjected to varying levels of
vacuum., Figures 12 and 13 show the test setup for undissolved
nitrogen and dissolved oxygen, respectively. Tables VIII and IX
summarize the test results.

HEAT REJECTION

A scale model module was prepared containing Bio-Fiber 50 cellu-
losic material and is described in Figure 14. This module and

the SM~96 polysulfone, SM-I polysulfone, and Type A Gore-Tex tef-
lon modules constructed for deaeration testing were considered in
the heat rejection testing. Liquid hydraulic leakage was measured
for the Bio-Fiber 50 module using the test setup of Figure 11,

the results of which are included in Table VII.

Vacuum chamber testing per the test setup shown in Figure 15 to
measure heat rejection rates was performed with membrane water
inlet temperatures ranging from 18,3°C (65°F) to 41.7°C (107°F),
water flow rate ranging from 11.34 to 113.4 kg/hr (25 to 250
l1bs/hr), and chamber pressure ranging from 0.73 to 1.20 kPa (5.5
to 9 mmHg). The Gore-Tex membrane proved to be nonporous to
water vapor and failed to relject heat under any of the test
conditions. A graph of heat rejection versus log mean AP
(difference between mean saturation pressure in the water flowing
through the membranes and the chamber pressure)} is shown in
Figure 16. A theoretical maximum performance line that repre-
sents 100% effectivity is included on the curve for reference.
Bach of the polysulfone units were run at a chamber pressure of
0.27 kPa (2.0 mmHg) (below the triplepoint pressure}. The 0.02
cm {8 mil) unit performed satisfactorily, but the 0.051 cm {20
mil) unit ruptured two membranes. The configuration of each of
the membrane cartridges was such that the membranes were in
relatively close contact with each other, creating a back pressure
cffect from the water vapor.
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MEMBRANE CHARACTERISTICS
* SM-96 FroM AMICON
' ANISOTROPIC STRUCTURE
' PoLYSULFONE MATERIAL

* 8-m1L ID

DEVICE CHARACTERISTICS
* 1500 FiBers
' 3.5 INcHES AcTIVE LENGTH
* 5 INcHES ToTAL LENGTH
* 850 cM? AREA FOR TRANSPORT

* "OpeN" CASING

FIGURE 8 SM—9% MEMBRANE FOR HEAT REJECTION AND DEAERATION
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MEMBRANE CHARACTERISTICS
* "SM-I" FrOM AMICON
' ANISOTROPIC STRUCTURE

500u

' PoLYSULFONE MATERIAL
* 20-miL ID

DEVICE CHARACTERISTICS
* 200 FiBeRrs
* 3,8 INcHES AcTIVE LENGTH
* 5.0 INcHES ToTAL LENGTH
* 300 cM2 AREA FOR TRANSPORT
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FIGURE 9 -SM—I - MEMBRANE FOR HEAT REJECTION AND DEAERATION
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MEMBRANE CHARACTERISTICS
+ Type A Gore-TEx FROM "GORE"
* MICROPOROUS STRUCTURE
' TeFLON MATERIAL
* 1/32" 1D

DEVICE CHARACTERISTICS
* 100 FiBers
* 3,5 INcHes AcTiVE LENGTH
* 5.0 INcHES ToTAL LENGTH
' 225 cM®> AREA FOR TRANSPORT
* "0peN" CAsING
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FIGURE 10 GORE—TEX MEMBRANE FOR HEAT -REJECTION AND DEAERATIOM
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Stopwatch
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LIQUID HYDRAULIC PERMEABILITY TEST CONFIGURATION

FIGURE 11
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FIGURE 12
UNDISSOLVED NITROGEN TEST
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TABLE VIII
UNDISSOLVED NITROGEN TEST

Chamber Pressure 6.38 kPa abs (48 mmHg abs)

Water Inlet Temperature 27.2°C (81l°F)

Water Flow 20.4 kg/hr (44.9 1lb/hr)

Introduced Permeated
Test Sample cm3/min cm3/min Percent
Polysulfone
850 cm?2 area 21.2 1.2 5.7
0.02 cm (8 mil) I.D. 42.8 15.8 36.9
Gore~Tex
225 cmZ area 21.2 4.2 19.8
0.08 em (1/32 inch) I.D. 42.8 12.8 29.9
Polysulfone
300 cm2 area 21.2 1.5 7.1
0.051 em (20 mil) I.D. 42.8 20.1 46.9
TABLE IX

DISSOLVED OXYGEN TEST

Chamber Pressure 6.88 kPa abs (51.7 mmig abs)

Water Inlet Temperature 27.2°C (81°F)

Water Flow 20.4 kg/hr (44.9 1lb/hr)

Test Sample Oxygen Ia Oxygen Permeated

Polysulfone
850 cm? area 10.0 g/m3 6.0 g/m3
0.02 em (8 mil) I.D.
Polysulfone
300 cm?2 area 10.0 g/m3 3.0 g/m3
0.051 cm (20 mil) I.D. :
Gore-Tex
225 cm2 area 7.0 g/m3 None

0.08 ¢m (1/32 inch) I.D.
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Two additional SM~I polysulfone modules were manufactured with
the membranes "fluffed" to improve membrane separation and reduce
back pressure. One of the modules was looser than the other and
was designated L unit; the tighter one was designated T unit.
Figure 17 presents this data which falls at the higher heat
rejection side of the data of Figure 16.

Figure 18 shows the actual heat rejection test setups in Rig #8
of the Space Systems Department Laboratory.

BACTERIA/VIRUS FILTRATION

A scale model module was prepared containing the selected GM-80
acrylate material, Figure 19 describes the membrane device and
shows photomicrographs of the sectioned hollow fiber membrane,
Bacterial and viral retention testing was performed on the module
using the test setup shown in Figure 20. Distilled water flux
was measured using the test setup shown in Figure 11. Two re-
tention tests were run. First, a bacteria mix was introduced
into the dead ended inside diameter of the membranes and the per-
meate collected and cultured for bacteria content. Then the unit
was sterilized, and a virus mix was introduced in the same manner
and the permeate collected and cultured.

Table X summarizes the results of the Bacteria/Virus Filtration
testing.

APPLICATIONS EVALUATION

For each of the five most practicable hollow fiber membrane ap-
plications, carbon dioxide removal, water vapor removal, deaera-
tion, heat rejection, and bacteria filtration, a set of require-
ments and a subsystem schematic has been generated for a potential
PLSS5 application. The test data obtained from the previous
section has been evaluated, the most favorable membrane materials
for each application have been discussed, and a suitability
summary prepared,

CARBON DIQOXIDE REMOVAL

The following requirements have been established for a PLSS CO2
removal subsystem:

CO2 Removal Rate 0.18 kg/hr (0.4 1lb/hr)
Ventilation Loop CO2 Partial Pressure 1.0 kPa (7.6 mmHg) max
Ventilation Flow 0.168 m3/min (6.0 acfm)
Pressure Drop 0.25 kPa (1.0 in H20)
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" BACTERIA/VIRUS FILTRATION TESTING
TEST: Distilled Water Flux @ 20.7 kPa (3 psi)

Results: Permeation of 140 cm3/min & area of 250 cm? ox
27 g/min-kPa-mé (23 lb/hr-ft2-psi)

TEST: Bacterial Retention

Colony Counts per cm3
in Duplicate Culture
Challenge Filuid ,Ultrafiltrate
Agent ATCC No. {(upstream) " (downstream)

Pseudomonas aeruginosa 9721 10 0
Bscherichia coli 25922 108 0
Staphylococcus aureus 12¢00 106 0
Streptococcus pyrogens 10389 106 U
Klebsiella 23357 106 0
Proteus vulgaris 6380 106 0
Salmonella tvphosa 13311 106 0

TEST: Viral Retention

Plaque Counts per cm3
in Duplicate Culture
Challenge Fluid Ultrafiitrate
Agent® VR No. (upstream) (downstream)

Coxsackie virus Ad 27 104 0
Echo Virus # 32 104 0
Adenovirus-human type 1 104 0
Herpes Simplex 539 loH 0
Vacinnia 118 104 0

*All viruses passed by 0.2y "absolute" microporous filters. Viruses
were cultured in tissue cells. Retention @ 10,000 organisms/cm3.
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Figure 21 shows a schematic for a PLSS COp removal subsystem
when CO2 is removed by subjecting the membrane outside diameters
to a gas stream with low CO2 partial pressure which in the PLSS
case is vacuum. Suitable membrane selectivities of 25 or greater
{COy flux divided by N2 flux) were obtained, but the projected
CO2 flux (removal rate) at 1.0 kPa (7.6 mmHg) was so low for the
best membrares that a prohibitively large membrane area of 2,402
square meters or 60,000 units of the size tested, would be re-
guired to obtain the PLSS CO2 removal rate of 0.18 kg/hr

(0.4 1lb/hr). Following is a summary of CO2 partial pressure
capabilities:

CO72 removal with competitive O loss.

satisfactory CO7 partial pressure capability,

No back pressurzs regulator required.

Prohibitively large membrane area, 2,402 m2 (60,000 units
of the size tested) required to obtain PLSS COy removal
of 0.18 kg/hr (0.4 1b/hr).

This concept has not been recommended for further evaluation.

WATER VAPOR REMOVAL

The following requirements have been established for a PLSS water
vapor removal subsystem:

Water Vapor Removal Rate 0.204 kg/hr (0.45 1b/hr)
Outlet Dew Point 15.6°C max (60°F max)
Ventilation Flow 0.168 m3/min (6.0 acfm)
Pressure Drop 0.075 kPa (0.3 in H20)

Figure 22 shows a schematic for a PLSS water vapor removal sub-
system where water vapor is removed by subjecting the membrane
outside diameter to a gas stream with low water vapor partial
pressure which in the PLSS case is vacuum. Water vapor removal
with immeasurable gas loss was obtained with each of the acrylic
XM cartridges, but the water vapor flux (removal rate) was
extremely low. In order to obtain a typical PLSS removal rate
cof 0.204 kg/hr (0.45 1b/hr), a membrane area of 28 square meters,
equivalent to 487 cartridges of the size testing, will be re-
;uired. This size is prohibitive. Following is a summary of
water vapor removal capabilities:

Water vapor removal with negligible 03 loss.

Satisfactory outlet dew point capability.

No back pressure regulator required.

Prohibitively large membrane area, 28 mZ (487 units of
the size tested) required to obtain PLSS removal rate
of 0.204 kg/hr (0.45 1b/hr)}.

This concept has not been recommended for further consideration.
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DEAERATION

The following requirements have been established for a PLSS
deaeration subsystem:

Undissolved Gas Removal Complete Removal
Dissolved Gas Removal 23.1 kPa (3.35 psi)

Partial Pressure at 4.4°C (40°F)
Water Flow 18.1 ka/hr (40 1lb/hr)
Water Pressure 68.9 kPa (10 psi) nominal
Water Temperature 4.4°C - 37.8°C (40°F - 100°F)
Pressure Drop 3.44 kPa (5 psi) maximum

Figure 23 shows a schematic for a PLSS deaeration subsystem
where dissolved and undissolved gas is removed by subjecting the
membrane outside diameters to a controlled low pressure,

Liguid water fluxes (permeation) of all the membranes are satis-
factorily low to obtain deaeration with insignificant cooling
(heat rejection). Testing to measure undissolved nitrogen re-
moval and dissolved oxygen removal was performed at a water inlet
temperature of 27.2°C (8l°F) and a chamber pressure of approxi-
mately 6.65 kPa (50 mmHg) to minimize interactions from heat
rejection effects that would result at lower chamber pressures.
Good gas removal was achieved in both cases with both polysulfone
units, A potential PLSS application for water tank f£ill water
deaeration could be satisfied with one membrane cartridge of the
size tested.

Following is a summary of deaeration capabilities:

Satisfactory removal of undissclved N2.
Superior removal of dissolved 03.

Satisfactory Oz saturation pressure level capability.
Competitive membrane area, 0.085 m2 (one unit of the size
tested) required to obtain PLSS water tank f£fill water

saturation pressure of 23.1 kPa abs. (3.35 psia).

The size of a hollow fiber membrane unit for undissolved gas
removal is significantly larger than conventional screen-type
separators. Therefore, undissolved gas removal by hollow fiber
membranes is ncot competitive and has not been recommended for
further evaluation.

Dissolved gas removal by hollow fiber membranes appears to be

superior to existing methods and has been recommended for further
evaluation.
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HEAT REJECTION

The following requirements have been established for a PLSS heat
rejection subsystem:

Coolant Flow 108.9 kg/hr (240 1lb/hr)
Evaporant Flow 1.36 kg/hr (3 1lb/hr) max
Unit Pressure Drop 4.8 kPa (0.7 psi) max
Coolant Outlet Temperature 11.4°C (52.5°F) max

Coclant Pressure 25,1-62.4 kPa (3.65-9.05 psi)
Heat Rejection 879 W (3,000 Btu/hr) max

Figure 24 shows a schematic for a PLSS heat rejection subsystem
where heat is removed by subjecting the membrane ocutside diame-
ters to a controlled low pressure and allowing water from the
membrane inside diameter to permeate through the membrane wall
and vaporize. Liquid permeation rates are satisfactorily low.
Vacuum chamber testing to measure heat rejection rates was per-
formed with membrane water inlet temperatures ranging from 18.3°C
to 41,7°C (65°F to 1l07°F), water flow rate ranging from 11.3 to
113 kg/hr (25 to 250 lbs/hr), and chamber pressure ranging from
0.73 to 1.20 kPa (5.5 to 9 mmHg). The Gore-Tex membrane proved
to be nonporous to water vapor and failed to reject heat undex
any of the test conditions. The Bio-Fiber 50 and each of the
polysulfone membranes exhibited good heat rejection capabilities
for all test conditions, with the SM-I polysulfone "fluffed"
units being superior. & graph of heat rejection versus log mean
A P (difference between mean saturation presssure in the water
flowing through the membranes and the chamber pressure) is shown
in Figure 16. A theoretical maximum performance line that repre-
sents 100% effectivity is included on the curve for reference.

One SM-96 polysulfone and one SM-TI polysulfone unit was run at

a chamber pressure of 0.27 kPa (2.0 mmHg) (below the triplepoint
pressure). The SM-96 unit performed satisfactorily, but the SM-I
unit ruptured two membranes. It is important to realize that a
back pressure regulator will be required for the units as they
now exist.

Following is a summary of heat rejection capabilities:

Superior heat rejection capability.

Competitive membrane area, 0.082 m2 (2.7 units of +he
size tested) required to obtain PLSS heat rejection
rate of 879 W (3,000 Btu/hr).

Back pressure regulator required.

Heat rejection by hollow fiber membranes appears to be competitive

with existing methods and has been recommended for further
evaluation.
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BACTERIA/VIRUS FILTRATION

The following requirements have been established for a PLSS
bacteria filter:

Filtration 100% Bacterial Retention
Pluid Flow i8.1 kg/hr (40 1lb/hx)
Unit Pressure Drop 34.4 kPa (5 psi) max
Fluid Temperature 4,.4°C=-37.8°C (40°F=100°F)

Figure 25 shows a schematic for a PLSS bacteria filtration sub-
system where bacteria is retained within the hollow fiber mem-
branes when the potentially contaminated water stream is passed
through the membrane walls. Absclute bacteria filtration and
absolute virus filtration was obtained for a short term exposure.
Long term bacteria and virus exposure was not studied as it was
beyond the scope of this program. Following is a summary of
bacteria/virus filtration capabilities:

Absolute bacteria filtration utilizing 10% colony counts
per cubic centimeter.

Absolute viral filtration utilizing 104 plaque counts per
cubic centimeter.

Competitive membrane area, 0.036 m2 (1.5 units of the size
tested) required to obtain PLSS water tank fill water
protection.

Bacteria/virus filtration by hollow fiber membranes appears to be
superior to existing methods and has been recommended for further
evaluation.

APPLICATIONS SELECTION

Based on the results of the applications study and materials
testing describad in the previous paragraphs of this section, the
following hollow fiber membrane applications have been selected
for further evaluation:

I. Water Deaeration

II. Heat Rejection
III. Bacteria Filtration
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BREADBOARD DESIGN AND FABRICATION

PERFORMANCE ANALYSIS AND TRADE-OFF STUDIES

Application feasibility testing showed potential application in
the areas of Bacteria Filtration, Heat Rejection, and Water

Deaeration. Material development will be required before CO3
removal can be considered.

Apalysis effort has been accomplished to correlate the test data,
size assemblies for Shuttle PLSS application, and perform a trade-
off study against existing concepts. Areas for development where

potential performance improvement can reasonably be anticipated
are defined.

MEMBRANE CONFIGURATION

The predominant effort to correlate performance to membrane con-
figuration has been centered around the Amicon SM-I and SM-96
anisotropic structure polysulfone fibers. These assemblies are
characterized as follows:

SM~T SM-96

Fiber I.D., cm (in) 0.051 (0.020) 0.02 (0.008)
Number of Fibers 200 1500
Total Fiber Length, cm {in) 12.7 (5) 12.7 (5)
Active Fiber Length, cm (in) 8.9 (3.5) 8.9 (3.5)
Transport Area (I.D.), com2 300 850
Total Wall Thickness 0.009-0.013 0.004-0.005

cm {mils) (3.6-5.0) {(1.6-2.0)
Inner Wall:

Thickness, micron 0.1-0.5 0.1-0.5

Fraction Opgn Area 0.005-0.05 0.005~-0.05

Pore Size, A 10-30 10-30
Outer Wall:

Fraction Open Area .45-,65 .45~,65

Pore Size, micron 1.0-3.0 1.0-3.0

All evaluation of membrane processes reported herein are bhased on

average dimensional values where ranges have been provided by the
manufacturer.

THEORETICAL RELATICNSHIPS

Ligquid Transport

Laminar Flow - For a steady flow of Newtonian filuid in a tube of
uniform diameter, the laminar pressure loss is described by the
Hagen-Poiseuille relationship:

61



HAMILTON STANDARD ”fzﬂ“‘-‘;'gf SVHSER 7100

U
TECHHOUOGIES v

AP = 3.4 x 10-5 w ¥
d%p

Turbulent Flow - In smooth pipe of constant diameter and of
Reynolds numbers above 1,000 to 3,000, a transition to turbulent
flow occurs and may be characterized by the Fanning equation:

AP = 3.36 x 10-6 £ w2
d5p

Capillary Pressure Rise (Wicking) - The capillary pressure rise
of water through hydrophilic materials may be estimated as follows
assuming a zero contact angle:

AP = (1.4 x 10-5) 20
r

Liquid flow through the membrane system may be evaluated against
these three relationships to determine the nature of the dominant
process and thus permit extrapolation of the acquired data. Of
primary interest are the following factors:

-~ Hydrostatic pressure loss for laminar flow is a linear
function of flow rate.

- Hydrostatic pressure loss for turbulent flow varies with the
square of flow rate.

- Capillary forces can dominate the available hydrostatic head
and be the principal factor enhancing fluid flow through a
porous structure. This flow will be independent of hydro-
static head.

Gas Transport

Knudson Diffusion - When the mean free path (the average distance
a molecule travels before it collides with another molecule) is
large compared to the pore diameter;collisions between the mol-
ecule and the wall affect the mass transport, and the phenomenum
is termed Knudson diffusion. The following equations describe
this process:

Na =Dk (Pl - P2)
RT/
Dk = 9,700 r (7} 1/2
M
G =0.077 £ (MY1/2 (p1- P2)
R T

*Refer to Definition of Units at the end of this section.
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Molecular Diffusion - When the pore diameter is very large com-
pared to the mean free path, the steady state diffusion of one
gas through a stationary laver of a second, non-diffusing gas is
described by:

Na = DapP In 1-Xn0
RT% ( l-XAl

G = 7.94 DagPM 1n {1-Xa»
RTJ 1-%a7y
Typical diffusivities Dpg are shown in Table XI.

Laminar and Turbulent Flow - These processes are described by the
relationships previously presented for liquid transport.

Diffusion through a Liquid - For dilute solutions the diffusion
of specie A through stagnant B is described by:

Na = DaB Cayg 1n ( 1o )
28 Cavg 72

Dag = 14,0 x 10-5
“Bl.l VAO'G

h)
G = 8.82 x 10-3 cayg In [ 1-Xa,
Jupl-1v,0.6 1-Xp;

Absorption or Reaction Rate - In a process system involving chem-
ical reaction and/or absorption (or desorption), the rate control-
ling step may not be diffusion but the actual rate of reaction or
rate of absorption. These rates are not amenable to basic theo-
retical determination and must be derived from empirical results.
Where information is available from the literature, it can be
applied to the membrane separation processes to determine its
potential as a rate controlling step.

Energy Transport

Heat Transfer Area - Although the nominal membrane transport area
(i.e., 300 cm?2 for the Amicon SM-I) would normally be considered
the heat transfer area, the system may be dominated by the dis-
tribution of pores in the inner wall. Total pore opening com-
prises only 1/2 to 5% of the total surface, and poor distribution
would not distribute evaporant uniformly along the total tube
surface, thus leaving only isolated points for heat transfer
between the flowing fluid and the evaporant. Where energy trans-
port is considered to be the limiting factor in a membrane pro-
cess, the potential ineffective use of the avallable surface area
must be noted.
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TABLE XI

DIFFUSION COEFFICIENTS OF GASES

SVHSER 7100

AND VAPORS IN AIR AT 25°C, 1 ATM

Substance D, cmZ/sec (n/pD)
Ammonia 0.229 0.67
Carbon Dioxide .104 .94
Hydrogen .410 .22
Oxygen . 206 .75
Water .256 .60
Carbon Disulfide .107 1.45
Ethyl Ether .093 1.66
Methanol .159 0.97
Ethyl Alcohol .119 1.30
Propyvl Alcohol 100 1.55
Butyl Alcohol .090 1.72
Amyl Alcohol 070 2,21
Hexyl Alcohol 058 2.60
Formic Acid .159 0.97
Acetic Acid .133 1.16
Propionic Acid .099 1.56
i-Butyric Acid .081 1.91
Valeric Acid .G067 2.31
i-Caproic Acid .060 2.58
Diethyl Amine .105 1.47
Butyl Amine .101 1.53
Aniline .072 2.14
Chlorc Bengene .073 2.12
Chloro Toluene .065 2.38
Propyl Bromide .105 1.47
Propyl Iodide .096 1.61
Benzene .088 1.76
Toluene .084 1.84
Xylene 071 2.18
Ethyl Benzene 077 2.01
Propyl Benzene .059 2.62
Diphenyl .068 2.28
n—-Octane .060 2.58
Mesitylene .067 2.31
References: "International Critical Tables,"
vol. 5, 1928: ILandolt-Bornstein,

Chemische Tabellen," 1935.

Note:

"Physikalische-

The group (¢/pD) in the above table is

evaluated for mixtures composed largely of air.
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Wall Thermal Conductance - In the inner wall, the available con-
ductance is primarily through the membrane which comprises 95% or
more of the structure. In the outer wallfthe membrane only occu-
pies 35 to 55% of the velume, and conductance through the fluid
in the remaining volume is added to the membrane conductance.
Heat transport through the wall is gcverned hy:

Inner Wall

O =fkA (th - tc)
AL /| membrane

Outer Wall

Q=1 (k2 * (kA (thot - tcold)
[ (E)membrane (ZTI—.) fluid] © ¢

Liguid Film Thermal Conductance -~ In laminar flow inside a tube,
assuming a parabolic veioccity profile, the following equation
describes the liquid £ilm thermal conductance for values of the
Graetz number above 10:

Ngg =

-
Al

(NGZ)1/3

DATA CORRELATION

Tube Side Pressure Drop

Data for the Amicon SM-I and SM~96 are shown in Figures 26 and
27 . The laminar model describes flow through the 0.02 cm (0.008
in) I.D. fibers over the full flow range tested, This model must
be factored upwards (by approximately 1.5) to corcselate the nigher
data. Exact causes for the difference between the data are not
known but are probably due to fiber nonuniformity. The cross
section is not necessarily circular and can be somewhat oval, re-
ducing effective diameter. 2n error in assumed fiber diameter of
only 10% could also acccunt for the difference. Entrance and
exit effects and the slight curvature of the tube along the axis
are small effects (less than 5%) and should not be the cause of
the noted variation.

For the 0.051 cm (0.020 in) fiber the flow regime is turbulent
above a Reynold's number of 100 and correlates:

Ap = £(w)l.6
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rather than the 2.0 or 1.8 power expected. The flow below this
range is transition and then laminar below a Reynold's number of
30. This early development of turbulent flow must be due to
irregularities in the fiber I.D. disturbing the development of a
laminar flow profile but not guite severe enough to produce fully
turbulent flow. Some of this effect may also be present in the
0.02 cm (0.008") fiber but to a lesser extent.

The data and correlation are sufficient for sizing and extrapola-
tion to meet development unit pressure drop reguirements.

Transmembrane Flow

For those processes reguiring transmembrane flow (bacteria reten-
tion, filtration), the flow versus hydrostatic pressure differen-
tial characteristic is of prime importance to unit sizing.

Figure 28 presents data from typical Amicon SM-I and shows not
only the linear flow versus AP relationship of laminar flow but
also the variation due to the temperature effect on viscosity.
Because of the complex and undefined nature of these flow pas-~
sages, it is not recommended that forecast of performance be
extrapolated from these data to new materials. A minimum of data
should be sufficient, however, to extrapolate to a wide range of
conditions. Also, because the device is an absolute surface
filter, its pressure drop will vary with the volume of contamin-
ant rollected. The rate of pressure drop increase, which can be
transpcsed into filter life, can only be predicted from knowledge
of the contaminant level in the feed water. These values are yet
to be defined for Shuttle systems,

Heat Rejection

Considerable effort was expended during the Applications phase to
develop a correlation between the heat rejection test results and
the assumed membrane transport processes. None really proved
satisfactory. The primary basis for this investigation was the
supposedly hydrophilic nature of the membrane material which
leads to the assumption that the dominant process must be gas
phase transfer. This process should correlate to gas AP; in
this case the difference in water vapor pressure in the tube to
chamber or tube 0,D. pressure., In the outer shell, with a pres-
sure difference of 2,7 kPa (200 wmmHg), Knudson gasecus flow
should be approximately 4.5 kg/hr (10 1ib/hr), a value more than
three times test results. In the inner shell mass flow for this
same condition will not exceed 0.41 kg/hr (0.9 1lb/hr) or a value
one~third test results.
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One other area was thought to be a controlling factor - shell
side pressure drop. Two HFM 0.051 cm (20 mil) polysulfone, 300
cm2, were tested in the heat rejection mode to determine the re-
peatability of these units' performance compared to performance
acquired on the first unit. The newer assemblies were fabricated
in an attempt to improve membrane to membrane separation. It was
anticipated that this would result in a reduced shell side pres-
sure loss and improved performance., Visual inspection of the two
new assemblies indicated one had a fairly loose bundle appearance
while the other was tight ~ similar to the first unit. The new
units were designated 300-L (loose) and 300-T (tight). The re-
sults, shown in Figure 29, show no difference between the "loose"
or "tight" bundle. These data generally confirm the previous
results but at the higher limit (or slightly better) of the data
spread giving indication that the "open bundle" has slightly
improved performarnce.

In general, graphical analysis of data comparing performance, Q,
to gas AP were inconclusive, and in some cases confusing, giving
data trends opposite to that expected. Other means of correlation
were sought. Hydrostatic liquid flow was considered but did not
correlate. A heat rejection of 879 W {3,000 Btu/hr) in the

Amicon SM~I unit was obtained in test, a transmembrane flow of
1.36 kg/hr (3 1b/hr) of water, with a hydrostatic pressure dif-
ferential less than 138 kPa (20 psi). Extrapolating the data of
Figure 28 would indicate that a AP of 960 kPa (140 psi) would be
required for 1.36 kg/hr {3 lb/hr).

At this point, a change in direction in the data analysis was

made. If the material were not hydrophobic but hydrophilic,
capillary transport with evaporation at the fiber 0.D. could
account for the high rate of mass flow apparently independent of
both hydrostat.c pressure and vapor pressure differences. For

this case the process limitation cculd correlate an energy trans-
port limitation; i.e., the thermal conductance of the fiber wall
and/or the liguid film on the fiber I.D. Assuming a polysulfone
thermal conductivity of 0.255 W/°C-m (0.15 Btu/hr-°F-ft}, a water
thermal conductivity of 0.595 W/°C-m (0.35 Btu/hr-°F-ft), and a
total heat transfer area of 300 cml, the thermal conductance
through the fiber wall is 119 W/°C (226 Btu/hr-°F). Assuming laminar
flow in the fiber, film thermal conductance ranges between 464 and
896 W/°C (800 and 1,700 Btu/hr-°F) at flows between 22.7 and 113
kg/hr (50 and 250 1lb/hr). Turbulent flow correlation would predict
higher values.

The majoxr resistance is in the fiber wall (70% of the conductance

is in the water contained in the pores), and the liquid f£film con-
tribution was ignored in the remainder of the analysis.
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In an evaporative heat exchanger the flow stream capacity rate

ratio: ,
(W_Cp) hot
(W Cplcold

can be considered zero, and the heat exchanger effectiveness is
defined as:

hA
- (W Cplnot
E = (T1] = Tolpoe = 1 - e
(T1 ~ Tsink)
hA
W Cp
Tsink = @ To - Ty
\¥es)
W C
p
e - 1

Data from this test series (Amicon SM-I "L" and "T" units)

was reduced and is shown in Figure 30 for assumed thermal conduc-—
tances of 119, predicted, and 70.1 W/°C (226, predicted, and 113
Btu/hr-°F). Although the initial results indicate a rather strong
dependence of sink temperature on total heat rejection - leading
to the assumption that shell side pressure drop is affecting per-
formance - it should be noted that lowering the thermal conduc-
tance by one-half produces a nearly constant sink temperature.

No firm conclusions may be made from these data - the variables
must be isolated such as by removing all shell side resistance

to ensure a constant sink temperature.

A possible solution may lie in the Amicon SM-96 data acquired
early in the program (12/11/75, 12/12/75). Although this assem-
bly has almost three times the surface area of the SM-I, its per-
formance was less than 70% of the SM-I. During the water seepage
test (transmembrane flow) total flow through the SM-96 was only
2.6% of the SM-I performance leading to the conclusion that either
it has significantly less open area, or the structure of the pores
is much more restricting to flow. Extrapolating to the heat re-
jection mode it would follow that the heat rejection is dependent
on evaporant flow area and, more importantly, on evaporant heat
transfer area. 1Isolated flow points will cnly activate a small
portion of the total available surface for heat transfer, and
tested thermal conductance will be significantly less than pre-
dicted. Now, back to Figure 30, the reduction in UA fromn 119 to
70.1 W/°C (226 to 113 Btu/hr-°F) could be a logical move if, in
fact, only one-half the apparent area is available for heat transfer.
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Deaeration

Test results obtained during the applications study were acquired
for both the SM-T and SM-96 assemblies. Based on the prior anal-
yses we would expect to be able to correlate the data to the
diffusion of 03 through water contained in both the inner and
outer membrane wall. The results are summarized in the following
table:

Transmembrane (02 Flow

SM-1I 5M~96

Test Result, g-moles 5.1 x 10™7 1.02 x 10-6
S

Predicted, g-moles 0.84 x 10—7 0.54 x 10-6

S

Although the correlation would predict only 16-50% of the actual
transport, the results are considered encouraging. The accuracy
of data acquired during this test can be questioned due to the
nature of the measurements and the test procedure. Deaeration
remains a viable concept for Shuttle application.

CQ2 Absorption

At the Membrane Applications Study presentation in Houston on
February 24, 1976, a system combining K2C03 solution and mem-
branes was included as shown in Figure 3l. Two separate membrane
assemblies are in this schematic. One interfaces the oxygen ven-
tilation loop to provide CO2 removal, dehumidification and gas
cooling, while the other is exposed to space vacuum where the CO2
is removed from the solution and dumped overboard, and water is
evaporated to cool the solution. A back pressure valve is pro-
vided with this second membrane to maintain loop temperature con-
trol and prevent freezing. The solution passes through a heat
exchanger to cool the LCG circuit and then back to the vent loop
membrane assembly. A pump is provided for solution circulation
plus a water makeup subsystem to replace the water lost in the
evaporator and not added in the vent loop humidity control
function.

System sizing for this concept is primarily driven by the LCG
heat load which not only requires approximately 1.13 kg/hr (2.5
1b/hr) of evaporant but dictates solution flow rate be between
136 and 181 kg/hr (300 and 400 lb/hr) to keep the temperature
rise across the heat exchanger below 5.5°C (10°F). Because of
this high flow rate, solution strength need not be very high -
the lower concentration will keep viscosity down, heat capacity
up, and minimize pressure drop. The high flow rate is, hcwever,
a severe penalty on the system showing up mostly as pump power
but also on membrane configuration to minimize pressure drop.

4
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An improvement to this system is shown in Figure 32. Here, the
LCG heat sink function is removed frum the K2C03 solution and
replaced by a second membrane evaporator of the type we have
shown feasible. Both membrane evaporator units discharge vapor
to a common back pressure valve and may even be a single membrane
assembly with dual headering (LCG plus K2C03 solution). With
this schematic the total heat load in the solution flow is limited
to the ventilation loop revitalization which is composed of the
following: Sensible - 29.3 W (100 Btu/hr); Latent - 140.6 W (480
Btu/hr); and Chemical (COz absorption) - 35.1 W (120 Btu/hr).
This total, 205.1 W (700 Btu/hr), is rejected to space in the
evaporator where water is lost from the solutimi.. Makeup water,
205.1-140.6 = 64.5 W (700-480 = 220 Btu/hr) required is received
from the LCG transport circuit in the fourth membrane unit shown
in this schematic. Water is transferred across this membrane by
osmosis to automatically control solution concentration. Total
solution flow for this system will be approximately 36.3 kg/hr
(80 lbs/hr) and is dictated by temperature rise in the vent loop
assembly.

Additional features worth noting in this schematic include:

Evaporator Assembly - With a common back pressure valve the
solution will be cooled to a temperature slightly above the
LCG due to water vapor pressure difference (Figure 34). This
should not present any system problems. The €02 downstream
pressure will be effectively near zero due to the washout
effect of the water vapor (both from the solution and from
the LCG coolant).

Water Makeup Assembly - This membrane will have to transfer
water by osmotic pressure from the LCG to the solution.
Transport of X2C03 must be precluded. Solution concentra-
tion will automatically be controlled to a level determined
by total solution hvdrostatic pressure. fThis facet will
dictate low solution K2C03 concentration - on the order of
0.1 to 0.2 moles KpCO3 per liter.

This particular component is considered the highest risk of
the membrane assemblies and was not considered for the ini-
tial test series. To minimize risk and ensure the acquisi-
tion of valid performance data, the system shown in Figure 33
was tested. Here water makeup is controlled by the pressure
regulator to maintain a constant system K2C03 concentration
so long as no solute is lost.

Vent Loop Revitalization Assembly - Water is removed from

the gas stream by direct vapor transfer through the membrane
plus by condensation and then osmosis. The equilibrium water
pressure of the solution is below that of water (Figure 34)
and so can potentially reduce the vent loop dew point below
the temperature of the solution.
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Figures 35 and 36 present COjp equilibrium pressure versus K2C03
solution for 0°C (32°F) and 35°C (95°F) respectively. These
curves were constructed from an empirical relationship in Perry's
Chemical Engineering Handbook f£ifth edition and not from published
data, Confirmation may be necessary at a later date.

The system of Figure 33 was tested with 1.0M and 2.5M K2C02 and
then with a 2.5M K2C03 activated with 0.1M NaAsO2 which has been
shown to act as catalyst (two to three times greater reaction
rate) for CO2 absorption. All test results were essentially the
same and are represented by Figure 37 which is catalyzed results,
These absorption rates are extremely low and would essentially
preclude further concept consideration. An analysis was con-
ducted to determine the restricting membrane process and to
determine if this restriction can be modified.

Liquid sorption rate can be ruled out based on the repetitive
data for the three solutions tested. Diffusion in the flow
stream appears to have some effect at the lower gas flows and
partial pressures tested but not above 0.008 m3/min (0.3 CFM)
and 2.1 kPa (16 mmHg) (reference Figure 37).

The basic data point for correlation was 0.0012 kg/hr (0.0027
1b/hr) CO2, 2.1 kPa (16 mmHg). Gas flow in the inner shell would
be in the Knudson regime and for an average 0.025 open area frac-
tion could transport 0.049 kg/hr (0.11 1lb/hr) or 40 times the test
result. If the inner pores were filled with liquid, diffusion of
K2C03 solution must be cons.dered. CO2 transport for this process
would be 0.00145 kg/hr (0.0032 'b/hr) for an open areafraction of
0.025., This result is very close to test results and will be
considered along with outer wall resistance.

Tf the outer wall (55% cpen) was also filled with liquid, an
additional conductance of 0.36 x 10-4 kg/hr (0.8 x 10-4 1b/hr)
must be considered. This result is too low. Gas diffusion in
the outer wall is in tt.e molecular regime at the ventilation
loop pressures we are considering, 26.2 to 103 kPa abs. (3.8 to
15 psia). A diffusion rate of 0.16 kg/hr (0.36 1lb/hr) can be
expected for CO2 through the non-flowing oxygen indicating that
this area should not present any significant resistance to the
adscrption process.

Based on these results it can be assumed that the solution wets
the inner wall by capillary action but not the outer wall - unlike
the heat rejection mode of operation. Apparently there is suf-~
ficient change in the surface tension from pure water to weak
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solution to preclude capillarity of the larger pores in the outer
structure. The overall transport process is assumed to be mole-
cular diffusion of CO2 through stagnant 02 in the outer wall and
the rate limiting step of KHCO3 diffusion in a weak solution of
K2C03 in the inner wall.

Brief tests were conducted with the gas side (tube 0.D.) pressure
as much as 3.4 kPa (5 psid) above the sclution in an attempt to
force the liguid out of the pores. The result of no change in
performance indicated that the capillary pressure rise was greater
chan 34.5 kPa (5 psi), and the reverse pressure had no effect.

DEFINITION OF UNITS

Area, ft2

Molar Concentration, g-mole/cm3

Heat Capacity, Btu/lb-°F

Diameter, in

Diffusivity of "A" in "B", cml/s

Knudson Diffusivity, cm2/s

Heat Exchanger Effectiveness, Dimensionless
FPanning Friction Factor, Dimensionless

Mass Flux, lbm/hr-cm?2

Liguid Film Thermal Coefficient, Btu/hr-ft2-°F
Thermal Conductivity, Btu/hr-ft-°F

Length, cm

Length, ft

Molecular Weight, g/g-mole

Molar Flux, g-mole/s-cm2

Graetz Number, Dimensionless

Pressure Difference, psid

Partial Pressure, atm

Heat Transfer Rate, Btu/hr

Radius, cm

Universal Gas Constant, 82.06 cm3-atm/g-mole-°K
Mean Pore Radius, cm

Temperature, °F

Temperature, °K

Molar Volume of A at Normal Boiling Point, cm3/g-mole
Mass Flow Rate, 1lb/hx

Mole Fraction of Specie A

Density, lbm/ft3

Surface Tension, dyne/cm

Viscosity, centipoise
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SIZING FOR SHUTTLE PLSS APPLICATIONS
Membrane assemblies were sized for three Shuttle PLSS applications:
~ Bacteria Filtration

-~ Water Deaeration

- Heat Rejection

Wherever possible, the sizing considered current manufacturing
technigues and configuration to minimize development in this area.

BACTERIA FILTRATION

Regquirements:

- PFiltration:
-~ Fluid Flow:

~ Fluid Temperature:

100% bacterial retention
181 kg/hr (40 lb/hx)
~ Unit Pressure Drop:

3.44 kPa (5 psi) max
4,4°C-37.8°C (40°F-100°F)

The transmembrane flow/pressure drop was extrapolated using the
laminar flow correlation to predict regquired surface area scaling

from test data acquired during the applications study.

con GM-80 assembly will be
the required 250 fibers to
Total fiber length 12.7 cm
(3.5 in) remains identical

The Romi-
increased from 175 acrylate fibers to

provide a total flow area of 357 cml.

(5 in) and active length 8.9 cm

to the tested assembly.

The breadboard unit for this Shuttle PLSS application is full size.

WATER DEAERATION

Requirements:

~ Feedwater Saturation:
14.7 psia)

- Product Water Saturation:
and 3.35 psia)

~ Water Flow: 18.1 kg/hr (40 lb/hr)

- Unit Pressure Drop: 3.44 kPa (5 psi) max

37°C and 101 kPa abs. (98.6°F and

4.,4°C and 23.1 kPa abs. (40°F
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Original size of the water deaerator was extrapolated through a
transmembrane gas conductance empirically obtained from the.ap—
plications study data using the dissolved gas }og mean partial
pressure across the membrane surface as the driving force for
mass transfer:

Gas Conductance = Gas Transfer Rate

PL -~ P2
Pl - Wsink
Ln P2 - WPsink

The Amicon SM-96 polysulfone membrane was selected for this ap-
plication because of its low transmembrane liquid water transport
and required a total active membrane surface area of 1,022 cml,
Optimizing the assembly for minimum number of tubes and utilizing
the allowable tube side pressure drop, the bundle would contain
1,860 fibers 0.02 cm (0.008 in}) in diameter by 25.4 cm (10 in)
overall length; active length is 21.6 cm (8.5 in). The same unit
sized for the "standard" 12.7 cm (% in) long fiber will contain
1,804 fibers.

Reevaluation of this sizing procedure (discussed under "correla-
tion") has indicated that dissolved gas partial pressure may not
be the process driving force but rather diffusion (mole fraction
dominated) through the liquid contained in the fiber wall.

Sizing a unit based on this hypothesis would predict a requirement
of 1,480 cm?2 from "handbook" analysis and 784 cm2 extrapolating
from test data. Since there is insufficient data available to do
more than predict the viability of the concept and the revised
predictions bracket the earlier size, it would appear most feasi-
ble not to revise that size at this time.

Ths breadboard unit for this Shuttle PLSS application is full
size,

HEAT REJECTION

Requirements:

- Coolant Plow: 108.9 kg/hr (240 1b/hr)

- Unit Pressure Drop: 4.8 kPa (0.7 psi)

~ Heat Rejection: 879 W (3,000 Btu/hr) max

- Coolant Outlet Temperature: 11.4°C (52.5°F)} max
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Using the test results for the Amicon SM~I polysulfone as the
basis for sizing an evaporator, active surface area of 818 cm?
will be required to meet specification conditions. The assembly
ig very similar to those already constructed and tested being

12.7 cm (5 in) in overall length and 8.9 cm (3.5 in) active

length but containing 545 fibers, With this size (based on wall
thermal resistance), the sink temperature must be 8.9 to 10.6°C
(48 to 51°F). This is equivalent to a shell side pressure of

1.13 to 1.28 kPa (B.5 to 9.6 mmiHg) and will satisfy a UA wvariation
between 162 and 325 W/°C (308 and 616 Btu/hr-°F).

The proposed breadboard unit for this appliecation is half size

and will contain 275 fibers of the same length as the full size
unit. Two half size units in parallel would be equivalent to a
full size unit.

Development potential of the HFM evaporator concept for this
application is marginal because it is more costly than the sub-
limator. Both of the concepts require a heat exchanger of essen-
tially equivalent cost. However, the HFM evaporator requires a
temperature sensing back pressure valve with either a separate
positive shutoff or manual override for intravehicular operation
and storage. This valve regquires significant development and is
expensive. S8chematics of the two systems are shown in Figure 38.
Following is a weight, volume, and relative cost comparison
between the sublimator and the HFM evaporator.

Sublimator HFM Evaporator
Weight kg (1b) 4.8 (2.2) 4.4-4.8 (2.0-2.2)
Volume cm3 (in3) 1,180 (72) 819 (50)
Relative Cost 1.0 i.2

DESIGN CONCEPTING

The testing described in the Applications Study and Materials
Selection Section was conducted using laboratory prototypes whose
configuration was selected to facilitate measurement of the hasic
transport property in gquestion. The breadboard design required a
less procrustean approach. In the interest of simplicity, a
single module design was employed for the three applications,
bacteria filtration, deaeration, and heat rejection. The geometry
of this module was selected to allow construction of full scale
bacteria filtration and deaeration units, and half scale heat
rejection units.

87



SUBLIMATOR SVHSER 7100
FEED WATER
POROUS PLATE
LCG IN
LCG LCG OUT —
VENT LOOP IN VENT LOOP SLURPER i VENT LCOP OUT 3
CONDENSATE OUT
HFM EVAPORATOR
VACUUM
VENT LOOP IN
VENT LOOP ouT
_weny |, o o our

FEED WATER 1IN

SLURPER [CONDENSATE OUT

STme-

VENT LOOF OUT

FIGURE 38: HEAT REJECTION SCHEMATICS

88



HAMILTON STANDARD o2 >~ SVHSER 7100

TECHMOLOGIES

Design of the bkreadboard units involved two distinct tasks:
- Design of the module and housing.

-~ Determination of the spatial configuration of the fibers
within the module.

MODULE AND HOUSING

The module was designed to provide free vapor access to and from
the fibers, even at very low pressures, and to shield the hollow
fibers from breakage or damage. The housing was designed to pro-
vide the required headering arrangements using a common hardware
configuration. Figure 39 describes the construction of the three
different hollow fiber membrane modules, and Figure 40 describes
construction and makeup of the three different housing combinations.

Module

The module is configured as follows, An aluminum sleeve contain-
ing four oval windows is the outer container for the module. The
hollow fiber membranes are contained within the sleeve and potted
in epoxy at either end, such that access to the inside diameter
of the membranes is achieved at either end of the sleeve, and
access to the outside diameter of the membranes is achieved
through the four oval windows,

A high-density polyethylene Vexar screen insert is placed just
inside the tubing to protect the fibers from damage through the

oval windows during handling. ("Vexar" is a DuPont trademark for
a continuous, cylindrical screen whose two strands run at +45° to
the axis line yielding diamond shaped openings.) The screen

selected is rigid and has approximately 0.64 cm (0.25 in} by 0.64
cm (0,25 in) diamond openings. The Vexar adheres well to the
epoxy. The epoxy potting compound is Amicon T-640, a two compo-
nent epoxy resin material that has been used successfully during
the parametric testing effort.

Housing

The housing contains aluminum end headers that fit over the end
of the module to allow fluid connection of the membrane inside
diameters to a common tube fitting. The headers are connected
together by four aluminum rods (spacers) and a polycarbonate
tube, trapped between the headers, provides a means for headering
the outside diameters of the membranes for the bacteria filtra-
tion and the deaeration applications. The tube is omitted for
the heat rejection application because it would inhibit the
escape of water vapor.
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SPATIAL CONFIGURATION

During the application phase the fibers were packed somewhat
tightly within the canister. Analyses suggested that loosely
packaged, uniformly distributed fibers improved performance in
applications based upon "liguid phase - vapor phase mass trans-
port." Achievement of loosely-packed, uniformly distributed
fibers were seen to require a major advance in fabrication tech~
nology. Accordingly, it was decided to fabricate all but one
breadboard designated unit with loosely-packed, randomly-distrib-
uted fibers and to attempt to fabricate one unit with uniformly-
spacad fibers. Uniform spacing was achieved by threading the
fiber through two disc-shaped polypropvlene mesh screens con-
tained at either end of the shell.

HARDWARE FABRICATION
In all, eight modules were prepared for the program:
Bacteria Filtration:

Two modules

Romicon GM-80 membranes

250 Fibers, active length 8.9 cm (3.5 in)
total length 12.7 cm (5.0 in)

Water Deaeration:

Two modules

Amicon SM-96 membranes

1,804 Fibers, active length 8.9 cm (3.5 in)
total length 12,7 cm (5.0 in)

Heat Rejection:

Three modules

Amicon SM-I membranes

275 Fibers, active length 8.9 cm (3. 5 in)
total length 12.7 cm (5.0 in)

One module :

Amicon SM-I membranes with screen spacers

275 Fibers, active length 8.9 cm (3.5 in)
total length 12.7 cm (5.0 in)
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Small prototype units were prepared for each incoming lot of
fibers, and fiber properties were verified on these units (duly
scaled) before committing to a full-sized unit. Experience has
shown that lot-~to-lot variation for the fibers can be high, but
that good consistency is realized with a given lot. The GM-80
fibers for the bacterial retention unit and the SM-I fibers for
the heat rejection unit were within specification on the first
try. The first two lots of SM-96 fibers for the deaeration unit
displayed too high a flux; the third passed.

After potting the fibers (by proprietary technlque), the finished
modules were permeation tested. As a double check, all units
were also leak tested by Amicon's standard in-house procedure,
i.e., permeability to two million molecular weight, color-tagged
polysaccharide (blue dextran pharmacia). Membranes which passed
water but sieved out the blue dextran were known to be integral
and free of leaks. An extra deaeration unit had to be made be-
cause one of the first two failed its permeation test because of
a leaky fiber.

The heat rejection module containing the screen spacers was con=-
structed by threading the individual fibers through the screen
spacers to form a spaced subassembly which was potted into the
sleeve in the same manner as the other modules. The resultlng
‘matrix was very Lnlform, but many fibers were damaged.in the = = -
threading process causing leaks. Attempts to seal off the damaged
fibers were not successful so che unit could not be subjected to
heat rejectlon testlng

Three 1ndlv1dual hou81ng assemblles were manufactured to prov1de
a separate housing for each of the applications, thereby allowing
the potential of completely independent testing. Figures 41, 42,
and 43 ars photographs of the bacteria filtration hardware, de—
aeration hardware, and heat rejection hardware, respectively.
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BREADBOARD DEVELOPMENT TESTING

The objective of this task was to cobtain data to allow verifica-
tion of performance, evaluation of off-design conditions, verifi~
cation of control modes, and the establishment of feasibility of
the application. For each of the approved functional applications
such as the bacteria f£iltration, dissolved gas deaeration, and
heat rejection, a breadboard test was performed according to the
Hollow Fiber Membrane Systems Test Plan included in Appendix B,
In addition, a vibration test was conducted on a heat rejection
HFM module to.demonstrate that hollow fiber membranes are capable
of withstanding exposure to vibration levels eduivalent to the
current Spacelab ECS qualification level.

Discussion of the Breadboard Development Testing task has been
divided into three sections: Development Test Rationale, which
presents the rationale for selecting the parameters to be tested;
Development Testing, which presents the actual data obtained from
the test program; and Test Evaluation, which evaluates the test
results and generates parametric data for use in sizing hollow
fiber membranes for subsequent application.

DEVELOPMENT TEST RATIONALE

BACTERIA FILTRATION

The purpose of the bacterial retention testing was to determine
the capacity of the ultrafiltration canister to pass distilled
water under a pressure gradient and, likewise, to retain bhac-~
terial and viral species.

Testing was to simulate an acute (or "single shot") situation
with no attempt to determine filter life characteristics, If
extended usage is anticipated, life testing will be required to-
see if flow will deteriorate due to pluggage or whether microor-
ganisms which were originally retained by theée membrane would
eventually permeate.

 Bacterial and viral agents were selected to be. representatlve, _
not exhaustive, Since membranes reject on the basis ¢f the size
of the material to be rejected, it was believed that a repre-
sentative distribution of bacterial sizes was most appropriate.
For these tests all bacterial strains had. traceable ATCC numbers,
and all viral strains had traceable VR numbers. ' Psetudomonas -
aeruginosa was selected over pseudomonas diminui, even though the
latter is smaller, because the former is more commonly encountered
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and more often used as a reference molecule in the biological
literature. In keeping with the representative nature of the
study, retention of spore, fungi, and lichen were not gquantitated,
although it would appear that, so far as acute considerations are
concerned, their retention could be inferred with reasonable
certainty from the viral retention data.

DEAERATION

The purpose of the deaeration testing was to show the capability
of the selected hollow fiber membrane unit to remove dissolved
gas from a water stream. Dissolved oxygen was used in this test
because of its adaptability to analysis.

Deaeration development tests were conducted with a representative
hollow fiber membrane assembly containing 1,804 Amicon SM-96
fibers. Both proof pressure and leakage/permeation tests were
run as quality control checks. Development performance data was
obtained to determine the effects of water flow, chamber vacuum
level, and dissolved oxygen concentration on deaeration perfor-
mance. Originally, these data were intended to characterize
solute diffusion through stagnant water contained in the membrane
wall. Later, the data served to define characteristics which
were apparently representative of solute diffusion through a
flowing laminar stream inside a tube, Flow was varied between
6.3 .and 28 g/hr—tube (0.014 and 0.061 lb/hr-tube) H20, while dis-
solved oxyagen was varied between 7 and 32 g/m3 (7 and 32 mg/l).
Oxygen was utilized as the gaseous solute for all tests because
of the relative ease and accuracy in determining its solution
level with the available analysis equipment. Other gases would
be expected to follow precisely the performance characteristics
demonstrated in this test.

' HEAT REJECTION

The heat rejection testing was performed to demonstrate that the
selected hollow fiber membrane unit can provide a viable evapora-
tive heat sink. ' ' o

Membrane evaporator tests were defined to confirm conclusions
reached during the Applications Study which predicted performance

" variation was a function of wall thermal conductance, In addi-
tion, the effects of module leakage/permeation level, which
determines the unit's minimum heat rejection capacity on maximum
+thermal performance, was to be characterized. The units selected
for test were 275 Amicon SM~I fiber assenblies specially selected
by the manufacturer for low permeation. '
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Water flow was varied between 0.08 and 0.5 kg/hr-tube (0.18 and
1.1 lb/hr-tube), inlet water temperature between 13 and 32°C

{55 and 90°F), and chamber vacuum between 1.2 and 1.3 kPa (8.6
and 9.8 mmHg). This is equivalent to an evaporant sink tempera-
ture between 8,9 and 10.9°C (48 and 51.7°F).

DEVELOPMENT TESTING

BACTERIA FILTRATION

Following fabrication of the test modules, a proof pressure test
and a leakage/permeation test were conducted on each of the two
units, P/N 70087Gl, S/N 001 and S/N 002, to insure the integrity
of the fibers and modules, Upon completion of the leakage/per-
meation test, the S/N 002 module was placed in a holder and
subjected to a pressurized challenge solution in which bacteria
agents had been injected. The ultrafiltrate which had passed
through the membrane was collected and cultured to determine any
presence of bacteria in the solution. The complete absence of
bacteria in the ultrafiltrate would demonstrate successful per-
formance of the unit. Upon completion of the bacteria challenge
test, the 5/N 002 module was sterilized and then subjected to a

' pressurized challenge solution in which viral agents had been
injected. The ultrafiltrate which had passed through the membrane
was collected and cultured to determine any presence of virus in
- the sclution. The complete absence of virus in the ultrafiltrate
would demonstrate successful performance of the unit.

Proof Pressure Tesit

Each of the test modules was placed in a holding fixture and
plumbed according to Figure 44. With the module outlet closed,
nitrogen pressure was slowly raised to an internal pressure of
124 kPa gauge (18 psig) and held for a minimum period of ten
minutes. A visual observation showed that there was no rupture
of the fibers or physical damage to either module.

-Leakaye/Permeation Test -

With each module still plumbed in place per Figure 44, nitrogen
pressure of 68.9 kPa gauge (10 psig) was slowly applied and held
for 20 minutes. The leakage rate was measured by collectlng the
permeate in a gas collection bottle and found to be Wlthln ths
tolerance established in the test plan. : .

The modules were tested for pressure droP versus water- flow -

characteristics using the setup of Figure 44. Water was flowed
through the module at various driving pressures and the permeate
flow rate recorded. Test results are shown in Table: XII, -
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' FIGURE 44 PROOF PRESSURE AND LEAKAGE/PERMEATION TEST SETUP
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Subsequent to Bacteria/Virus testing and sterilization, the S/N
002 unit was retested for pressure drop versus permeate flow
using the setup of Figure 44. These results are also shown in
Table XII.

Tabhle XII
Bacterla Flltratlon Leakage/Permeatlon Test
, ‘ Permeation
C HFM Unit. Condition Pressure Fluid Rate
- 70087G1 Pre-Bacteria 68.9 kPa gauge N2 0 em3/min
s/N 001 ; (L0 psig) N
70087GL Pre-Bacteria 68.9 kPa gauge N2 0 cm3/min
s8/N 002 (10 psig) '
70087G1 - Pre-~Bacteria 20.7 kPa gauge - Hp0 170 cm3/min
S/N 002 {3 psiqg)
70087G1 Post-Bacteria 34,5 kPa gauge = H20 126 cm3/min
s/N 002 ’ - (5 psig) - ' s T
70087G1 Post-Bacteria 68.9 kPa gauge H20 250 cm3/min
5/N 002 . (10 psiqg) : : .
70087GL Post-Bacteria 103.4 kPa gauge H20' 376 om3/min
s5/N 002 {15 psig) '
7008761 Pre-Bacteria 6.9 kPa géugé  H0 iOS.dm3/min
S/N 001 (1 psig)
70087G1l = Pre-Bacteria 13.8 kPa gauge ~ Hp0 208 cm3/min
S/N 001 {2 psig) '
70087Gl Pre-Bacteria 20.7 kPa gauge Hp0 307 em3/min
S/N 001 : L _ {3 psig) - : o C

Bacteria/Virus Filtration

The hollow. fiber. membrane module, P/N 70087GlL S/N 002, was placed
in the bacteria filtration fixture as illustrated in Figure 45.
- ‘A challenge solution ‘containing the bacterial agents and concen-
 trations listed in Table XIII was formed by injecting suitable

quantities of bacteria into the reservoir. The challenge solu=-. -

tion was pressurized with nltrogen to 10 psig and allowed to pass

- through the membrane walls. The ultrafiltrate solution was cul-

__»tured and analyzed for the presence of any of the bacterla agents. 1
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TABLE XTIT
BACTERIA CHALLENGE SOLUTION AND ULTRAFILTRATE

Colony Count per cm3

_ Challenge Fluid Ultrafiltrate
Agent {(Upstream) {Downstream)
Pseudomonas Aeruginosa 106 ¢
Escherichia Coli 106 0
Staphylococcus Aureus 106 ¢
- Streptococcus Pyrogens 106 g
Klebsiella Species 106 0
Proteus Vulgaris o 166 0
Salmonella Typhosa 106 0
TABLE XIV

VIRUS CHALLENGE SOLUTION AND ULTRAF ILTRATE

Plagque Count per em3

Challenge Fluid Ultrafiltrate
Agent . (Upstream) (Downstream).
Coxsackie Virus A4 104 0
Echo Virus #2 104 0
Adenovirus-Human . ' 104 0
Herpes Simplex 104 0
Vacinnia - - 104 0
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The hollow fiber membrane module was sterilized, and the process
was repeated for virus agents listed in Table XIV, followed by
culturing and analvsis of the ulitrafiltrate solution. The results
for the bacteria testing is listed in Table XIII, and the results
for the virus testing is listed in Table XIV. Appendix C contains
the Technical Report issued by the Microbiological Laboratory.
Following the test, the module was sterilized and stored in an
airtight container. The significance of the test results will be
discussed in the following section.

DEAERATION

The candidate modules, B/N 70087G3, S/N 001 and S/N 002, were
successfully proof pressure tested and leakage tested following
manufacturing to insure the integrity of the fibers and modules,

The test module, S/N 002, was placed in the Rig #8 Vacuum Test
Chamber in the Space Systems Department Space Laboratory.

Oxygen enriched water was allowed to flow in various quantities
through the membrane in the vacuum environment. Samples for
analysis taken from the inlet and outlet of the test module pro-
vided evidence of the degree of deaeration.

Proof Pressure Test

Each test module was placed in a holding fixture and plumbed ac-
cording to Figure 44, Pigure 46 shows the actual test apparatus.
Distilled water was allowed to flow through the membrane, and the
outlet was closed. The water pressure was slowly raised to an
internal pressure of 124 kPa gauge (18 psig) and held for a period
of 10 minutes. A visual observation showed that there was no
rupture in the fibers or physical damage to either of the modules.

lLeakage/Permeation Test

With each module still plumbed in place per Figure 44, the water
pressure was slowly increased to 68.9 kPa gauge (10 psig) and
held for 20 minutes. Water leakage through the membrane was
collected and measured during that time. Test results, shown in
Table XV, indicate that the unit was within the tolerance set
forth by the Test Plan and was suitable for deaeration testing.
The above tests were performed following manufacture and also
priar to the dissolved gas deaeration test.
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TABLE XV
DEAERATION LEAKAGE/PERMEATION TEST
HFM Unit Fluid Pressure Time Permeation Rate
70087G3 Hp0  68.9 kPa gauge 20 min 1.45 em3/min
S/N 001 (10 psiqg) :
70087G3 H30 68.9 kPa gauge 2J min 1.00 om3/min
S/N 002 _ (10 psig)
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Deaeration of Dissolved Oxygen Test

The hollow fiber membrane module, P/N 70087G3 5/N 002, was placed
in the holder located in the vacuum chamber of Rig #8 and plumbed
as shown schematically in Figure 47. Figure 48 shows the actual
Rig #8 test setup, and Figure 49 shows a close-up of the module
in the vacuum chamber. The supply water, which was at room
temperature, was highly saturated with oxygen by bubbling 42
cm3/min through a sparger at 165 kPa abs (24 psia). This method
provided a concentration up to 32 g/m3 (32 mg/liter) of dissolved
oxygen in the supply water. The chamber pressure was reduced to
3.5 kPa abs (0.5 psia), and the water allowed to flow through the
membrane at the rate of 45.4 kg/lb (100 1lb/hr). A sample of the
outlet water was taken, and the remaining dissolved oxygen
analvzed by the Azide Modification of the Winkler Method. The
flow was reduced to 22.7 kg/hr (50 lb/hr) and 11.3 kg/hr (25
1b/hr) respectively with an outlet water sample taken at each
condition for analysis. The chamber pressure was then reduced to
2.1 kPa abs (0.3 psia), and the flow restored to 45.4 kg/hr (100
lb/hr). A sample of exit water was taken and analyzed for re-
maining oxygen. The results of the analyses are recorded in
Table XVI. The significance of the test results will be dis-
cussed in the following section.

HEAT REJECTION

The test modules, 2/N 70087G2, S/N 001, 8/N 002, and S/N 004,
were submitted to proof pressure tests and leakage/permeation
tests after manufacture to insure the integrity of the fibers and
modules,

Heat rejection testing was performed by cirxculating water at
various temperatures and flow levels inside the hollow fibers of
the module which was placed in the Rig #8 wvacuum chamber. The
evaporation which took place through the membrane lowered the
temperature of the exit water. Measurements were taken after
each test condition had stabilized.

Proof Pressure Test

Each test module was placed in the pressure/leakage test fixture
shown schematically in Figure 44 and the water lines plumbed
accordingly. Figure 46 shows the actual test apparatus. The
pressure in the water tank was slowly raised to 124 kPa gauge (18
psig) and held at that pressure for a minimum of 10 minutes.
Visual observation showed that there was no rupture in the £ibers
or physical damage to the module.
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TABLE XVI

SVHSER 7100

DEAERATION OF DISSOLVED OXYGEN TEST RESULTS

‘Module 7005763 S/N 002

Flow . . Diss.

02 Removed

_ o 02

kPa abs (psia) kg/hr (Ib/hr) - g/m3 (mg/1) - g/md (mg/l)
3.4 (0.5) 45,4 (100) 7 (7)) 2 (2)

. 3.4 (0.5) 22.7 . (50) 7 (7) _ 2 (2
3.4 (0.5) 1.3 (25) 7Ty 3 (3y
2.1 (0.3) 45.4 (100) - 7 AT 3 (3)
3.4 (0.5) 45.4 (100) ' 13 (13) 4 (4)

S 3,4 (0.5) .0 - 22.7°.(50). 0 . 13 (13) 5. (5)
3.4 (0.9) 1L.3(25) 13 (13) Y AT
2.1 (0.3) 45,4 (100) 13 (13) 4 - (4)
3.4 (0.5) 49,9 (110) 30 (30) 0 (0)

3.4 {0.5) - 22.7  (50)- - 30 (30) 4 (4)
3.4 {0.5) 11.3 (25) ° 30, (30) 14 (14)
2.1 (0.3) 49.9 (110} 30 (30) 3 (3)
3.4 (0.5} 49.9 (110} 32 (32) 11 (11)

- 3.4(0.5) 22.7 - (50) .32 (32) 14 (14)
3.4 (0.5) 1i.3  (25) ' 32 (32) 19 (19)
2:1 (0.3) 49.9 (110) , 32 (32) 11 (11)
3.4 {0.5) 49.9 (ll0) 21 (21) 4 (4)
3.4 (0.5) . w2207 C(50) ¢ .. -21-(2L) 05 ({5) .
3.4 (0:5) 11.3  (25) 21 (21) ~10° (L0)
3.4 (0.5) 49.9 (110) 21 (21) 3 (3
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Leakage/Permeation Test

' With each module still plumbed in place per Figure 44, the water
-pregsure was slowly increased to 68.9 kPa gauge (10 psig) and
held for 20 minutes. Water leakage was collected in a graduate
and found to be within acceptable limits. Table XVII summarizes
the leakage/permeation test cesults,

Heat Rejection Test

Bach of the hollow fiber membrane modules, P/N 70087G2 S/N 001,
S/N 002, and S/N 004, was placed, in turn, in the holder inside
the vacuum chamber of Rig #8 and plumbed to the water lines as
shown schematically in Figure 50. Figure 51 shows the actual
test setup. The water tank was filled with distilled water at

' 18.3°C (65°F) and placed in' the environmental chamber. The pump
was started and water allowed to circulate at the rate of 136
kg/hr (300 1b/hr). The vacuum chamber pressure was reduced to
1.3 kPa abs (9,8 mmHg). When stability was attained, the inlet/
‘outlet temperatures and pressures were recorded. The flow was
then reduced in steps to 109 kg/hr (240 1lb/hr), 81.6 kg/hr (180
1b/hr), 40.8 kg/hr (90 1lb/hr), and 22.7 kg/hr (50 lb/hr) respec-—
tively. Temperature and pressure data were recorded when stabsl—
ity at each condition was attained. .

The chamber pressure was further reduced to 1l.14 kPa abs (8.6
mmHg), and the above flow levels were repeated with corresponding
data on inlet/outlet temperatures and pressures recorded. With
the chamber pressure remaining at 1.14 kPa abs. (8.6 mmHg), the
water temperature was lowered to 12.8°C (55°F), and the flow
conditions repeated. Data was recorded at temperature and pres-
sure levels when stability wag attained. Finally, the chamber
pressure was increased to 1.3 kPa abs (9.8 mmHg), and the water
temperature elevated to 32.2°C (90°F). Again, pressure and

_ temperature were read following equilibrium at each flow condi~
tion. The data for the above tests is presented in Table XVIII.
The significance of the test results will be dlscuseed 1n the
following section.

VIBRATION TESTING

The purpose of v1bratlon testing of the hollow flber membrane

module was to determine the effect, Lf any, of subjecting the
- module to the Spacelab ECS qualification level vibration spectrum.'

. "Pigure 52 shows the heat rejectlon module 70087G2 §/N 002 1n
place on the shaker head. Figure 53 shows the Spacelab ECS
gualification level specification with tolerance band. The test
duratlon tlme was ten mrnutes.

'.:113
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TABLE XVII

HEAT REJECTION LEAKAGE/PERMEATION TEST

 Fluid DPressure  Time  Permeation Rate

HpO . 68.9 kPa géugé 20 min  0.24 cm3/min
- (10 psig} '

H,0  68.9 kPa gauge 20 min  0.51 em3/min

(10 psiq)

. Hp0 . 68.9 kPa gauge . 20 min. . 0.88 om3/min.

(10 psig)
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Test Module: - 70087G2-001

TABLE XVII

Heat Rejection TestResults

Test Log No. 13904

(1.0).

{48.

( 810)

< W R -Pch T To . Q TA
kg/hr (Ib/br) kPa (psi) ~ kPa (mmHg) °C (°F) °C (°F) °C (°F) W (Btu/hr) W/°C (Btu/hr-OF)
118 (260) 227 (3.3) 1.31 (9.8) 10.9 (5L.7) 31.5 (88.7) 25.6 (78.0) 815 (2782) 46.77 (88.74)
109 (240)  20.0 (2.9)  1.81 (9.8 10.9 (51.7) 32.1 (89.8) 26.1 (78.9) 768 (2615 42.63 (80.89)
81,6 (180) 13.8 (2.0) - 1.31 (9.85) 11.1 (51.9) 32.2 (90.0) 24.5 (76.1) 783 (2502) 43.04 (B81.68)
-~ 40,8 (90)  5:5 (0.8) 1.32 9.9) 1.1 (52.0) 31.8 (89.3) 20.4.(68.8) 541 ' (1845) 37.83 (7L.79)
22.7 ('50y 4.1 (0.6). 1.8L (9.8) 10.9 (51.7) 31.6 (89.0) 17.0 (62.6) 387 (1320) 32.42 (61.51)
136 = (300) '38.6 (5.6) -1.14 (8.6) 8.9 (48.0) 12 (54,7) 11.7 (53.0) 149 ( 510) 46.26 (87.78)
109 - (240) - 28.9 {4.2) ~ 1.14 (B.6) 8.9 (48.0) 12 (54.4) 11.4 (52.5) 134 ( 456) 44.58 (84.60)
81.6 (180) 20.7 (3.0) 1.14 (8.6) 8.9 (48.0) 12.6 (54.6) 11.2 (52.2) 127 ( 432) 42.88 (81.36)
“40.8 (90) 13.8 (2.0)  1.16 (8.7) 9.2 (48.6) 13.3 (55.9) 11.1 (51,9) 105 ( 360) 87.64 (71.43)
22,7 (50) 5.5 (0.8) ‘1,14 (8.6) 8.9 (48.0) 13.8 (56.9) 10.3. (50.5) - 94 ( 320) 33.46 (63.49)
136 - (300) 84.5 (5.0) 1.14 (8.6) 8.9 (48.0) 11.7 (53.1) 11.2 (52.2) 79 ( 270) 30.67 (58.19)
109 © (240) 31.7 (4.6) 1.14 (B.6) 8.9 (48.0) 11.8 (53.3) 11.2 (52.2) 77 ( 264) 29.41 (55.81)
CB1,6 (180) 22.7 (3.3) 1.14 (8.6) 8.9 (48.0) 11.7 (53.0) 10.7 (51.2) 95 ( 324) 42.37 (80.39)
1 40.8 (90)  11.7 (1.7 1.14 (8.6)y 8.9 (48.0) 12.8 (55.0) 10.7 (51.2) 100 ( 342) 8".16 (70.52)
22,7 (50) 6.9 1.14 (8.6) 8.9 0) 13.8 (56.9) 10.4 (50.7) 91 3i.42  (59.62)
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TABLE XV Continued
 Test Module: 70087G2-002 ' Test Log No. 18727

W P Pch Ts T1 To Q UA

kg/hr (Ib/ar) kPa (psf) ~kPa (mmHg) °C (°F °C (°F) ©°% (°F W (Biu/hr) W/°C (Btu/hr-OF)
186  (300) 42.4 (6.3)  1.14 (8.6) 8.9 (48.0) 13.4 (56.2) 12.4 (54.4) 158 {540) 39.20 (74.38)
109  (240) 33.8 (4.9) ' 1.14 (8.6) 8.9 (48.0) 12.8 (55.1) 11.6 (52.9) 155 (528) 46.92  (89.03)

81.6-(180) 26.2 (3.8) 1.14 (8.6) 8.9 (48,0) 12.8 (55.1) 11.7 (53.1) 105 (360) 31.41 (59.60)
40.8:5( 90) 9.0 (1.8) 1.14 (8.6) 8.9 (48.0) 13.5 (56.3) 11.2 (52.2) 108 (369)  32.36 (61.40)
22,7 ( 50) 4.8 (0.7) " 1.14 (8.6) 8.9 (48.0) 13.2 (55.9) 10.4 (50.7) 76 (260) 28.31 (53.72)
186 (300) 41.3 (6.0) 1.31-(9.8 10.9 (5L.7) 17.8 (64.1) 16.3 (61.4) 237 (810) 38.84¢ (73.70)
109 (240) 81,0 (4.5) 1.28 (9.65) 10.7 (51.3) 17.7 (64.0) 15.9 (60.7) 232 (792)  38.08 (72.26)
81.6 (180) 22.0 (3.2) . 1.31 (9.8) 10.9 (5L.7) 17.8 (64.1) 15.6 (60.0) 216 (738) 38.09  (72.28)
40.8 (20) 9.0 (1.3) .1.29 (9.7) 10.8 (51.5) 18.2 (64.7) 14.3 (57.8) 182 (621) 35.08 (66.56)
22,7 (50) 5.5 (0.8) 1.31 (9.8 10.9 (51.7) 19.1 (66.3) 18.3 (55.9) 152 (520) 32.82  (62.28)

oy gﬂ% GHYONVIS NOLBHS

"s3 [+=3 11177 .
[lte o203 ]

(5.8) 1.14 (5.6)

136 (300) 40.0 8.9 (48.0) 18.2 (64.7) 16.3 (61.3) 299 (1020) 35.98  (68.27)
109~ (240) 29.6 (4.8) 1,14 (8.6) 8.9 (48.0) 18.2 (64.8) 16.0 (60.8) 281 (960) 34,39  (65.26)
81.6 (180) 22.0 (3.2) 1.14 (8.6) 8.9 (48.0) 18.2 (64.8) 15.4 (59.8) 264 (200)  33.52 (63.60)
40.8 ( 90) 10.3 (1.5) 1.14 (8.6) 8.9 (48.0) 18,8 (65.9) 14.1 (57.4) 224 (765)  30.54 (57.95)
22.7 (50) 5.5 (0.8) 1.14 (8:6) 8.9 (48.0) 18,8 (65.9) 12.5 (54.5) 167 (570) 26.70 (50.67)

186 (300) - 34.5 (5.0) 1.31 (9.8) 10.9 (51.7) 31.2 (88.1) 26.3 (79.4) 765 (2610}  43.19  (81.95)

109 (240) 24.9 (3.6) 1.31 (9.8) 10.9 (51.7) 81.1 (88.0) 25.6 (78.0) 703 (2400)  40.76  (77.34

81.6 (180) 17.2 (2.5) 1.31 (9.8) 10.% (51.7) 31.2 (88.2) 24.4 (75.9) 649 (2214) 38.98 (73.97)

40.8 (.80) 9.0 (1.3) 1.81 (9.8) 10.8 (51.7) 31.7 (89.0) 20.9 (69.7) 509 (1787) 34.56 (65.57)
1 9

9
22.7 (50) 4.1 (0.6) 1.81 (9.8) 10.9 (51.7) 31.9 (89.4) 17.6 (63.6) 378 (1290)  30.39  (57.67)

00T. YHSHAS
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TABLE XVII Continued

Test Module: 70087G2-004 Test Log No. 13717
' . _ & 14156
W P Pch _Ts Ty Ty Q ~ UA
kg/hr (Ib/hr) kPa (psi) kPa (mmHg) °C (Ym ©OC (OF) ©O¢’ (oF) W  (Biu/hr) W/OC (Biu/hr-0F)
136  (300y 35.8 (5.2) 1.14 (8.86) 8.9 (48.0) 12,8 (54.6) 11.2 (52.1) 220 (750) 75.31 (142.9)
109 (240) 27.8 (4.0) 1.13 (B.5) 8.7 (47.6) 12.2 (54.0) 13.0 (51.8) 455 (528)  53.28 (101.1)
8L.6 "{180) 21.4 (3.1) 1l.14 (8.6) 8.9 (48.0) 12.1 (53.8) 10.3. (50.6} 189 (570}, 76.10 (144.%)
40.8 ( 90y 10.3 (1,5) 1.14 (8.6) 8.9 (48.0) 12.8 (55.1) 9.9 (49.9) 137 (468) ° 62.61 (118.8)
22.7 ( 50y 7.6 (1.1) 1,14 (8.6) 8.9 (48.9) 13.9 (57.0) 9.7 49.5) 110 (875) 47.17 ( 89.5)
136 (300} 34.5 (5.0) 1.14 (8.6) 8.9 (48.0) 17.3 (63.1) 13.9 (57.0) 536 (1830) 81.84 (155.3)
109  (220) 25.5 (3.7) 1.15 (8.65) 9.1 (48.4) 17.6 (63.6) 13.6 (56.4) 506 (1728) 81.16 (154.0)
81.6 (180) 18.6 (2.7) 1.14 (8.6) 8.9 (48.0) 17.7 (63.9) 12.9 (55.3) 454 (1548)° 73.83 (140.1)
49.8 (90) 9.0 (1.3) L1.14 (8.6) 8.9 (45.0) 18.0 (B64.4) 11.1 (52.0) 327 (1118} 66.93 (127.0)
22.7 (50) 4.8 (0.7) 1.14 (8.6)" 8.9 (48.0) 18.9 (66.0) 9.9 (49.9) 236 (805) 59.23: (112.4)
136  (300) 33.0 (4.8) 1.31 (9.8) 10.9 (51.7) 17.3 (63.1) 14.5 (58.1) 440 (1500) 91.28 (173.2)
100 (240) 24.1 (3.5) 1.30 (9.75) 10.8 (51.5) 17.7 (03.8) 14.3 (57.8) 422 (1440) 84.58 (160.5)
81.6 (180) 17.9 (2.6) 1.31 (9.8) 10.9 (51.7) 18.0 (64.4) 14.0 (57.2) 380 {1296) 79.42 (150.7)
40.8 ( 90) 9.0 (1.3) 1.31 (9.8  10.9 (51.7) 18.6 (65.5) 12.5 (54.5) 290 (990) 75.62 (143.5)
22.7 ( 50y 4.8 (0.7) 1.81 (8.8)  10.9 (5L.7) 19.4 (67.0) 11.7 (53.0) 205 (700)  64.93 (123.2)
136 (300) 26.9 (3.9) 1.14 (9.6)  10.7 (51.2) 32.8 (9i.1) 23.4 (74.1)1494 (5100) 87.80 (166.6)
109  (240) 20.7 (3.0) 1.32 (8.9) 11.2 (52.1) 32.1 (89.7) 22.0 (71.6)1273 (4344) 83.06 (157.6)
81.6 (180) 15.2 (2.2) 1,31 (9.8)  10.9 (51.7) 31.8 (89.3) 20.3 (68.5)1097 (3744)  76.42 {145.0)
40.8 (90) 7.6 (1.1) 1.31 (9.8  10.9 (51.7) 32.0 (89.6) 15.9 (60.6) 765 (2610) 68.72 (130.4)
22.7 (50) 5.5 (0.8 1.31 (9-8)  10.9 (51.7) 32.3 (90.1) 13.1 (55.5) 507 (1730) 60.92 (115.6)
136 (300) 27.6. (4.0) 1,31 (9.85) 11.1 (51.9) 30.7 (87.3) 22.4 (72.4)1310 (4470) 86.38 (163.9)
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A leakage test was run on the module using the test setup of
FPigure 44 before and after vilbration testing to uncover any
structural change that occuryed to elther the flbers or the
module,

Figures 54 and 55 show the fregquency response at point C and D
respectively, as defined by Figure 52. These figures show that
the vibration was introduced to thé module with minimum amplifi-
cation or attenuation. Vibration was conducted in one axis only,
the axis perpendicular to the fiber orientation. The second axis
is identical to the first, i.e., perpendicular to the fiber

- orientation, and the third axis, coincident with the fiber orien-
tation, was judged significantly less severe than the first two
axes,

Upon completion of vibration testing, the module was visually
examined, and no damage was noted.

Post vibration leakage was measured at 0.15 cm3/min of H20 at
68.9 kPa (10 psi) pressure differential, sufficiently close to
the previbration leakage of 0.1l4 cm3/m1n of H20 at 68.9 kPa
(10 psi) pressure differential to conclude that no internal
damage occurred. . This leakage is transmembrane permeation; a
broken membrane would ‘ncrease the leakage rate significantly.

TEST EVALUATION

The hollow fiber membrane hardware evaluated and tested during
the conduct of this program represents new components with viable
potential in manv applications. An understanding of the heat
and/or mass transport phenomena which dominate a particular new
process is necessary to conceive new applications and to permit
accurate scaling of development data to a new situation. Tailor-
ing the material and structure configuration to a desired end
permlts even more flexibility in design optimization for achiev-
ing characteristics compatible to a potential application.

Analytical models correlating acquired data to published rela-
tionships are a valuable aid in this development process.. The
three applications selected for test are excellent examples of
the many and varied performance characteristics obtainable with
HFM technology. The results of this development testing has
shown that: I A * o o

- fThe Romicon GM-80 bacteria filter can be sized based on
laminar transmembrane flow. -

121
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- Amicon's SM-96 unit finds excellent application as a deaera-
tor with sizing governed by dissolved gas diffusion from the
fiber f£low stream to the inner fiber (membrane) wall.

- Heat rejection by water evaporation from the Amicon.SM-I
unit is determined by heat transfer, at active sites in the
fiber wall, through the wall thickness itself, and through
the laminaxr film within the flow stream. Control of the
number and distribution of active sites can be enhanced by
post-manufacturing treatment.

~ The heat rejection unit containing Amicon SM-I 0.051 cm {20
mil) polysulfone fibers can withstand current Spacelab ECS
vibration qualification levels without sustaining structural
damage to the fibers or the module.

BACTERIA FILTRATION

The GM-80 unit was completely retentive to bacteria and virus on
a single shot or acute basis. Bacterial retention had been ex-
pected and predicted, and program work was confirmatory. How-
ever, viral retention by such a high flux membrane is a new dis-
covery and represents one of the major contributions of this
program to separative membrane technology.

Transmembrane pressure drop is shown in Figure 56. These data
are correlated by laminar flow relationships. Initial difference
in transmembrane flow between S/N 001 and S/N 002 is due to nor-
mal production variaphility and is anticipated for this product.
The increased flow resistance of S/N 002 after test and sterili-
zation was unexpected however. Pressure drop morse than doubled;
possibly due to the sterilization process or pluvgage from the
filter performance test (conducted prior to sterilization). Data
relating pressure drop to performance life are required to sepa-
rate these effects. In any event, the huge bacteria dosages
utilized during testing are many orders of magnitude greater than
those anticipated during actual mission usage where we are re-
taining random bacteria, and reusage after sterlllzatlon was not
considered a reguirement.

The pressure drop/flow performance for both units, as shown in
Figure 56, meets the predicted value. Further testing would be
reguired to evaluate sterilization cycles versus life effects if

 sterilization becomes a realistic requirement.
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DEAERATION

Inltlal attempts to correlate the deaeration test results to
relationships describing gas diffusion through stagnant liquid
{as would be the case for ligquid in the wall pores) were not
‘encouraging. Data scatter is definitely a concern to this eval-
uation, but an overriding factor present throughout the analysis
is. an unpredicted variation in diffusivity with flow rate. BAs
£low through the tubes increases, oxygen transport tends to in-
crease. Figure 57 demonstrates this trend where oxygen through-
put has been normalized by the average oxygen concentration in
solution. . Normalized flow was anticipated to be constant over
the rangs of test flows.

These data have dlrected our thoughts to diffusion within the
flow stream inside the tube with the strong potential that much,
if not all, of the tube wall porosity is void of liquid. Since
the dissolved gases represent verv small concentrations in the
liquid phase, diffusion within the laminar stream can be a con-
trolling parameter. Therefore, added diffusional resistance
through liquid in the tube wall would only retard performance,
and an optimum design would utilize a hydrophobic membrane with
no water in the wall porosity. Gas pressure drop through the
pores is negligible due to the extremely low mass flow rate and
can be considered negligible in the analysis. This conclusion
was substantiated when variation in the downstream or chamber
vacuum pressure level had no perceptable effect on performance.

Diffusion through a laminar flow will be described by

Effectiveness, E = (] - C2 = ¢f ﬁ x
Ci1 - Cy L

where the molar concentration, C, is for dissolved oxygen at the
inlet, outlet, and tube wall conditions. Since tube length, L,
was constant for this test series, its effect on performance
could not be confirmed. There is no reason to suspect, however,
a condition not predictable from the above relationship. Figure
58 presents the data results in terms of component effectiveness
versus mass flow rate. Data scatter remains distracting, but

the effect of flow variation becomes more obvious. Extrapolation
to new designs can be made using this figure as follows:

Requirements:
Water Flow: 18.1 kg/hxr (40 1b/hr)

'Unit-Preséure'Drop: 34 kPa (5 psi) maximum
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Feedwater Saturation: 37°C and 101 kPa (98 6°F) and
14.7 psia) (Cozy = 9.92 x 10-7 g-moles/cm3)

Product Water Saturation: 4.4°C and 23 kPa (40°F and
3.35 psia) (Cog, = 4.19 x 10~7 g-moles/cm3

E = (C1-- Co
= e

= (9.92 - 4,19) 10-7 = 0.58
- (9vez o) 107

From Figure 58,

W = 5.9 g/hr-tube (0,013 lb/hr-tube)
Number Tubes Required = 40 = 3077 tubes
: 0.013

From'Figure 59,
Unit AP = 6.89 kPa (1.0 psi)

This particular design could benefit substantially from a longer
tube. Doubllng the active length, for example, cuts the tube
requlrement in half and only raises pressure drop to 15 kPa (2.2
psi).

HEAT REJECTION

In sizing a system to accomplish the maximum desired heat rejec-
tion rate, consideration muast be directed also toward performance
at minimum heat rejection rate. For the HFM, the minimum heat
rejection rate should exceed the heat of vaporization available
from the transmembrane leakage to preclude ligquid buildup on the
downstream side of the membrane. A minimum thermal load of 117 W
(400 Btu/hr), equivalent to 170 cm3/hr leakage, has been selected
for design purposes.

To accomplish this relatively low leakage rate, units were espe-
cially selected during manufacture to be at the low end of the
leakage spectrum. Units tested during the Applications Study
phase had a leakage of 0.66 cm3/hr-tube at 68.9 kPa (10 psi) AP,
while the units tested during this Breadboard Development phase
had leakages between 0.052 and 0.13 cm3/hr-tube.
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Heat rejection test results are shown in Figure 60. Since thesg
were half size assemblies, the minimum anticipated result was a
UA of 8l.2 watts/°C (154 Btu/hr-°F) at 54.4 g/hr (120 1bs/hr),
considerably above the 34.3-36.2 watts/°C (65-70 Btu/hr-°F)
actually experienced with S/N's 001 and 002. At this point, it
was recognized that the relationship between thermal conductance,
UA, and leakage, postulated during Applications Study Analysis,
was producing the reduced performance. §S/N 004 was treated with
a surfactant solution and performance increased (Figure 60) to a
level above that acquired during the Applications phase, while
S/N 004 leakage was increased from 0.13 cm3/hr-tube to only

0.19 cm3/hr-tube. We can now conclude that leakage is only a
secondary factor in predetermining heat rejection - increased
leakage tends to associate with increased heat transfer, but
other stronger factors are dominating.

The polysulfone material apparently is slightly hydrophobic and
will only pass water (transmembrane) through some large range of
pore diameter at 68.9 kPa (10 psid). In the "as-received" con-
dition, smaller pores remain void of ligquid and contribute little
to the heat transfer mode due to excessive steam flow restriction
and back pressuring. Treatment with surfactant has permitted
additional (and maybe all) of the pores to be filled with water. O
Although the pore contains water, surface tension at the discharge
boundary or fiber 0.D. apparently prevents hydrostatic leakage.
Evaporation is not hindered, however, and makeup water will con-
tinue to flow into the wetted pore so that heat transfer perfor-
mance is substantially improved. As long as the membrane assembly
is not allowed to dry out (a condition requiring-retreatment with
surfactant), heat transfer performance will remain stable at the
elevated performance. Treatment with surfactant has provided the
means to minimize leakage and comply with minimum heat load
requirements while maintaining sufficiently high performance
potential to favorably trade off the system.

Prior analyses had concluded that the liquid film thermal resis-
tance could be considered negligible in the system, especially at
flows above 0.45 kg/hr-tube (1 lb/hr-tube). The data of Figure
61 indicate some contribution from f£ilm resistance - witness the
increase in UA, or lowering the f£ilm thermal resistance, with
increase in flow. Analysis of these data would produce liquid
conductances, hA, approximately one~half predicted values. This
would correlate the thesis that poor pore distribution would ef-
fectively reduce heat transfer area below the apparent value of
the assembly. Extrapolation of test unit performance to other
configurations or performance points must consider. both wall
thermal conductance, KA/AX, and £ilm conductance, hA. Unit
sizing should be based on the pressure drop of Figure 62 and the
thermal performance of Figure 61.
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As an example, we will size a unit to meet the following Shuttle
EMU EBvaporator requirements:

Coolant Flow: 109 kg/hr (240 1lb/hx)
Unit Pressure Drop: 4.8 kPa (0.7 psi)

Heat Rejection: 879 W (3000 Btu/hr) maximum
120 W (400 Btu/hr) maximum

Coolant Outlet Temperature: 11.4°C (52.5°F) maximum

Select a sink temperature = B.9°C at 1.13 kPa
(48°F at 8.5 mmHg)

92
Wep

-

ATLCa

il

(3000) = 6.9°C (12.5°F) A
(240) (1.0)

Coolant Inlet Temperature = T2 +AT

{52.5) + (12.5)

T1 = 18.3°C (65°F)
Membrane ATy, = T3 - T2
In 7 - Tq
Ty - Tg
= (65) = (52.53) = 5.2°C (9.4°F)

in (65) — (48)
_(52_.5_) - {48}

UArequired = Q
ATin

= '(3000) = 168 W/°C (319 Btu/hr-°F)
(3.4

From Figure 62:

Water Flow = 0,079 kg/hr-tube (0.175 1lb/hr-tube)
at 4.8 kPa (0.7 psi)

Nﬁmbet'ef tubeé'reqUired = ;240.' = 1371 tubes
ST ' 0.175
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From Figure 61:

UA = 0.22 W/°C~tube (0.42 Btu/hr-°f-tube)
at 0.079 kg/hr-tube (0.175 1lb/hr-tube)

Actual UA = (0.42) (1371) = 304 watts/°C (576 Btu/hr-°F)

Water pressure drop is controlling in this design, and a substan-
- tial margin of safety (81%) is provided in the thermal performance.
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B-1 INTRODUCTION

It is the purpose of this section to review and summarize the many technologies
involved in the production and use of hollow fiber membranes. This appendix
includes polymer chemistry, film forming materials, fiber production (including
hollow fibers), transport of liquids, vapors and gases through barriers which may
be porous or non-porous solids, homogeneous gels or erystalline materials or
combination of these in the form of anisotropic materials.

This information serves as a starting point for the conduct of this hollow fiber mem-
brane program, and is drawn largely from data compiled by Hamilton Standard
Division (and United Airevafi Corporation as a whole) over the past fifteen years
during which research and development programs were carried out involving separa-
tions of liquids, gases and solids and for which membranes of various sorts were
considered or used. Specifically, these UAC programs have involved the use of
active or passive semi-permeable membranes for separation of gas mixtures such as
COg, from Og and Ng, Hy from CO and CO2, Og from Ng, and Hg from Qg; separa-
tion of gases from liquids; separation of liquids from soluble and insoluble solids
{(such as the purification of contaminated water by reverse osmosis (hyperfiltraticn).

The membrane materials examined during these studies included regenerated cellulose,
cellulose acetate, polyacrylonitrile, polyvinychloride, and silicone rubhber. In
general, flat membranes were formed and used, but in a few cases hollow fiber mem-
branes were obtained and tested. Ultra thin flat membranes were also produced and
tested after transfer to a support material, In addition, membranes containing ma-
terials added to permit facilitated transport of hydrogen and oxygen gases were pro-
duced and tested.

During this period of time Dr. K. Kammermeyer, a recognized expert in the field
of {ransport through membranes, serves as a consultant fo Hamilton Standard, and
bre, H. Eyring, H. Mark, M. Szwarc, and I. Miller acted as consultants for
United Aireraft Corporation,
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B-2 GENERAL

The term "membrane" includes all configurations of materials which serve as an
interface between two fluids and across which liguids or vapors and gases may be
transported. A crucial condition is that this interface or membrane must be a
partial barrier to transport between the two regions,

Included within the scope of the term, as used, are porous plates through which

liquids or gases are transported by hydrodynamic flow, and films through which
only diffusive transport can occur. Since it is unlikely that perfect exampies of

these two extremes actually exist, it may be expected that all "real" membranes
will permit transport, to some degree, by both hydrodynamie flow and diffusive

processes.

Usually the membrane is a thin film. Because both organic and inorganic polymeric
materials can be shaped into a2 wide vaviety of forme with tailored macromolecular
morphology, good physical properties, a wide range of chemical properties, and

a fair degree of physical and chemical stability, they represent the principal

supply of available membranes. Implicit in the concept of membranes is selectivity.
Although the transport of a single material in a polymer is a valid subject of study,
the search is for finer and sharper differences in fransport.

Transport through membranes has been observed and studied for the past 140
or so years and the results of such studies has accounted for approximately

30, 000 publications in areas covering membrane preparation, characterization,
experimental phenomena, mathematical and thermodynamiec analysis, biological
studies, separation processes, and commercial equipment.

Types of Membranes

It is convenient to consider three types of membrane structures classified by the
mode of transport through the membrane wall. '

1.  Microporous membranes have a structure that enables fluids to flow through
them according to the normal equations of hydrodynamics. The effective pore
size is at least several times the mean free path of the molecules in the fluids,
namely from several microns down to about 100 A,

2. Molecular diffusion membranes lie at the other extreme and have a structure
in which the transported molecules individually dissolve. Extruded plastic
- films, metal foils, films cast from "'good" solvents, and glasses normally
will yield membranes of this type. Strictly speaking, one should not speak
of "pore size" for the structure of this class of memhbranes.
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(Continued)

3. Ultra filter membranes are an intermediately siructured type in which trans
port is partially by a porous mechanism, but membrane-peneirant interactions
are also important. To describe the transport hydrodynamically, the equations
must be modified since the effective pore size is comparable with molecular
size. If one starts from solubility considerations, one generally sees the
influence of a tailored morphology. Regenerated cellulose, polyelecirolyte
complexes and membranes made from leached defect structures fall in this
intermediate class. The effective pore size of these membranes is usually
from 7 to 50 A, . Obviously the mode of transport through a given membrane
depends on the size of the molecules being transported in relation to the miero-
structure of the membrane,
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B-3 HISTORICAL

The transfer of materials across cell walls was an early area for study by biologists
of the 19th century. These same early investigators also experimented with every
type of membrane available in studying the phenomena associated with colloids.

For these studies of osmosis, natural membranes such as animal intestines and
peritoneal membranes were extensively used. Later, artificial membranes were
developed. Examples of these were the inorganic gel-like material deposited in

a porous ceramic tube used in classical studies of osmosis by Pfeffer and the some-
what later membranes of parchment and of nitrocellulose used for studies in
dialysis.

This latter material was devoloped during the early years of the present century
and represents a start in the study of permeation and separation using synthetic
membranes. Separations were primarily on the basis of molecular weight or
particle size and the use of membranes of this kind provided a means for purifi-
cation of crude invertase solutions in pioneer work in enzyme chemistry.
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B-4 MEMBRANE REQUIREMENTS

The functional properties of membranes dominate their choice and use. Mechanical
properties are also important. A number of membrane processes related to present
intercests are summarized in Table B-1. In each, the porosity of the membrane,

or its morphology leading to effective porosity, is a erucial property. These
processes include: gas separations, pervaporation, pressure permeation (reverse
osmosis), dialysis and ultrafiltration. Not only must a morphology be achieved
which permits making the appropriate separation, but the membrane must he
reasonably stable {o temperature changes, have acceptable chemical resistance,
maintain its morphology during wet-dry cycling of permeants, and for some
processes maintain its micro-structure under severe pressure changes. The
membrane must be as thin as possible and, for applications associated with living
organisms, should be non~toxic.

Some of the important physical properties to be considered, when designing mem-
branes with long useful life, are tensile strength, tear strength, dimensional
stability over a wide range of thermal and chemical conditions, abrasion resis- .
tance, flexibility, resistance to stress cracking under wet-dry cycling, regidity
to withstand compaction in high pressure processes, toughness and morphological
stability.
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TABLE B-1
SUMMARY OF MEMBRANE PROCESSES
Driving
Procass Force Membrane Primary Flux Comment
filtration pressure  microporous solvent particuigte matter retaining by
sieving
ultrafiltration pressure  ultrafilier solvent colloids and large solutes retained
pressureper- pressure . solution-diffusion  selective transport for gases and liguids; called
meation of most mobile "yeverse osmosis” for solute removal;
componant diffusion coefficicnts constant in
membrang
pervaporation vacuum solution-diffusion  selective transport diffusion coefficients have gradient in

of most mobile
component

menibrane; downstream side dry
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B-5 SYNTHESIS OF ORGANIC POLYMERS

The organic polymers used in forming the synthetic organic membranes of interest
in separation processes, are produced by the chemical reaction of specific reactive
molecules. These molecules have the ability to form high molecular weight products
by either an addition process or by a condensation process.

Addition polymers are produced from monomer molecules which contain one or
more carbon-to-carbon double bonds. They may be produced using either a single
kind of monomer molecule or a mixture of kinds of monomer. The polymerization
may be pictured to occur as follows:

J

R R R R
X C=0C-—[-C-C—
R R R R/x

Typical products of this type of polymerization are:

polyethylene

poly (vinyl chioride)

poly {vinyl acetate)

poly acrylonitride

poly (methacrylic esters)
poly propylene

Condensation polymers are produced by reaction of two kinds of monomer compounds,
each of which are bifunctional, and the reaction is accompanied by the splitting out
of a by-product formed from part of each of the reacting molecules.

The polymerization can be pictored to oceur as follows:

A &

‘ch OH HN ;

R\ + R —
C - OH H-N
1" ‘R
0

o £

& it - :e 1 ¢

-——C—R—C-N-R—N———-) + HgO
X

Typical products of this type of polymerization are:
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(Continuéd)
Typical products 6f this; Ai‘:ype of polymerization are:

polyesters

polyamides

urea-formaldehyde resins
melamine-formaldehyde resins

Most of the examples ocited in the protluct listings represent polymeric materials
which are primarily linear polymers and could be formed into thin films (either
flat membranes or hollow fibers).

The actual conditions under which the polymerizations are carried out, determine
to a large degree the suitability of the products for membrane separation use.

The polymerizations can be carried out in bulk (the mpnomers in liquid form), in
solution in a solvent, or in dispérsion (finely dispersed in a non-solvent). The
reactions may be initiated by heat or by addition of chemical additives. Each
method has inherent advantages and disadvantages. Bulk polymerization results
in minimum contamination of the product but the reactions may be strongly
exothermic and the prbduct has a broad molecular-weight distribution with possi-
bilities of insoluble gel particles in the product.

Solution polymerization permits ready control of heat of polymerization but leads
to difficulties in complete removal of solvent and initiators.

Suspension polymexjization provides good temperature control but the finely-divided
particles of product polymer may be contaminated with dispersing agent and with
the initiators used for the reaction.

It can be expected that performance of membranes made with products from the
several polymerization processes will be different even though the gross products
are nominally the same. The molecular weight and molecular weight distribution
of the polymers are important factors in membrane performance. These factors
therefore must be considered in the development of a HFM for gas and liquid
separations,
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B~6 STRUCTURE OF FILM-FORMING POLYMERS

The ability of certain polymers to form fibers or films can be traced to several
structural features at different levels of organization rather than to any one partic-
ular molecular property.

For a complete description of fiber/film structure, three levels of molecular
organization must be considered, each relating to certain aspects of fiber behavior
and properties. Of prime imporiance is the organochemical structure, which
defines the structure of the repeating unit in the base polymer and the nature of
the polymeric link. This level of molecular structure is directly related to chemical
properties, moisture sorption, and swelling characterisiics, and indirectly
related to all physical properties. The next level of molecular organization is the
macromolecular structure which describes the family of polymer molecules in
tormas of chain length, chain-length distribution, chain stiffness, molecular size,
and molecular shape. Finally, the supermolecular organization provides a des-
cription of the arrangement of the polymer chains in three-dimensional space.
This level of molecular organization is particularly important in the natural fibers
which contain various aggregations of polymer chains that gre intermediate be-
tween the polymer molecule and the fiber.

The natural and man-made fibers/films have certain regions in which the molecular
chains are arranged in near perfect register, and where the laws of x~ray diffraction
are obeyed. In other regions the molecular chains are not ordered and may be
described as being in random-coil configuration. The two-phase crystalline-
amorphorous structure of film-forming polymers was for a long time the working
model used to interpret film properties. It was subsequently replaced by the
fringed-micellar model, wherein the sharp boundary between a crystalline and an
amorphous region disappeared in favor of a more gradual transitional region.

This concept was eventually formulated in terms of a lateral-order distribution
according to which structural regularity varies from the perfectly ordered or
crystalline state {o the completely disordered or amorphous state in a continuous
manner.

Regardless of whether films and fibers are visualized as two-phase systems
(crystalline and amorphous), as systems of continuously varying structural per-
fection (lateral-order distribution), or as single-phase crystailine systems with
imperfections and defects, the same general picture emerges: a polymeric-
substance with a high degree of three-dimensional structural regularity, An
important feature of this three-dimensional regularity is that the molecular
chains, or aggregates of polymeric chains, are preferentially oriented with
respect to the fiber axis. This orientation is induced in all man-made films and
fibers by various drawing processes during manufacture.
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(Continued)

In keeping with the struetural definition of films and fibers as semiecrystalline,
irreversibly oriented polymers, three general requirements of molecular structure
for film or fiber-forming polymers may be formulated. First, the polymer chains
must be linear rather than three-dimensional and must have relatively high molecular -
weight, There is no single value of molecular weight that can be given as optimum
sinee this depends iv & large extent on other structural factors. However, in general,
it appears that the chain length must be at least 1000 A, on the average, to be useful.
In the lower ranges of molecular weight the dependence of fiber and film strength,

for example, is quite pronounded; however, increasing the molecular weight above

a certain level does not reflect itself in increased strength.

The second general reguirement of polymer structure for useful film formation is
the degree of linear symmetry. The presence of large, bulky side groupson the
polymer backbone would hinder chain interactions by physically or sterically
preventing the chains from assuming the stable close-neighbor positions that lead
fo erystallinity and orientation. It is possible to obtain useful materials from
polymers where side gmoups are present by controlling steric regularity.
Stereoregular polymers such as isotactic polypropylene, are excellent film-forming
polymers since the methy! side groups are arranged in a dimensionally regular
manner along the backbone chain and therefore do not interfere with chain packing.

The third genefal requirement is one which considers the interaction among

polymar chains by control of molecular flexibility. In the absence of restraining
foreces, polymer chains would assume random-coil configurations and would not

be capable of either crystallization or irreversible orientation. The restraining
forces against random-coil formation may be the presence of specific intermolecular
cohesive forces such as ionic bonds, dipolar interactions, dispersion forces,

van der Waals forces, and hydrogen bonding.

A-10
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B-7 MANUFACTURE OF FILMS AND FIBERS

The polymeric materials suitable for film or fiber use are usually thermoplastic

and with relatively little cross-linking in the molecular structure. Tor these reasons
the actual formation of {ilms or fibers is normally carried out by extruding the
molten poiymer through dies or by casting or spinning solutions of the polymers

in selected solvents or mixtures of solvents.

The production of holiow fibers represents a sophisticated modification of solid
fiber production technology and is discussed in defail in the next section.

The forming processes mentioned for fiber production are known as melt spinning,
wet spinning and dry spinning. Historically, the last two methods preceded the

melt spinning process because most of the natural polymers available were degraded
at temperatures below their melting points and processing was only possib’e from
solution. (The process referred to as "spinning" in the manufacture of fibers
actually refers to the formation of fibers by extrusion. ) These processes were
initially developed for textile use,

In wet spinning, the solution of polymer is extruded through fine holes in a spin-

neret into a liquid coagulant which precipitates the polymer in a filameniary form.

In dry spinning, the solution is extruded into hot gas or vapor which rapidly evaporates
the solvent to leave filamenits. In melt spinning, the molten polymer is extruded

into cool gas or vapor, and its rapid solidification produces filaments.

A useful fiber does not recessarily result from the primary formation process.
When the polymer molecules have undergone little or no orientation during extrusion,
the resulting fiber is weak. To introduce ovientation, the filaments are stretched

or drawn immediately after extrusion or as a separate operation.

Although fiber strength is important, the process of molecule orientation may have
a detrimental effect on other properties. Permeability properties of fibers and

films are often decreased by excessive orientation.

Fiber Production

Spinnerets - The main spinning processes have one important item in common,
the spinmeret, which is a plate containing orifices through which the molten or
" dissolved polymer is extruded under pressure. For melt or dry spinning it is
made of stainless steel or a nickel alloy, but for wet spinning, if the spin bath is
corrosive, a precious metal such as platinum alloy or tantalum is used instead.
(Glass spinnerets have also been used in wet-spinning processes. For melt spinning,
the spinneret is a flat plate, flush with or recessed in its mounting whereas for
wet or dry spinning it is usually thimble shaped with the orifices in the end face
so that the spinneret projects a short distance into the liquid or gas. The
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spinnerets for use with molten polymers are relatively thick, on the order of
1/4 - 1/8 inch, and individual holes are in the range of 0. 007 - 0. 030 inches in
diameter, the wider end of the range being used for the more viscoelastic polymer

- melts. For use with sclutions the metal spinnerets ave thiner.

The number of holes in a spinneret may range from a very small number to many

thousands depending on the limitations of the specific spinning process.

The

arrangement is important, particularly where heat transfer controls the solidifi-
cation rate. Preferred patterns include rectilineal rows of holes, concentric
annuli, and irregular arrangements, the particular pattern being chosen to give
even cooling in all filaments or regular access of coagulant to the spinneret face..

For hollow [ibers, introduction of inert gas at the center of an orifice is effective,
Also effective is extrusion through an incomplete annulus since surface tension
forces cause the molten polymer to complete the ring. Only if the extruded
polymer is of kigh viscosity will the fiber retain the shape imposed in this way.

Spinneret hole size does not control fiber size. The size of a melt-spun or a
solvent-free solution spun fiber is controlled by two factors, the throughput
of polymer per hole (T, b/hr) and draw~down speed (W, ff/min) according to

the relation

fiber size ~ T/W

Fibers which are typically spun from a melt are given in Table B-2. Included

are the melting points and the spinning temperatures.

Table B-2 Typical Melt-Spun Fibers

Melting Spinning
Structure point, °C temp, OC
Polyamides
poly (hexamethylene adipamide) (nylon~6, 6) 264 280-290
poly (hexamethylene sebacamide) (nylon-6,10) 215 :
poly (pentamethylene carbonamide) (nylon-6) 220 270-280
poly (decamethylene carbonamide) {nylon-11) 187
poly (metaxylylene adipamide) (MXD, 6} 243 280~290
Polyesters
poly(ethylene terephthalate) 264 280-300
poly 1.4-his(methylene)cyclohexans :
tercphthalate (1:2 cis:trans) 290 310-320
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Table B-2 (Continued)
Melting Spinning
Structure ~point, °C temp, °C
Polyolefins
polyethylene : 115-125 250~-300
polypropylene 167 250-300
poly (4-methylpentene) 250 280-320
Saran
poly{vinylidene chloride) copolymers 120-140 175

Fibers which are typically prbduced by wet-spimning and the solvents and coagulents
used arc shown in Table B-3.

Table B-3 Typical Wet-Spinning Solvents and Coagulants

Triber Solvent Coagulant
Viscose rayon water (solution of sodium dilute H280, + sodium
salt of xanthate ester of sulfate 4+ zinc sulfate
cellulose)
cuprammonium rayon aqueous cuprammonium water
hydroxide
poly (vinyl aleohol) water aqueous sodium sulfate
polyacrylonitride dimethylacetamide aqueous dimethylacetamide
" dimethylformamide hot kerosene
" " aquerous dimethylformamide
" ethylene carbonate-water aqueous ethylene carbonate
(85:15)
" 60% zinc chloride 40-50% zine chioride
" 50% sodium thiocyanate 10% sodium thiocyanate
" 65-80% uitric acid 25-40% nitric acid
" 70-75% sulfuric acid 50-55% sulfuric acid
Modacrylic fiber acetonitrile : aqueous acetonitrile
" acetone water
poly {vinylchloride) cvelohexanone water+isopropanoltcyclo-
: hexanone
poly hexamethylene conc. suifuric acid 40-60% suliuric acid

terephthalate)
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It is seen that generally the coagulant is simply a more dilute form of the solvent,

The equipment used in the wet-spinning process typically consists of a solution
vessel, a pump delivering through a filter to a holding and deaeration tank, then
metering gear pumps delivering through filters to spinnerets. The spinnerets
are immersed in tanks containing the coagulant., The coagulated fibers pass
over a guide to driven rolls.

With viscose, freshly made solutions must be "ripened' to the proper molecular
weight and viscosity before spinning., With other fibers, provided the solutione
are free of gel particles and of controlled viscosity, no delay is required.

Precipitation of the polymer in the coagulant involves mass transfer in two direct-
ions simultaneously, as solvent diffuses out of the extrudate into the bath and non-
solvent or precipitant diffuses in the opposite direction. The fine structure of

the fiber is determined during the coagulation process and is not materially altered
during subsequent regeneration or drying of the gel structure. The rate of coagu-
lation has a profound effect on fiber properties, The important variables affecting
the fine structure are the concentration and temperature of the polymer solution,
the composition, composition and temperature of the coagulant bath, and the
stretch applied during spinning. The relative importance of these variables
differs from fiber to fiber. The coagulant must have free access to all the extriy-
ded fibers without turbulence in order to minimize variation in structure from
fiber to fiber or along a single fiber.

In dry spinning the processes involved are similar to those used in wet spinning
up to the spinneret. The polymer solution passes through the spinneret holes
into a cabinet into which hot splvent-poor gas or vapor is introduced at ¢ne end,
and from which solvent-rich vapor emerges at the other end. The gas flow is
commonly counter-current to the fiber. The gas temperature may range from
80 ~ 130 C for the lower boiling solvents, and from 200 -400 C for the relatively
non-voltile solvents. The gas used is usnally air or inert gas. nert gases

are needed when the fibers are oxidation sensitive.

Typical dry-cpinning solvents are listed in Table B-4.

Fiber Drawing

Fiber manufacturing processes convert an isotropic poiymer into a highly aniso-
tropic form. This they accomplish by constraining the macromolecules to adopt
conformations in which the main chain is roughly parallel to the fiber axis. The
more nearly the chains lie parallel to the axis, the more highly oriented {he fiber
is said to he. Orientation is produced at the spinning stage by passing the molten
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Table B-4 Typical Dry-Spinning Solvents

Fiber Solvent
secondary cellulose acetate acetone + 2-6% water
celinlose triacetate methylene chloride + methanol
polyacrylonitrile dimethylformamide; dimethyl

acetamide
modagrylic fiber agetone
poly (vinyl chioride) carbon disulfide + acetone
chlorinated poly (vinyl chloride) earbon disulfide + acetone
erys' line poly(vinyl chloride) ketone + aromatic hydrocarbon
vinyl chloride copolymers
{vinyon) acetone, methyl ethyl ketone

poly(vinyl aleohol) water

or dissolved polymer through a narvow orifice, then drastically reducing its
diameter hy collecting it at a2 high linear speed and removing the solvent if present.
In some cuses, such as acetate, the orientation produced at this stage gives the
fiber sufficient strength in an axial direction, but often a further stretching or
drawing operation is required. Here two types of polymer may be distinguished,
Somie, such as viscose, will stretch if sufficiently plasticized, for example by
residual solvent, but the stretching is not localized during the process. Others,
including the crysiallizable thermoplastic polymers, undergo a process known as
“eold drawing’', whereby the filament under tension extends irreversibly to several
times its original length and does so at a localized draw point known as a "neck".

The cold drawing process is exothermic, and may be understood in terms of heat
liberated by the work of stretching during conversion of the fiber into the more
stable oriented form, reducing the viscous forces opposing extension at the neck.
The glass-transition temperature (Tg) of the polymer is important here, since

the resistunce to extension in the glassy state is very high and makes it diffieult

to establish stable cold-drawing conditions. With a polymer whose Ty is well
above room temperature, and indeed often in fibers whose Tg is below room temp-
eratuve, it is useful to heat the fiber before drawing. Plasticizers, by lowering
Tg- coan have the same effect. Stretching a fiber in the plastic state, as in drawing,
is much more effective in orienting the struclure than stretching in viscous liguid
form, as largely occurs in the spinning process. Still further orientation may be
induced by heating the drawn fiber under tension to & high temperature at which,

if unconstrained, it would shrink; this process serves also to increase the crys-
tallinity of the fiber, most dramatically when the fiber, due to having a high Tg,
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has passed through the earlier stages without substantial erystallization.

As mentioned earlier, the orientation of the molecules in the fiber have an important
effect on transport properties of the fiber. In general, increased orientation

leads to lower permeabilities and greater specificities.

Quality Control

It is doubtiul whether there is any industry more dependent on strict standards

of quality control than the manufacture of polymeric hollow fibers. The striect
control of polymer molecular weight is essential for control of the spinning or
forming process. The presence of any particulaies in the spinning dope can cause
non-uni formities in wall thickness of hollow fibers and could lead {o pin holes

in the walls or blockage of the annulus of the hollow fiber.

As indicated earlier, all steps in the production process must be very tightly
controlled in order to maintain reproducible membrane micro structures.
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B-8 HOLLOW FFIBER MEMBRANES

The development of thin organic polymeric membranes in hollo: fiber form shows
great promise of making membrane separation processes, demonstrated with flat -
membranes, commercially feasible on the basis of unit sizes and cost.

The principal advantages of hollow fibers over flat membranes are:

1. They are mechanically strong and require no additional support in separation
deviges;

2, They expose a large amount of active surface in relation to the volume of the
containing vessel;

3. Their production by a continuous spinning process should result in more uni-
form membranes, and should offer a lower cost means of producing large areas
of active membrane.

Although the potential of hollow-fiber membranes has not been as fully developed as
that of flat membranes, there appears to be no reason why comparable properties
cannot be achieved with hollow fibers. There also appears to be no reason why most
oi the polymers which have been formed into flat membranes could not be spun into
the hollow fiber forni.

Presently a number of polymeric materials are available in hollow fiber form for use
as gas qeparators reverse osmosis, ultrafilter and dialysis applications, and ex—
perimental oxygenators for blood.

. The materials used include regenerated cellulose, cellulose estera polyamides,
polyesters, polysulfones teflon and related fluorocarbons.

"Spinnilng of H,ollow Fibers

- As indicated earlier, the technology developed for hollow textile fibers, particularly
in the manufacture of spmnel ets, has been very useful in the development of hollow~
fiber membranes.

Hollow fibers for use as membranes have been made hy three conventional synthetic-
fiber spinning methods: (1) wet spinning (spinning from a polymer solution into a

liquid coagulant); (2) dry spinning (spinning from a solution of a polymer in a volatile
solvent into an evaporative column); and (3) melt spinning. In all cases the tubular
cross section was formed by extruding the molten polymer or polymer solution through
an annular die or spinneret. Spinmeret design and precision of manufacture are critical -
features of successful hollow-fiher spinning.
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1. One annular spinneret design has a solid pin supported in the center of a circular
orifice. The polymer is extruded through the annulus. With this spinneret design,
it is generally necessary to incorporate a gas-forming additive in the polymer meit.
The gas fills the core of the fiber as it emerges from the annulus and prevents
collapse until the fiber solidifies.

o

Another spinneret design has a hollow needle or tube bsupported in the center of
the orifice, An inert gas or liquid is injected through the needle to maintain the
tubular shape until the fiber solidifies or coagulates,

3. A third type of hollow-fiber spinneret has a C-shaped orifice. Generally the tips
of the C overlap. The polymer solution or melt welds info a tube affer extrusion
through the C-shaped die. The gas required to keep the fiber hollow is drawn in
through the gap in the extruded fiber upstream from the weld point. '

A patent description of hollow~fiber spinning describes the use of a type 2 spinneret
with a 244 mil OD x 36 mil ID annular orifice (a)_ The spinneref was used to melt
spin-hollow fibers of a modified nylon polymer with final dimensions of 2 mil OD x

1 mil ID, The size reduction was achieved by rapidly drawing the fiber away from the
spinneret face. In this case the draw rate was 465 yd/min. In wet or dry solvent
spinning, the draw rates are generally lower; however, some additional size reduction
is obtained by the solvent loss. Size reduction can also be achieved by a postspinning
drawing operation; however, the orientation that generally occurs on cold drawing can
significantly reduce the permeability of hollow-fiber membranes,

Hollow-fiber membranes, like their flat-membrane counterparts, often require special
handling techniques o maintain or achieve the optimum permeation properties. Pro-
cedures reported include (1) spinning of plasticized fibers, (2) processing the fibers

in a wet swollen state, (3) replasticizing fibers after spinning, and (4) chemical modi-
fication of the fiber after spinning.

Applications

Reverse Osmosis -~ Among the applications for hollow-fiber membranes, the greatest
attention has been given to their use in desalination of water by reverse osmosis.
Saline water is placed in contact with a suitable membrane at a pressure exceeding

the osmotic pressure of the solution. Fresh water, or water with a lower salt content,
permeates the membrane and is collected for use. A concentrated brine is discharged
from the high-pressure side of the membrane as a waste stream.

Reverse osmosis development has been directed primarily foward the production of
fresh water from natural brackish waters; however, reverse osmosis units have also
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heen tested in a variety of other water-and waste-treatment applic tions, including
recovery of water and concentration of wastes from sewage effluents (raw sewage,
primary or secondary effluent), acid mine drainage, high-salinity irrigation drainage,
and paper-mill eifluent.

For a membrane with a given specific permeability, the fresh-water output or flux of
a reverse osmosis device is directly proportional {o membrune area and pressure
driving force, and inversely proportional to membrane thiclmess. Membrane area can
he maximized and thickness minimized in the hollow-fiber form, Fine hollow fibers
provide a thin, selfi-supporting membrane with the very high surface-to-volume ratio
desirable for reverse osmosis.

Reverse Osmosis Membrane Properties - The important properties for a membrane
are flux, salt rejection, and durability.

Flux - The water permeation or flux rate of hollow fiber membranes can be ex-
pressed as gallons per day per square foot of membrane area {gfd) based on the
outside diameter of the fiber. (Hollow-fiber reverse osmosis devices are gener-
ally operated with the pressurized saline water on the outside of the fibers and
fresh~water permeation inward from the outside.) Flux rates of 0.05 - 4.0 gfd
have been reported,

Salt Rejection - The selectivity of a reverse osmosis membrane is ofien expressed
as the salt rejection, SR, which is defined hy the equation

Cf“Cp

% SR = X 100

where Cp = salt concentration in feed water and Cp = salt concentration in permeate,
The salt rejection required in reverse osmosis application depends upon the pro-
posed water use. Generally, for the production of potable water, a permeate
concentration of < 500 ppm is desired. Thus, a salt rejection on the order of
85 - 957 is required for brackish-water desalination (1000 - 5000 ppm) and

> 98.5% for seawater desalination (35,000 ppm).

The rejection of a reverse osmosis membrane varies with the solute composition

-in the feed water. Multivalent ions are generally rejected better than monovalent
ions. Rejection of dissolved materials other than salis is often of importance
particularly in the treatment of waste water. Dissolved components that are soluble
in the membrane are rejected poorly (i.e., ketones in cellulose acetate membranes).
Another tactor that influences sait rejection is the pH.
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Membrane Life - The durability of a reverse osmosis membrane is influenced

by both the membrane properties and the nature of the system in which it is oper-
ating, Failure can be caused by membrane compaction, fiber collapse, fouling
(slimes or scale), chemical degradation, or bioclogical degradation,

Hollow fiber membranes which have been used for the reverse osmosis process
are principaily cellulose acetate and nylon although phenolic resin fibers have heen
reporied, - - :

Ce_llulose Acetate

The first report of the use of hollow-fiber membranes for reverse osmosis appeared
in 1963 ®), Celiulose triacetate fibers were produced by a laboraiory-scale wet-
spinning process. The fibers produced ranged in size from 35 fo 70 OD with 7 - 10
walls. Small laboratory test cells were prepared with these fibers. A 1% sodium -
chloride solution was passed through the fibers at 200 psi. (The direction of permea-
tion in this case was outward from the inside.) The flux rates were very low (ca 0.001
efd), reflecting the fact that the fibers had been oven dried prior to testing, Charac-
teristically, cellulose acetate or triacetate membranes prepavred initially in a water-
swollen state undergo an irreversible dehydration and shrinkage upon drying, with a
corresponding decrease in water flux. The initial salt rejection in these early tests
was greater than 99%. The rejection decreased with time, due possibly to & slow hydro-
lysis of the acetate groups. Membrane hydrolysis rates have been found fo be lower in
solutions containing mulitivalent ions. The control of pH can also be used fo refard
hydrolysis.

Another report of hollow cellulose acetate fibers produced by a wet-spinning process
describes similar results with wet and dried fibers (¢). The water-swollen fibers
gave good salt rejection and high water flux (0.7 gfd at 200 psi); however, the fibers
collapsed under prolonged application of pressure. When the same fibers were air-

_dried prior to pressure testing, they were stable up to 1000 psi; however, the water
flux was reduced to 0.05 gfd at 500 psi. -

Hollow cellulose acetate and triacetate fibers have also been produced by a modified
melt-spinning process @ An extractable plasticizer is blended with the polymer
prior to spinning. The plasticizer lowers the spinning temperature, which reduces
thermal degradation of the polymer. In one example, a cellulose triacetate blend
containing 43% Sulfolane plasticizer is spun at 235°C, whereas the melting point of
unplasticized triacetate is approximately 300°G.

The use of a water-extractable plasticizer has the added advantage of increasing the

water permeability of the hollow-fiber membrane. When the plasticized fibers are
leached in water, the watzsr vptake of the fiber increases with increasing plasticizer
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content. There is a corresponding increase in water flux with increasing membrane
water content. The relationship of flux to plasticizer (Sulfolane) content is shown in
Table B-5. Water-extractable plasticizers that have been used in spinning hollow
fibers of cellulose acetate and ecellulose triacetate include dimenthyl sulfoxide, 2~
pyrrolidone, b/—butyrola_ctone, triacetin, Sulfolane, and caprolactam.

Table B-5 Effect of Plasticizer Content on Water Flux
{Hollow Fibers with 10 }W_Vall_s’; Pressure, 200 psi; Feed, Distilled Water)

Sulfolane content,

wt%h - Plux, gfd
28.6 0,07
31.0 0.10
33.3 0.13
35.3 0.15
37.3 0.16

Another modified meli-spinning process was reported for the production of hollow

cellulose acetate or triacetate fibers having improved water permeahility ©), m

this process, the additives blended with the cellulose acetate or cellulose triacetate

polymers consist of 2 compatible plasticizer such as Sulfolane and a polyol. In one

example a blend containing 66.7 wt % cellulose acetate (40% acetyl), 20% Sulfolane, and

13% tetraethylene glycol is spun into hollow fibers. The fibers are leached in water at
60°C and have a salt rejection greater than 90% and a wa.ter flux six times as great

as a conirol containing no glycol. ’

A method for altering the selectivity and permeability of cellulose ester membranes
has been reported which involves post-treating the fibers in a swelling solution

The solution contains a plasticizer for the cellulose ester and a secondary addﬂ:;ve
which is a non-solvent for the membrane. As an example, a cellulose triacetate mem-
brane is treated for 10 minutes at 25°C in a 50% solution of Sulfolane in water and then
washed in water at 60°C. The water permeability of the membrane increases five to
sevenfold w1th no decrease in salf rejection.

Asymmetric hollow fibers with a re;ectmg thm skin and a h_ghly permeable substrueture
have been prepared by coating a regenerafed-celiulose hollow fiber with a thin outer
layer of cellulose acetate or solution spinning a dilute cellulose acetate system in which
the skin is obtained by evaporation of a volatile diluent ©), m the former process, the
cellulose acelate is mixed prior to spinning with materials that are non-solvents at
room temperature, but upon heating form a homogeneous melt which can be subsequently
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extruded and cooled to form a gel. The spinning dopes generally contain 10 -40%
cellulose acetate in triethylene glycol and diethylene glycol monomethyl ester. The
dope forms a homogeneous melt at 100 - 150°C and gels at 90°C. The melt can he
extruded through an annular spinneret and cooled in a gelation bath, Phase separation
occurs during gelation. The water content of the gel fibers after extraction of the
plasticizers is 65 - 70%, indicating a highly porous structure. The water-swollen
hollow fibers are regenerated in 0.2 N sodium hydroxide and coated with a thin cellulose
acetate layer from a chloroform solution. Revwerse osmosis test data were not re-
ported.

The Monsanto Research Corporation has accomp: '‘shed the development of a solution-
spinning technique for the production of asymmeitric hollow fibers. These fibers are
prepared by spinning a 25 wt % cellulose acetate dope containing acetone and formaride
in a 60:40 weight ratio. TFibers are spun from the dope with a dry jet-wet spinning
system having the spinneret posifion above a coagulation bath. This air gap permits
evaporation of the voiatile component in the spinning dope, which is an essential re~
quirement for preparing asymmetric hollow fibers. Generally, high salt rejection is
achieved by post-treating the coagulated fiber in water at 70 -~ 809C for 5 minutes.

A small laboratory-scale device for reverse osmosis is shown in Figure B-1. A small
loop of fiber is sealed in epoxy resin near the open end. These fiber loops are then
assembled into high-pressure tubing and saline water is pumped through the tubing
over the outside surface of the fibers at a pressure exceeding the osmotic pressure

of the solution, Desalted water that permeates the fiber walls is discharged from the
open end of the loops. Zones of reduced flow ouiside the fibers can result in re-

duced water productivity and rejection. Consequently, a very high flow rate is main-
tained through the pressure casing to ensure that the results from these loop cells
reflect the hollow-fiber characteristics and not the design characteristics of the device.
In sealing up from laboratory test units to full-scale hollow-fiber cartridges, the dis-
tribution of brine over the outside of the fibers is an important design consideration.

Nylon

Hollow fibers of modified nylon have been used in commercial-seale desalination

wunits sold by DuPont, These modified nylon fibers are clgimed to have greater
biological and mechanieal stability than cellulose acefate fibers and a wider operable
pH range, The chemical nature of the nylon hollow fibers used in early B-5 permeators
from DuPont has not been disclosed, However, there is evidence that formic acid~
treated nylon fibers were used in this device, This unit clearly demonstrated the
ahility of the nylon membrane to desalt brackish sulfate waters, although rejection

of chloride ions was poor,
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Nylon-6 or nylon-6, & hollow fibers can be swollen in solutions containing either
certain protonic acids, lvotropic salts, or Lewis acids to increase their water
permeabiiity, The {freatment results in a weight loss for the hollow fibers ranging
from 1 to 70% depending upon the duration and severity of the treatment, The
increase in water permeability obtained by this treatment is believed to result from
the formation of microveids by dissolution of the leas-ordered portions of the polymer
and increased crystallinity of the more-ordered portions, n one example, hollow
nylon-6, 6 fibers (53 v OD by 27 2 ID) were treated in an agueous solution con-
taining 65% formic acid at 25°C for 4 hours, The treated bundle was washed in
water and not allowed te dry during cell assembly, In a reverse-osmosis test run
at 550 psi with a feed solution containing 1500 ppm dissolved mixed sulfate salts,
the water flux was 0, 09 gfd and the salt rejection 95, 6%,

Nylon hollow fibers of varying permeability and selectivity have been prepared and
tested, With the original permeator there were difficulties with wet oxygenation of
the nylon membrane fibers and pressure-drop instability within the device.

Improvements were achieved by development asymmetric hollow fibers made of an
aromatic polyamide, The permeator has a shell-and-tube configuration similar to
a single-end heat exchanger, The looped fibers are potted at one end in an epoxy
resin, Saline water under pressure enters the shell side through a distributor-tube
located in the center of the fiber mat, The brine flows radially from the distributor
tube through the fiber mat, collects at the flow screen, and flows the length of the
shel] to a concentrate or brine exit port near the same end as the feed port, The
desalted water, which permeates the fiber walls inward from the outside, is dis-
charged from the open end of the fibers on the low-pressure side of the tube sheet,
Typical characteristics for the permeator are as follows:; fiber OD 84 fiber ID 42
operating pressure (external to fibers) 400 psi, operating pH range 5-9, product
water capacity 2000 gallon per day, sodium chloride passage less than 10%, per-
meating area 1500 ft2, and chlorine tolerance 0, 05 ppm on a coniinuous basis.

Dialysis

Dialysis is a way of separating relatively small molecules from large ones, The
success of dialysis depends on whether conditions can be found in which there is an
adequate diitference in the rates of difiusion of solutes through the membrane. The
rate of diffusion of a simple solute through a membrane depends on the solute
concentration, the membrane permesbility, Commercial applications of dialysis
were frequently related to recovery and purification of process streams,

A-24



Hamilton U SVHSER 7100

THVISEIN 1OF LAaTED AINLALFT COABORA NOry

Standard Ae

(Contimzed)

In 1960, dialysis began to be used in the medical field as a substitute for the human
kidney. The blcod of these patients is purified by dialysis with cellulose membranes
againsat an isotonic saline solution.,

The early commercial dialyzers and artificial kidneys were bulky and inefficient,

The development of small semipermeable hollow fibers or capillaries provided the
basis for the design of smaller and more efficient commercial dialyzers, With this
membrane geometry, enormous support-free membrane area can be generated eco~
nomieally and assembled into dialyzers that possess a minimum holdup volume, The
rigidity of the small, thick-walled, semipermeable cylinders provides a2 well-defined
fluid flow path with a resultant minimum in liguid-side transfer resistance., The
first hollow-fiber dialyzer to be introduced commercially was the hollow-fiber
artificial kidney, This hollow-fiber hemodialyzer contains 11,000 hollow fibers of
cellulose of approximately 200 41D giving a total surface area of 10 ft2, The cellulose
hollow fibers are produced by hydrolyzing or deacetylating cellulose acetate fibers
which are similar to those already discussed in connection with reverse osmosis,
With wall thicknesses of only 20-25 wthese fibers allow the efficient passage of solute
having a molecular weight of up to 2000-4000, The blood to be cleansed is passed
through the inside of the hollow fibers while the isotonic saline solution is distributed
over the outside of the fibers, Metabolic wastes, such as urea, uric acid, and
creatinine, rapidly diffuse from the blood threugh the membrane and into isotonic
saline solution,

With this device, highly efficient transfer of these solutes has been achieved, Hemo-
dialysis therapy lasting more than two years has demonstrated the expected advan-~
tanges of this membrane configuration,

Industrial devices ranging in size from 1 to 150 ft2 of transfer area are under
development, One and 20 ft2 sizes have been released commercially, These two
devices provide for rapid and simple laboratory dialysis separation,

Two cellulosic membranes are available in each size, The transport properties of
these membranes and devices can be found in Table B-6, In addition to providing
efficient dialytic conditions, the hollow fiber concept can be readily utilized to remove
water or concentrate solutions by applying a transmembrane pressure across the
hollow fibers. The removal of water by this method is known as ultrafiltration in
contradistinction to reverse osmosis, since the dialysis fibers are readily permeable
to low-molecular-weight solutes and no significant osmotic back pressure is
generated across these fibers during the water removal. Consequently, the advent
of semipermeable dialytic hollow fibers provides the unique opportunity to combine
dialysis with ulirafiltration, This unit operation is particularly suited to the puri-
fication and concentration of high-molecular-weight biological species or polymers,

A-25



Hamilton DivISEON LY JMRITED El‘ﬂjcuﬂi"' COHPOTTATION SVHSER 7 lo 0

Standard Ra

TABLE B-6
TRANSPORT CHARACTERISTICS OF HOLLOW-~-FIBER BEAKER UNITS

Molecular-Weight Water Flux At Standard Sodium Chioride
Unit Cut-Off Operating Conditions Transier

dialyzer 5, 000-10, 000 1 em3/min/f2 99, 9% removal from
: 100 ml in 40-60 min

ultrafilter 30, 000-40, 000 10 cm3/min/ &2 99.9% removal from
100 m1 in 40-60 min
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Ultrafiliration

Low-molecular-weight solutes can be separated from liguids containing polymeric

or other high-molecular-weight materials without phase change by employing mem-~
brane ultrafiltration, As in reverse osmosis the driving force is hydraulic pressure
and the solution components are separated on the hasis of molecular size and shape,
Membrane ultrafiltration operates at less than 100 psi because the membranes
generally reject solutes greater than 500 in molecular weight, which provide only

rminor osmotic contributions, Flat-membrane ulfrafinwration has generated congiderable
interest in several industrial areas, most notably, in the food and pharmaceutical
industries, With ultrafiltration membranes the solvent flux through the membrane
increases rapidly as the molecular-weight cut-off increaszes, Consequently, ultra-
filtration membranes show a flux an order of magnitude higher, even at lower operation
pressures, than that of reverse-osmosis membranes, However, to achieve the full
potential of the ultrafiliration membranes, concentration polarization at the me mbrane
surface must he controlled, This is generally accomplished hy designing equipment

that will maximize the transport of rejected sclutes away from the membrane,
Typically, back diffusion is augmented by operating at high fluid shear rates at the
membrane surface, which necessitates either increasing the flow velocity or decreasing
the channel height, Hollow fibers, with their well-controlled and minimal channel
height, offer an attractive possibility of an ultrafiltration membrane configuration,

Two examples of hollow-fiber ultrafiliration devices have been described to date,
These are the ultrafiltration artificial kidney under development by Amicon in col-
laboration with the University of Pennsylvania(hlmd labhoratory ultrafiltration de-
vices offered commercially by The Dow Chemical Company. The former is a 4 ft2
shell-and-tube ultrafiltration device which has been used experimentally to remove
toxins from uremic dogs by ultrafiltration of their blood and reconstitution with
makeup saline solution, The Dow devices have surface areas of 1 and 15 ft2 with a
comparable solute {lux and can be used for laboratory separations of solutes greater
than 70,000 in molecular weight,

Gas Permeation

The Permasep gas-permeation device introduced by Du Pont is primarily intended
for two applications(I, 9: (1) to upgrade carbon monoxide synthesis gas by removing
as much as 95% of the hydrogen, which can then be recycled to other processes, and
(2) the recovery of high=purity hydrogen from hydrogen synthesis gas and from crude
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refinery high-pressure hydrodesulfurizer gases, With these latier two gases the
methane is concentrated and can be recycled for other uses, The commerecially
available Permasep devices are fabricated with hollow Dacron peolyester fibers of
364/0D and 18, ID, The permeator shells are 12 in, in internal diameter and just
under 18 ft, long, each containing more then 32 million hollow fibers,

Another gas-permeation device is the "artificial lung" which substitutes for normal
respiratory function during open heart surgery, No hollow-fiber artificial lungs are
commercially available at this time however, at least three have been reported fo be
under development (X, L. M), The artificial lng must be able to oxygenate up to

5 liters/min venous blood to at least 95% saturation, whish generally requires an
uptake of 300 ml/min of oxygen, Concomitantly, the artificial lung must be able to
remove an equal guantity of carbon dioxide, The most widely used artificial lungs
oxygenate and strip carbon dioxide by contacting blood with oxygen gas, Although

this blood~gas interaction is known to denature plasma protein, in most cases the
body is able to compensate for this densfuraticon if the by-pass duration is less than
2-4 hr, Significant decrease in protein denaturation has been observed if a membrane
is placed between the blood and gas phases., Consequenily, the membrane oxygenator
appears to he the artifieial lung of choice, However, commercially available membrane
oxygenators suffer from insufficient oxygenation capacity and are expensive devices
that are difficult to rebuild prior to each clinical operation, Therefore, a compact
and efficient artificial lung fabricated of semipermeable hollow fibers should be
ideal for this application,

Tuture Trands

Currently, there is evidence to suggest that hollow fiber membrane devices will play

a major role in blood oxygenation, artificial-kidney therapy, ultrafiltration, indusirial
dialysis, and reverse osmosis and life support system applications, In the medical
area, hollow-fiber-membrane devices will be particularly important because of their
high surface area to priming volume ratic an high transport efficiency resulting from
well -defined blood channels, as well as their ease of operation and potential disposability,

Hollow fibers are alsc wel. suited to ultrafiliration because the thin channels in

combination with high wa." ~ rar, facilitate back diffusion of the higher-molecular-
weight species that are rejected at the membrane surface,
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Hollow fibers are an attractive membrane configuration for industrial dialysis.
Widespread use of dialysis as a unit operation is now greatly impeded by the high
initial capital cost, even though the operating cost can be quite low, Hollow-fiber
dialysis equipment can be fabricated at a significantly lower cost than devices with
flat membranes, Many of these advantages accrue to reverse-osmosis devices as
well, A recent study indicates that the cost for desalinating brackish water is com-
parable between hollow-fiber units and the two best flat-membrane configurations,
even though the hollow fibers have a flux rate of only one tenth that of the flat membranes,
Since it is unlikely that the flat membranes will be able to retain this flux advantage
over hollow fibers, it seems reasonable to assume that hollow fibers will also play
an important role in reverse osmosis,

Most important of all, the subject of membrane transport by primary chemieal bond
formation rather than longer range secondary forces will be developed, This will
result in the preparation of synthetic membranes with a thermodynamic driving force
generated at or in the membrane itself rather than applied {rom an external source of
energy, Another benefit from membranes employing direct chemical bonding for
transport will be total separations rather than partial ones, These advances should
bring the goal of perfectly separating semipermeable interfaces in sight,

B3-9 Polymers for Microporous Membranes

Thin films of cellulose, cellulose esters, polypropylene, nylon, poly (vinyl chloride),
polycarbonate and epoxy resins have sound application as microporous membranes,
This type of membrane is produced with pore size from 100 £ to 10, and can be
made by leaching out incorporated salts, soaps, water-soluble polymers such as
poly (ethylene oxide), or stareh, Matrixes such as the cellulose esters can be ecast
from precisely formulated mixed solvents with controlled evaporation procedures

to yield a predetermined pore size with a uniformity of + 5%,

Cellulose triacetate hus been used because of its stability to various humidity con-
ditions and because of its high tensile strength, Membranes made from this material
may be autoclaved (heated at pressure) without significant change in pore size,

Regencraled cellulose is a choice material when resistance to organic solvents is
required,

Where resistance to strongly acid or alkaline media is required, membranes of poly

(vinyl chloride), poly (vinylidene fluoride), poly porpylene or polyethylene are
satisfactory.
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Among the inorganic polymers, leached borosilicate glass, unfired, produces a
microporous membrane with pores controllable from 40 to 200A°2

General examples of the production of microporous membranes by addition of
additives are:

1. Cellulose acetate cast from a "good" solvent such as acefone containing
additives such as orpganic phosphates, amides, organic acids, sulfoxides
is a good ultrafilter, If the additive is omitted and only a good solvent is
used, a dense membrane of very low aqueous permeability resulis,

2, Cellulose nitrate with additives in the casting solution yields membranes with
controlled porosity, The pore size may be varied from 20 A° fo 2,

3. Gelatinous ultrafiltration membranes can be made from crossiinked poly
(ethylene oxide), crosslinked poly vinylpyrolidone, or crosslinked poly (vinyl

alecohol)

B-9,1 Convective Transport Through Hydrophilic Porous Membranes

In microporous membranes whose surfaces are wetted by a contacting liquid, it is
considered that capillary forces cause the membrane pores to be filled with the
liquid and that vaporization of the liquid occurs at the liquid-gas interface, Tn such
a case any solutes present in the liguid may also be carried into the pores and

tend to increase the solufe concentration within the liquid in the membrane, An
increase in concentration of solute decreases the activity of the liquid and therefore
reduces the partial pressure of the vapor in contact with the liquid,

The cquilibrium level of solute in the membrane will be determined by the balance
between liguid loss for vaporization and solute back diffusion from the pores to the
hulk liquid, Pore size, pore volume and thickness of the membrane determines the
resistance to flow within the membrane,

Gases in contact with such a wetted membrane may permeate the membrane by
diffusion through the liquid in the membrane. The thickness of the liquid is

equivalent to that of the membrane,

B-9.2 Convective Transport Through Hydrophobic Porous Membranes

In microporous membranes whose surfaces are not wetted by a contacting liquid or
its vapor, vapor permeation proceeds by a different mechanism, If the interfacial
tension and pore size of the membrane are such that penetration of liguid into the
pores does not oceur, the interface between a gas phase and the vapor of the liquid
will be on the liquid side of the membrane, Vapor permeation then follows the
mechanism associated with Knudsen effusion and the membrane barrier resistance
will be low relative to other transport modes,
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Since the liquid does not penetrate into the pores, soluies in the liguid will also he
excluded, There can be a concentration polarization at the membrane surface due
to vaporization of liquid but this can be taken care of hydrodynamically,

Also, since the membrane acts as a porous divider permeable only to gases, the
transport of gases are governed by the Knudsen coefficients and the net partial
pressures of the gases on each side of the membrane,

B-9.3 Polymers for Separation by Diffusive Transport

When membranes of the solution-diffusion type are made from polymers with limited
ability to swell in the medium being transported, there can be significant differences

in the diffusion coefiicients of even closely related small molecules, This difference
coupled with differences in solubilities of the small molecules in the polymer matrix
leads to separation of mixtures by differential transport of components, The limited
swelling of the membrane may be due to low solubility of the diffusants in the membrane;
to a high degree of orosslinking in the membrane polymer; or may be because one

face of the membrane is dry (as in pervaporation),

Much work has been carried out in developing this type of membrane for separations
of salts from water by reverse-osmosis, The most used membrane for desalination
by diffusive pressure-driven transport is cellulose acetate having a degree of
acetylation of 2,4, An asymmetric membrane developed by Loeb, Sourirajan and
others (©) has made this method of desalination a practical process,

It consists of a thin (about 0, 8 ) l1ayer of dense cellulose acetate supported by an
integral, spongy, microporous layer about 50-100thick of the same material., The
thin, dense layer differentiates between the transport of water and many salts with
high efficiency and with good flux owing to the thinness of the diffusion layer.

Since most pressure permeation is carried out at 600-1500 psi, some compaction
of the membrane, with a dimination of flux, is observed and is a major problem,

Many polymers have been evaluated for the treatment of aqueous solutions,
addition to cellulose acectate, the mixed acetate propionate, acetate butyrate esters,
and their combinations have been of interest, Among those having significant
desalination properties (P) and which therefore may be presumed to have interesting
separating propertics for other water-soluble solutes, are polyacrylonitrile,

poly (vinylene carbonate), nylon-6, 6, nylon-6,10, poly(isobutyl vinyl ether),
polytetrahydrofuran, poly(ethyl acrylate), poly (hydroxyethyl methacrylate), and

a copolymer of ethylene dimethacrylate and hydroxyethyl methacrylate, If the
polymer to be evaluated is not direecily suitable for membrane formation, it can

be formed into a graft copolymer with cellulose, In this form triallyl phosphate
and methyl vinyl ketone have been used. A polymer alloy of ethylcellulose and
poly{acrylic acid) also had good desalinating properties,
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Separation of organic mixtures by pressure-driven solution-diffusion membranes

has been carried out primarily by pervaporation, In pervaporation a mixture of

liquids, often heated, on the upstream side of 2 membrane is driven through the

film by a vacuum applied to the downstream side, which is consequently dry, The
gradient of diffusion coefficients within the membrane, often varying by several

orders of magnitude owning to a gradient of morphology from the wet to the dry side,
leads to sharper semipermeability but lower flux rates than pressure permeation,

Most of the data in the sparse, published literature deal with mixtures of simple

organic solvents such as: xylene-heptane, hexane-acetone, carbon tetrachloride-
chloroform, methanol~ethylene glycol, benzene-cyclohexane, ete, For organic

systems as well as aqueous ones cellulosic compounds are the basis for many semi-
rermeable membranes, Regenerated cellulose itself, ethylcellulose, cellulose

acetate, and acetate butyrate have been used, Typical crossiinking agents for these
film-forming polymers are formaldehyde, butyraldehyde, and toluene diisocyanate,
Other membrane materials used for organic permeants are polyethylene, polypropylene,
poly(viny! chloride), saran, poly {tetrafluorocethylene), rubber hydrochloride, nylon-§, 6,
poly(ethylene terephthalate), and poly(vinyl aleohol),

B-9,4 Membranes for Separating Gases

Generally the diffusion of gases through polymeric membrane approaches the model
of noninteracting molecular permeants whose transport is controlled by size and
solubility, For example, helium from natural gas and other sources can he purified
by the use of high-purity silica glass membranes, since this srnallest of gas molecules
(2 A%) can pass through via defects in the glass structure, Although permeation rates
are increased by heating the glass membrane, the selectivily is diminished by
increased lattice vibrations and expansion, Organic membranes for helium and
hydrogen purification are designed with the opposite principle in view: namely,
rejection of the methane and other larger molecules, This is done by using the

less erystalline (luorocarbon films such as perfluorinated ethylene-propylene
copolymer and a copolymer of tetrafluoroethylene and a perfluorinated dioxolane,

The latter membrane has high separation factors for helium (up to 700) and hydrogen
(up to 150) from methane and shows some separation of oxygen from air (separation
factor of ghout 3, 5).

Another organic polymeric membrane being studies today for gas separation is
silicone rubber, This material has the highest gas permeability of polymeric films,

It has received much attention as an artificial gill, since it passes carbon dioxide
faster than ox;gen; yet when used under water it is plasticized by water on the out-
side, making it asymmetric and thereby favoring the influx of oxygen, These two
phenomena act in concert to make it possible to support life for small aniiaals under
water, A table of gas permeabilities is shown for representative polymers in

Table B~7, This table gives an indication of the degree of separation which can be
achieved by the solution-diffusion mechanism,
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TABLE B-T
GAS PERMEABILITY CONSTANTS OF SOME POLYMERS AT 25C
Gas Permeability Constant @ to
Dolymer Hydrogen Helium Bitxfogen Oxygen Carbon Dioxide

natural rubber 500 308 84 230 1,330
polybutadiene 420 64,5 191 1,380
polychloroprene 1306 45 11,8 40 250
pely(vinyl chloride) 36 0.4 1.2 10,2
poly (vinylidene chloridn) 0.76 3.7 0.01 0.05 0,29
polyethylenc (0,932 g/1al) 56 74 11.7 55 266
othyvleellulose 32 260 84 265 430
fiorinated ctlylene-propylene 110 400 21.5 59 17
copolymer

polv(ethylene forephthalate) G 11 0.05 6.3 1
stlicone rabbor 2,530 2,000 6,000 28,000
chlvrosulfonated polyethylone 142 95 11.6 28 208
codlulose acctale bubyrate 2190 140 15 GO 310

pely amide 10 g.2 1.6

0.38

a
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B-10 TRANSPORT PROPERTIES OF MEMBRANES

Permeability

Permeability is the measure of ease with which an intact material can be penetrated by
a given gas or liguid, Although the general term '"permeability” may apply to any
form or shape of a material, the property is most important and most conveniently
studied in the passage of matier through a thin film or membrane., Membranes are
generally described as permeable, semipermeable (permeable to some substances

but not to others), or permselective (permeable to different extents to different
molecular species under equal driving force), A given membrane, however, may be
described by any of these terms depending upon the nature of the penetrant or
pencirants being considered (eg, cellulose is permeable to water, permselective to
water-glucose solutions, and semipermeable to water-protein solutions),

Membranes may be homogeneous or heterogeneous, A homogeneous membrane is
defined as one which has uniform properties across all its dimensions, Only a few
membrane materials would fif this definition., Most films have either some

anisotropy due to molecular orientation during the manufacturing process or fillers,
additives, voids, or reinforeing materials which would cause them to be classified as
heterogeneous, Another important class of heterogeneous membranes is comprised of
laminates, such as coated cellophane, Many polymers contain crystalline and
amorphous regions, and must be classified as heterogeneous,

The terms permeability and permeability coeffirient are defined in various ways by
different authors.

Permeability Coefficient

The permeability coefficient of a material to a gas or vapor can be defined as the
cubic centimeters of vapor at STP permeating through a material of unit area (cm?2)
and unit thickness {em) under a partial pressure difference of one centimeter Hg per
unit time (sec), regardless of the mechanism involved. These units will be used
wherever possible, ie, (ml at STP) (em)/(cm?) (sec) (cm Hg),

Since permeability coefficients in these units have values for most polymers in the
range of 10~ Tto 10712 many larger number units have been used in practical
application studies, The most common of these is in units of (g)(mil)/(m2)(24hr)(atm),
‘The various units may readily be converted from one to another, Tn the case of
permeability to liquids or vapors, the vapor pressure at ambient temperature is
necessary to convert the values to the proper units mentioned above.

Since permeability coefficients are often highly temperature dependent, values should
be quoted at a given temperature. In the case of organic vapors, and often with
water vapor, the permeability coefficients are dependent on the vapor pressures
themselves, and it is neccssary to specify the exact conditions of measurements,
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In general, the permeability coefficient P at a given temperature may be (a) almost
constant for all vapors and independent of pressure (capillary flow or pinhole), (b) a
constant for a particular vapor and independent of pressure (the ideal activated
diffusion process), and (¢) a coefficient which varies with vapor pressure (nonideal
activated diffusion process),

Principal Models of Permeation (Q, R)

The term permeability does not imply anything about mechanism, and several
permeation mechanisms may be operating concurrently during the measurement of
ilux of penetrant, Permeation of relatively small molecules through o membrane may
occur by at least three processes: (a) [low through pores or pinholes in the
membrane, () diffusive flux of molecules dissolved in the membrane, and (¢) con
eoncurrant operation of the above mechanisma,

"low Throush Dores

In a nonhomogeneous membrane, permeation of smail molecules may occur through
preexisting pores or capillaries, and in this case the size of the permeant relative to
pore and the viscosity of the permeant are the controlling factors governing
permeability, The simplest type of flow mechanism is viscous flow, in which the
volume of penetrant q passing through a capillary of radius r and length Ax in unit
time is given by Poiseuille's equation (eq. 1) where n is the viscosity of the

q- Trtop/spax 1
permeant and Ap is the pressure drop across the capillary., The permeant flow per
unit arcn of capillary and per unit time is therefore given by equation 2 whereB is

o/ T2 rZAp/EI.y Ax @)
a tortuosity factor which increuses the effective length From Ax to Ax/f3. Hence the
memhrane {Iux can be given as equation 3, where4 is the volume fraction of capillary
in the menbrane,

_ 48 > Ap 3)
4 B9 Ax

Accordingly, the permeanbilily coelficient P defined previvusly corresponds to
equation 4, Tor all penefrants that do not interact with the membrane, ie, for which

P=¢@B r2/5 (4)
ef) and r are independent of the penetrant, the peimeability coefficients are inversely

proportional to the viscosities of the penetrant,

The viscos:iv of gases is directly proportional to temperature and, accordingly,
permeability of pases thimugh porous media shows a small but negative temperature
dependence.

A-35



Hamilton

Lk are (0 ltNl'tﬂvH'llri tOAPORAYION SVHSER 7 }—0 0
Standard A

{Continued)

For liquid permeants, viscosity is generally inversely proportional to temperature,
and the temperature dependence is positive, In liquid permeation the pore radius is
often calculated by assuming that the flux goes only through the capillaries and the
volume fraction of fluid in the entire membrane is the volume fraction of capillaries.
The equivalent pore radius sc obtained may serve as a parameter for characterizing
membrane permeability, However it should be borne in mind that such numbers
arise from a hypothetical model of membrane behavior and may not correspond to
physical reality.

When permeation occurs by a fiow mechanism the pressure drop across the
membrane is the driving force regardless of the phase of the penetrant, ie, whether
it is a gas or Yquid, It shonld be emphasized that simple viscous flow as described
above is only one of a number of modes of flow through pores, As the size of the
pore approaches the mean free path of a gas, for example, Knudsen flow and other
mechanisms become operative,

Activated Diffusion

In a membrane which has no pores or voids permeation of small molecules occurs by
an activated diffusion process. In this process the penetrant dissolves and
cquilibrates in the membrane surface, and then diffuses in the direction of lower
chemical potential, At the second boundary equilibrium with the fluid is again
established, 1f the boundary conditions on both sides of the membrane are
maintained constant, a steady-state flux of the components will he established which
can be described at every point within the membrane by Fick's first law of diffusion
(eq. 5) where Qj is the mass flux (g/cm2-sec), Dj is the Jocal diffusivity (cmz/ sec),

Q == D2 ®)

cj the local concentration of component i (g/ cm3), and x the distance through the
membrane measured perpendicular to the surface ., When more convenient the mass

units can also be expressed as volume units, eg, ems3 at standard temperature and
pressure,

If the rate of arrival and removal of the permeant at both membrane~fluid boundaries

is Inrge compared with its rate of penetration, as is commonly the case with gases,
then the fluid-phase composition remains constant up to the membrane surface,
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In gas permeation partial pressure, p;, of a component i sutside the membrane is
usually measured, This pressure, py, is directly proportional to activity and it is
related to the membrane concentration of penetrant at the surface by Henxy's

Ci = S (6)
law (cq. ) where 8 ig the Henry's law constant of component i {or its solubility

coefficient) in the membrane material, Equation 5 may then be rewritten as equation
7.

) d
@ = - Disid% (7

The terms Di5; may e combined into a permeability coefficient P;, giving equation
H

Q dx = ~ Pydp; (8)

It is possible for both the diffusion coeificient and the solubility to vary with the

composition of the penetrant-membrane mixture., However, for the simple case of

permanent gases which do not interact strongly with: the membrane, P is a constant

and eyuation 8 may be written in its integrated for (eq. 9),
o= QX

b Ap ©

Measurement of Permeability

The measurement of permeability is carvied out by two basic methods, (a)
transmission methods and (b) suvrption-desorption methods. In the lransmission
method two sections of a chamber are separated by the membrane to be tested and a
concentration gradient of the penetrant is applied across the membrane. This can be
accnomplished with or without a total pressure difference between the sides, The rate
of transmission can then be determined by a number of techniques, In sorption-
desorption methods sumples are rapidly brought into a liquid or vapor of known
activity, and from the rate of sorption and desorption and the equilibrium sorption
value the diffusion coefficient and the solubility coefficient can be zalculated, The
permeabilitv coefficient may then be estimated from these two values,

Permeabilities measured by those two hasic principles agree only when the sorption
and the diffusion of penetrant in the polymer membrane are ideal. Because of the
generally accepted concept of "permeability" and also the phenomenological aspect
of the permeation prezess, it is usually better to measure the permeability by the
transmission methods,

Transmission Methods

The amount of penetrant passing through the membrane in unit time can be measured
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by a variety of methods such as refractive index or interferometry, thermal conducti-
vity, chemical analysis or colorimetry, gravimetric techniques, mass spectroscopy,
gas chromatography, and pressure-volume-temperatures measurements of gases.
Virtually any kind of method which can quantitatively determine the amount of pene-
trant can be utilized for permeability measurement,

The most accurate method of measuring permeability constants by the transmission
method is the measurement of steady state permeation rates. However, permeation
of many penetrants through the majority of polymer membrances occurs as an acti-
vated diffusion process; in that case, the increase of the measured parameter is not
a simple linear function of time and is accompanies by a characteristic time lag.
The time lag is related to the diffusion constant of the penetrant in the polymer, and
is a characteristic parameter which depends only on the nature of polymer and the
thiclmess of the membrane and does not depend on the method of measurement.
Thereforc, regardliess of the sensitivily, the accuracy, and the time required for a
paviicilar measurement, one must make sure that the permeafion reaches the steady
state. Tor many polymers in readily available thicknesses and for many gases and
vapors, the time lag offen exceeds a few hours,

Tractors Influencing Permeability

Temperature

The dependence of both D and S on temperature generally follows a relationship of the
type given by equations 10 and 11 where Hs is the apparent heat of solution and Ep

S = 89 exp (-Hs/RT) (10)

D = Dg exp (~Ep/RT) (11)
the activation energy for the diffusion process, and the subscript zero refers to a

standard state, Consequently, the permeability coefficient, P, follows a similar
relationship (ed. 12).

P = P, exp (~Ep/RT) (12)

In equation 12

E,=Hg + Ep (13)

The sorption of a gas or vapor in a polymer may be divided into two processes, con-
densation of the vapor followed by mixing, Thus, Hg can be expressed as the sum
of the heat of condensation and the heat of mixing (cq. 14).
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Hs = Haond + Hmix (14)

TFor permanent gases, such as hydrogen, helivm, oxygen, or nitrogen, Hgond

is negligible and Hg is determined largely by Hy,iy- For permanent gases,
therefore, the heat of solution is small and positive and S increases slightly with
increasing temperature. TFor condensable vapors, such as sulfur dioxide, ammonia
or water, Hg is negative owing to the large heat of condensation, and S decreases
with increasing temperature,

The activation energy Ep is always a positive quantity. Therefore, the overall
permeation energy Ep is positive for permanent gases. With a condensable vapor
such as water in polystyrene, however, the heat of condensation is of opposite
sign and nearly cquals the diffusion energy. The net result is a permeability
nearly independent of temperature.

Membrane Thickness

TFrom equation 8 it can be seen that the permeability coefficient should be indepen-
dent of thicimess. In practice, however, it becomes very difficult to avoid pin-
holes in very thin membranes, When preparing a film from a melt or from solution
the outside surfaces ave cooled much more rapidly than the interior. This may
produce a 'skin effect" which becomes much more important in very fine films.
Generally, the permeability coefficient of films thicker than 0,001 inch tends fo
hecome independent of thiclmess. In the Loeb type(s) membrane used in reverse
osmosis, however, a thin skin controls the permeability and the apparent perme-
ability coefficient increases with increasing membrane thickness.

Deunsity of Polymer

In general, the density of a polymer, as related to the free volume content, is a good
measure of the pre-cxisting hole volume or "looseness' of the polymer structure.
The lower density polymers are therefore generally more permeable.

Molecular Weight

The molecular weight of a polymer has becn found to have little effect upon the rates
of diffusion and perneation except in the very low range of molecular weights not
normally encountered in coherent films,

Chemical Structure

Chemical modification of a polymer, including copolymerization and substitution
reactions, can have a pronounced effect on P, D, tnd S. In general, if the cohesive-
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energy density of the polymer increases as a result of modification, it will decrease
the value of the diffusion coefficient. However, the eflect of change in the cohesive
cnergy on the solubility coefficient depends entirely on the cohesive energy of the
penetrant vapor. Since the solubility would be expected to increase as the cohesive-
energy densities of the vapor and the polymer become more nearly equal, the increase
in the cohesive energy of the polymer can be in either direction; ie, if it approaches
the value of the vapor the solubility will be increased; however, if it departs from the
value of the vapor, the increase in cohesive energy of the polynier eventually de-
creases the solubility of the vapor. Accordingly, the overall permesbility will depend
on the magnitude of changes in both ) and 8. These relationships may be illustrated
by the example of esterification of cellulose.

Upon esterification of cellulose the cohesive energy decreases, since highly polar
hydroxyl groups are veplaced by ester groups. This causes the incrense of the diffusi-
bility of any penetrant in the polymer, but the effect of the esterification on the solu-
hility of penctrant depends on the nature of the penetrant. For example, the solubili-
ties of the permanent gases which have very smail cohesive energies will be increased
by the decrease in the cohesive energy of the polymer due to the esterification. How-
ever, their magnitude is relatively unimportant, since the difference befween the co-
hesive energies of the gases and that of the polymer are overwhelmingly large and
consequently the contribution of the solubility to the overall permeability is relatively
small, Therefore, the permeability of the permanent gases increases as a result of
the esterification. On the other hand, in the case of water vapor the change in the
solubility is in the opposite direction. Since water has 4 cohesive energy that is de-
cidedly higher than that of most polymers, the decrease in the cohesive energy of the
polymer increase the difference in cohesive energy between the polymer and the
penctrant, leading to the lowering of the solubility. Furthermore, the solubility plays
a predominant role in the overall permeability of water vapor, and the magnitude of
the change in solubilify is more than enough to compensate for the increase in the
diffusibility. Accordingly, the water-vapor permeability decreases on the esterifica-
tion of cellulose despite the increase in the diffusibility of the penetrant in the polymer.

Crystallinity

The crystallites can be considered impermeable; consequently, the higher the degree
of crystallinity the lower the permeability to gases and vapors.

Orientation
The permeability in an amorphous polymer below or not too far above its glass-transi-
tion temperature is somewhat dependent »n the degree of moiecwlar orientation of the

polymer, and is normally reduced, as compared to higher temperatures, although
small strains sometimes increase the permeability of certain polymers.
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The orientation of elastomers well above their glass-transition temperature has rela-
tively less effect on the overall transport property.

Crosslinking
Crosslinking will decrease the permeability mainly due to the decrease in the diffusion

coefficient. The effect of crosslinking is more pronoumeed for large-molscular-size
Vvapors.
Plasticizers

The addition of a plasticizer to a polymer usually, buf not always, increases the rates
of vapor diffusion and permeation.

Glass Transition

Polymers may undergo transitions from the glassy state to a rubbery or leatherlike
condition over the temperature range in which their permeability is of interest. In
generaly, above the glass-transition temperature, Tg, heats of solution are larger
(less negative) and activation energies are larger (more positive) than below the trans-
mission. An Arrhenius temperature dependency exists on both sides of Tg but different
values of the constants may have to be used (T, U). For small penetrants the glass-
transition may not have an effect. I the penetrant is highly sorbed by the polymer it
may also plasticize the polymer and lower the glass-transition temperature.

Condensable Vapors and Polymer Swelling

The extent {o which a homogeneous polymer will absorb a vapor or liquid depends on
the closeness of their chemical constitution., When the penetrant has similar polarity
or, more precisely, as the cohesive-energy densily of the penetrant and polymer
approach the same value, more penetrant dissolves in the polymer and the polymer
becomes swollen, Under these cireumstances hoth the solubility coefficient, S, and
the diffusion coefficient, D, from equation 7 are likely to be concenfration dependent
and so conscquently is the permeability coefficient, P. An infegrated permeability
coefficient, P, is often used as a convenient method of describing permeation between
two vapor pressures (eq. 15)., Film thickness is also concentration dependent, but the
usual practice is to

P = X 5)

e ———

b2 - P1

use the unswollen film thicimess and incorporate all corrections into the integrated
permeability coefficient,
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Tor strongly swelling penetrants it is also obvious that in steady state permeation a
nonlinear concentration prefile must exist. Most of the resistance to transport is
also localized on the outflow side. The situation is analogous to permeation of com-
posite membranes.

In 2 strongly swollen membrane, relaxation of stresses produced during membrane
manufacture may take place. When this happens the permeability at all degrees of
swelling will be changed. Tor characterization of intrinsic polymer properties a
membrane should be conditioned by exposure to lquid or high vapor concentration,
TFor control of manufactured materials it may be more desirable to consider only the
conditions under which the membrane will be used.

Liquid and Vapor

Permeability of a polymer membrane to saturated vapor and to liquid should be the
same in principle, In practice it is difficult to measure permeability of saturated
vapor and an extrapolation technique is often used. Swelling often increases very
rapidly ncar saturation and the extrapolations may not be valid. Contact with a Hquid
may also induce morphological changes.

Permeability Ratios and Mixed Vapors

Tor noncondensable gases, Stannett and Szuare (V) predicted that the permeability
ratio of a pair of gases should be relatively constant over a series of polymers.
Table B-8 confirms this as it shows that the ratio of permeabilities of carbon dioxide
to nitrogen varies by a factor of only two, while the permeabilities varied by 5000.
Data of Stern show that the ratio of permeabilities of methane and nitrogen vary by a
factor of about fifteen in a series of membranes in which the permeabilities varied
by more than 2 x 108, Helium-nitrogen and helium-methane permeability ratios in
the same series of polymer membranes varied by factors of 2.5 x 102 and 6,5 x 102
respectively, If is probable that the permeation mechanism for helium is different
from that of the other gases.

Permeability Constants of Polymeric Materials

The permeability of many of the common polymers to oxygen, carbon dioxide, and
water vapor at 30°C is given in Table B-9.

The overall activation energies are included in Table B-9 wherever reliable values
are known. These may be used to calculate the permeabilities at other temperatures
using the relationship shown in equation (a) where Py and Py are the permeability
constants
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TABLE B-8. PERMEABILITY TO CARBON DIOXIDE AND NITROGEN AT 30°C

FILM Poo, X 10M my® x 10t RATIO
saran .29 0.0004 30.9
polyeater? 1.53 0.05 30.6
nylon L6 0,10 16.0
rubber hydrochloride,  unplasticized 1.7 0.08 21.2
poly(bl.:l:zu;li.‘:mc-co--ac:l:‘\,rlt.mih.'ile)Lt 746 2,35 31.7
butyl rubber 518 3.12 17.4
miethyl rubber 75 4.8 15,7
poly(oster~amide-diisocyanate)® 186 4.9 37.9
poly( Lmta_dicnc—co—acrylonitrile)f 156 6.01 30.9
rubber hydroclhlorida, & plastieized 132 G.2 20,4
poly(hut:uliene-co—n.c1'ylﬂnitrilo)h 300 10,2 20.1
neeprenc 260 11,8 21,1
nolyethylene 352 19 18,56
butadiene~styrenc elastomer 1210 G3.5 19.6
polybutadicne 1380 64.5 21.4
natural rubber 1310 §0.8 16,3

2 em¥ (8TP) - em/em2-see-cm Hg.

b yplar, bulont

© Dliolilm N, CGoudyear Tire & Rubber Co.

Hyear OR 15, B. F. Goodrich; 619 butadiene; 39% acrylonitrile.
¢ vuleaprene.

{ Hyear O 23; B. T, Goodrich; 687 butadiene; 327 aerylonitrile.
8 vlietilin 1’1, Goodyvear Tire & Rubber Co.

i Perbunan, Farbenfabriken Bayer A. G.; 80% butadiene, acrylonitrile 207
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TABLE B-9, PERMEABILITY OF POLYMERS TO OXYGEN, CARBON DIOXIDE, AND WATER
VAPOR AT 30°C AND ITS TEMPERATURE DEPENDENCE?

OXYGEN CARBON DIOXIDE WATER VAPOR
POLYMER px10 B Ppx10? m  px10? g

butyl rubber 1.3 10,7 5.2 9.9 120
cellophane® 0,002 -0.006 d
ccllulose acetate 0.8 5,0 2,4 4,3 G, 800 0
ethylcellulose 26,5 4,2 41,6 1.3 12,300 0.4
nafural rubber 23 7.5 131 6.1 2,600
nitrile rubber 1,0 12.0 7.5 10.5
nylon - 6, 60 0.04 10,4 0.16 9.7 70
polycarbonate 1.5 4,6 8.5 3.8 1,400
polyethylene

low density 5.9 9.9 28,0 8.2 100 8.0

high density 1.1 8.8 4,3 7.4 15 7.5
poly(cthylene terephthalate) 0,04 G.4 0.15 6.2 175 0.7
polypropylene 2.3 11.4 9.2 9,1 68 10.1
polylrifuorochlorocthylcne 0.02 10,9 0.05 11.1 e.2
poly{vinyl acetatc) 0,5 13.4° 4,6 10, 000
poly(vinyl :Llcohol)IJ 0.003 0.01 d
poly (vinyl chloride) 1.0 12.2 170
poly(vinylidene chloride) 0. 005 16,9 0,03 12.3 1.0 17.5
rubber hydrochloride 0.02 12.8 0.17 8.6 19 6.8

Units: P - (nl at STP) (cm)/ (cm?) (sec) (cm He); Ep = keal/mole. The vapor permeabilities
vary with type and condition of the polymer. The vilues given arce as far as possible for the
ummodilied materials, Seue equation (a) for permeability at other temperatures.

b Dependent on relative humidity; values given ave for dry films.

¢ Above 20°C only,

d Very high and humidity dependent,
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TABLE B-10. EFFECT OF RE LATIVE HUMIDITY ON GAS
PERMEABILITY AT 21°C

Oxygen Carbon Dioxide
Material 0% rh 75% rh 0% rh 75% rh
plain cellophane, wmnodified 0.033 1.2 0.13 2.3
coated cellophane 0.05 1.0 0.16 6.4
rubber hydrochlovide 2.8 2.8 17.5 17.6
glassine 23.0 11,0
nylon-6 - ¢ 0.020 0.033 0,12 0.24

& {nits: (ml at STP) (em) / (cm?2) (sec) (em Hg) X 1010

not specified,

, thickness
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logPg = logp; + _1000T 1 - 1 (16)
4,6 ™ Ty

at temperatures T and T9, respectively, and Ep is the activation energy in keal/
mole. Tor a few of the polymers, the permeabilities depend on the relative humidity
and these are marked accordingly.

As was mentioned earlier, the permeation of orgaunic vapors through polymer films

is much more complicated due to the pressure-dependent solubility and the concen-
tration-dependent diffusion coefficient, Although extensive studies have been made

on the permeability, solubility and diffusivity of various organic vapors in polyethylene,
relatively little data arve available for other polymers. Since the solvent action of
organic vapors varies from polymer to polymer, the permeability camot be compared
in a similar fashion as is possible for permanent gases and water vapors,

In general, the gases permeate in approximately the same ratio through all polymers.
The effectiveness of a harrier against a particular gas can be gaged, therefore, from
its permeability constants for other gases. Water vapor and organic vapors, however,
permeate in a much more specific fashion and the permeability constant is largely
governed by the solubility factor. it is much more difficult, therefore, to estimate

the permeability of a polymexr foward water or organic vapors without actual measure-
ment,

As the solvent power and concentration of sorbed copenetraut increase, the effect on
vapor diffusion and permeation becomes more apparcent. The presence of water vapor
wis found to have an accelerating effect on the concurrent sorption and diffusion of
organic vapors in polymers such as poly(vinyl acetate) and cellulose acetate which
sorb a significant amount of water vapor (W), Similarly, the increased water sorp-
tion of polymers with increasing relative humidity also leads in some cases to
increasing gas transmission rates. Some practical results illustrating this are

shown in Table B-10. It is interesting fo note that the permeability of glassine
actually decreases a little at high humidity. This is because of closing of the pores
as the glassine swells with increasing humidity.

A similar case of a swelling penetrant increasing the gas transmission rate of a
second gas was noted by Stannett and Szuare (X). In this case it was observed that
oxygen, in the presence of large amounts of carbon dioxide, permeated polyethylene
at rates three times as fast as in the pure state.

A-46



Hamilton U SVHSER 7100

ivighand (0 UNITED BHCPAF F CORPOHATRIN

Standard Ae

(Continued)

it is clear that changes in both solubility and diffusivity will u.fect overall permeability
behavior, Both the nature of the penetrant and that of polymer will affect both of the
ahove properties.

Nature of the Penetrant

The solubility of the penetrant will be greatly affected by its polarity, or its cohesive~
energy density, and the similarity of these guantities with that of the polymer. i is
clear, for example, that a hydrocarbon such as n-hexane should have higher solubility
in polysthylene than, for example, methyl bromide, and this is indeed the case, It
should be borne in mind that cohesive-energy densities are often similar for materials
of quite different structure.

The diffusivity of a penefrant is mainty dependent on its size and shape and numerous
attempts have been made fo put this relationship on 2 more guantitative basis. The
data for the simple gases shows a scaftered relationship between the energy of activa~
tion for diffusion and the first and second power of the molecular diameter. In the
case of organic molecules the shape factor becomes high important.

Nature of the Polymer

Besides the effects of similar cohesive energy densities on the solubility of a pene-
trant in a polymer, the nature of the polymer structure, ie, its morphology, can also
be important. In the case of semi-crystalline polymers, solubility occurs only in the
non-crystaliine regions, and the solubility is roughly proportional to the amorphous
content, With highly Jrawn polymers other factors are involved, and the order of
solubility of a series of solvents can sometimes be changed in that the size and shape
of the penetrant may be come the governing factor. Cross-linking, in general, tends
to reduce solubility with the more highly swelling penetrants but otherwise has little
effect except at very high degrees of cross-linking.

The diffusivity of a penetrant in a polymer can best be interpreted in terms of the
Eyring picture of viscosity or diffusion, The polymer can be visualized as a tangled
mass of polymer chains with the ""holes’ between them. Af normal temperatures there
is considerable segmental mobility and the holes are continually forming and dis-
appearing as a result ot thermal motion, Diffusion of a penetrant takes place by a
succession of "'jumps' from hole to hole under the influence of the gradient of concen-
tration or, better, the chemical potential. The energy of activation for diffusion can
then be related to the cohesive energy of the polymer, ie, the energy associated with
hole formation. The pre-exponential factor of the diffusion constant, on the other
hand, can be associated to some extent with the number of holes or looseness of the
polymer structurc, ie, the free volume,.
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The effect of crystallinity on the diffusivity is quite complex. In general, the crystal-
line regions interrupt the flow lines and l¢ad {0 increased tortuosity of the diffusion
path, In addition, the crystallites act as cruss-links restraining the mobility of the
chains, These two effects have been studied by Michaels and co-workers (Y), the
former effect is by far the most important. The dependence of the diffusion constant
on the amorphous content is complex. For some polymers such as poly(ethylene
terephthalate), it is first-power dependence, whereas for certain grades of poly-
ethylene it is almost second power., This, coupled with the linear dependence of the
solubility on the amorphous content, leads to an overall dependence of the permeabi-
lity constant on the second to third power of the amorphous content,

Cross-linldng has an effect on the diffusivity., For example, in the case of poly-
athylenc one cross-link per about thirty monomer units leads to a reduction of the
diffusion constant by one-half (Z).

It is diffieult in comparing the relative permeabilities of a series of polymers to
clarify the role of the various factors which contribute to the observed differences.
However, a consideration of the variables discussed briefly above does help in pre-
dicting the permeation properties of a polymer with fair accuracy.

Preliminary Maferials List

Gas and vapor permeabilities through synthetic membranes, for COg, Og, N9 and
water vapor have heen compiled from available liferature, The polymeric materials
for which data is available probably represent all of the types which would be con-
sidered for application of present interest.

In most cases the permeation data was obtained with flat films of the polymerie
materials, Since the permeability depends on the chemical state of the polymeric
material and not on the geometric configuration, it is assumed that the data cited
below is directly applicable to hollow fiber membranes of the same materials, It
must be remembered that such factors as polymer crystallinity, presence of plas-
ticizers, and polymer molecular weight all affect the permeation of gases and vapors.
These factors are usually not measured and therefore wide and unexgplained vaviations
are frequently found for the permeation of a given gas through different preparations
of supposedly identical polymorie films.

The data report was generally obtained with single gases and not with mixtures of
gases or vapors, Since the presence of a specific gas in a mixture can have a pro-
nounced effect on the permeation of other gases in the mixture, the ratios of per-
meahbilities which can he derived from the data tabulated in Table B-11 must be used
with caution,
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TABLE B-11. MATERIALS PROPERTIES

P X 1010 Units cc (STP) em/em2-gec-cm Hz

POLYOLEFINS COy Og Ny Hg0
Polyethylene
low density 26.5 9.5 1.17 -
28, 5.9 2.0 210
14, 3.0 1.1 100
medium density 15, 3.2 1.9 -
high density 3.5 1.1 25 -
4.3 1.1 .33 12-15
unspecified 12-19 2.8-3.5 .8-1.2
Polypropylene extruded binxally 9,2 2.3 .44 70
oriented 1.8 .6 .09 -
4,8 1.4 .29 -
uncoated 3.2 1.0 .12 -
coafed .003~.03 .001 .062-,01 -
Polycis-isoprene 23.5 5.7 - -
Poly 4~-methyl pentene-1 9.4 3.6 - -
Ethyleae~propylene copolymoer 16. 4,4 - -
Ethylene-octene-1 copolymer 1,9 ) - -
Polyisobutylene 1.1 .4 - -
POLYAMIDES
Nylon & .06 .015 .005 -
Nylon 6-G +12-,24 .02-.03 - 70
.16 .04 - -
.06 .03 .002 -
Nylon 11 .9 .2 .02
Nylon 12 8-2,0 .31, 56 .08~-.11 -
Nylon .16 . 038 .01-,02 70-1700
CELLULOSICS
Celiophane {regenerated cellulose) v, low .noz - -
.0024-,036 ,0012-,03 .003-,01 v, high
.13@ 02 RA .03 02 RH - -
2,3@75MRH  1.2@75% RH - -
Cellulose acetato 5.1-6.0 .8 -
Cellulose triacefate 2,4 LB G800
2,4-148 4-.78 1560-10, G600
5.3 .9 -
Cellulose acelate butyrate 36. 5.7 -
31, 6.0 -
Fthyt celluloae 30. iz, -
133. 23. 3000
41, 26.5 12,300
INa
OF pogy (FAGE Iy
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TABLE B-11. MATERIALS PROPERTIES (CONTINULED)

FLUORODPLASTICS

Polyvinyl fluoride (Tedlar)

Polytetrailuoroethylene (Teflon)

Polytrifiucrochlorocopolymer (KdF}

TEP {luoroplastic

Poly (vinylene fluoride-hexa fluoro

propylene) Viton A

Fluorinated <thylene propylene
copolymey

Poly (vinyl acetate)

ACRULONITRILE COPOLYMERS

vinyl nitrile Tubber
Acrylonitride-butdicne-styrene
Doly{styrene-neorylonitrile)
Polybutadicne-acrylonitrile)

Nitrile rubber

OTHER

Rubber Iiydiochloride (Pliofilnt)

Dutyi rubber
Polyurcthane clastomer

Polybhutadiene

Polystyrenc

Butadiene styrene copolymer (Buna S)

Polysmlione
Polyvinyl alcohoel

Polyimide

SVHSER 7100

P X 10" units cc (STP) em/em2-sec-cm Hz

A-50

COg Og Np Hs0

.09 .02 .004 330

.07 .02 .004 -

- - - a6
.048-1.25 .025-54 .009-,013 .3-36.0

02 .05 - o2
1.7 5.9 2.15 50,

7.8 1.5 .44 52,

10 4.8 2.0 -

4,6 5 . 10, 000
1.45 .3 .03 -
1.0-1,2 .3-.4 .03-.06 -
1,08 .34 . 046 g00
7.5-G+ .96-8,2 .24-2.5 1,000
7.5 1.0 - -
1.7-80, .23-13.5 - -

A7 .02 - 19
1.8- 6.0 . 18-1,8 L03-, 55 -

17-1,8 . 025-, 54 .008=-.,52 25-1900
17.5 2.8 - -

3.2 1.3 .32 40-200
2.7-10 .45-1.9 . 25-.7 250-12, 500
14-10 1,5-4,8 .49 350-12, 500

138 19.1 G.45 4,900

.54 2,1 - -

124 17.2 6.35 2,400
5.7 1.4 .24 high

.01 003 - 2, 500-1.1, 000

1.2 (0%RH) .7 (50'% RH) -

.27 .10 .03 -
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TABLE B-11. MATERIALS PROPERTIES (CONTINUED)

QUALITY,‘ S

P X 1010 ynits ce (STP) cm/cmz—sec-cm Hz

COq 02 Mg Ho0
Polyester (terephthalate) .15 .04 - 175
.10 .03 . 005
.09 ,002-.036 - 130-230
2 10-,15 036-.048 .004-.006 -
Polycarbonate 8.5 2.0 .3 700
8.5 1.5 - 1,400
6.6 1,8 .3 -
Bthylene-vinyl acctate copolymer 36 2.1 2.1 -
Polyvinylehloride 1.0 - - 170
1.0-3.7 W12-.6 « 04,17 260-630
LA48-4,8 L12-1.2 .02-,18 -
nonplasticized .1-.3 02-.15 - -
plasticized .6-18 .16-12 - -
Vinylidene chloride-vinylehloride .03-,3 .005~-.04
copolymer
Silastic 25.3 6.4 - -
Silicone rubber 600-~3000 100-600 - -
' 2, 300 600 200 -
Nueoprene (polychloroprene) 25,0 4.0 1,18 1,800
Yinvlidene chloride (Saran) .03 . 005 L 001 1,4-100
.03 . 005 - 1.0
Najural Rubher 133 23 4.4 3,000
131 23 _ - 2,600
Fposy (Epon-1001) .086-1,4 L05-1.6. - -
Polyformaldehyde (Delrin) = .19 - .038 02 500-~1000
Chlovo sulfonated polyethylene 20.8 2.8 1.16 1,200
Polybutadione ERTRN 138 19,1 6.45 - 4,900 .
79 14 - -
FACILITATED TRANSPORT MEMBRANE
FOR CUy S
P x 1010 Separation Factor
Mombrae CO2 Qg N2 C02/0p
‘Porous Cellulose Acetato impreg— a1 L0052 - T 4,100
nated with agueons solution of ; S
cesium hicnybonate and sodium
arsenite
Copolymer of polycthylenimine, 3.44 .11 . 0746 30,4 -
‘polyvinylhutyral ausd Tpon 834 - S I
URIGINAT o A-51
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B-11 FACILITATED TRANSPORT OF COg

The facilitated transport process by which the permeatlon of CO2 across a membrane
is chemiecally augmented has been described by Ward and Robb(22) and the process
has been subjected to analysis by Ward,

In its simplest form a facilitated transport system congists of a gas A and nonvolatile
species B and AR in a liquid film, The gas A can_react reversibly with B, If the
equilibrium constant, K, for the reaction A + B£=AB is favorable, when a concentration
difference in A is maintained across the film there is established a concentration
difference in AB which is in the same direction as that in A, A concentration dlfference
in B is also established which is opposite in sense to that in A,

Becduse of these concentration differenceés there is a net transport of both A and AB
in the same direction across the ligquid film and a net transport of B equal and
opposite to that of AB,

Since the total flux of A containing species across the film is equ;il to the flux of A
plus the flux of AB at any point in the film, the flux of A is facilitated or augmented
as the result of the nonvolatile species AB and B,

In the CO2 study the nonvolatile species B, in the liquid film was the bicarbonate ion,
HCOs,

With this system using gas mixture of 5% COg-95% O2 at atmospheric pressure in
one side supported liquid film containing CsHCO3, and a fotal pressure of 2.5 to

4 ¢m Hg, on the low pressure side a separatlon factor for 002/02 permeation of
1500 was obtained, When the rate of the reaction of COg with H20 to form HCOs :
was accelerated by means of a catalyst, the separation factor was increased to 4100,

A version of the facilitated transport.of COp was studies by Miller (°€), T this case
a weakly hasie polyneric membrane was used. Again an improvement in the C02/0g
separation factor was observed but a much smaller magnitude than that found with
the bicarbonate system, :

These results suggest that mobile or fixed carriers may be incorporated into
_polymeric membrane s¢parator wmits by which the transport of one gas of a mixture
" may be augmented and permit single pass separation of eéven trace amomnts. of
impurity gases in a gas stream. :
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Trace Gas Removal

The rates of generation and the allowable levels of a number of trace contaminants
are presented in Table (B-12), Carbon monoxide, ammuonia and hydrogen sulfide
are gases which might be removed by a modified hollow fiber process,

B-11.1 CO Rewmoval

The low levels of carbon monoxide which enter a circulating gas stream have been
historically removed on an oxidation catalyst, Reliance on separation by selective
permeation through polymeric membranes appears to be unattractive because of
the low levels of carbon monoxide,

A concept involving the incorporation of a finely divided oxidation catalyst on the
impure pas side surface of hollow fiber membranes appears to have merit, It is
proposed that the catalyst be incorporated into membranes which permit faciliiated
transport of COg. Impure gas containing both CO and CO2 first contacts the
oxidation catalyst which connects the CO to CO2, the CO2 produced and that present
in the incoming gas would then be removed in the CO2 selective membrane,

The feasibility of depositing catalyst on the surfaces (inside) of hollow fibers has
been demonstrated in fuel cell applications,

Low temperature catalysts for CO oxidation arve also available,

A potential problem relates to the active life of catalysts operaiing at ambient
temperatures in gas which may contain relatively large amounts of water,

B-11,2 HgS Removal

Facilitated transport of HpS through membranes may be feasible, Hydrogen sulfide
is a weak acid (like CO2} and appropriate agents for transporting H2S may be found,

B-11.3 NH3 Removal

Tn a similar manner, acid carrier may be found to permit the facilitated transport
of NHy through the walls of hollow fiber membrane separators, :
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TABLE B-12

SVHSER 7100

TRAOE CONTAMINANT GENERATION RATES AND MAXINUM

ALILOWABLE CONCENTRATIONS

- Est. Generation
Rate

Space Maxdmum
Allowable Conc.

(b /hr. x 109) ®.p.m.) N
Ammonia, 4150 25 =
Benzene 415 1
Carbon monoxide 115 25.
Cyclohexane 85 | 30
Dioxane 42 5
Ethanol 415 50
Formaldehyde 42 0.1
Hydrogen 820 3,000
Hydrogen fluoride 125 0.1
Hydrogen sulfide 1.8 2
Methane 72,000 2,700
Methanoel 415 40
Methylene chloric_’te E 42 0
Ozone o 4,2 0.02
Sulfur dioxide a2 d
Toluene h | 415 20
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B-12 INTRODUCTION

This section desecribes the analytical models used to describe those processes
important to the HFM component sizing and system integration. Initial discussions
treat the hydrostatic pressure loss in the process stream flowing through the tubular
mcmbranes and backpressuring effects of shell side geometry. Mass flow processes
through microporous membrane walls are shown to be dominated by a wide range of
physical phenomena with the final process model definition a strong function of
permeant phase upstream, within and downstream from the membrane wall, Membrane
geometry and wettability are considerations which influence the description of the

mass transfer process. In this area we have considered "solid" vs. microporous
membrane structures both of which may be homogenous or anisotropic. The facilitated
transport obtained with coatings and fillers is also presented.

B-12,1 Tube SBide Pressure Drop

For a steady flow of a Newtonian fluid in a tube of uniform diameter, the laminar
pressure loss is described by the Hagen-Poiseuille relationship:

AD = 32H VL )
geD

Although specifically applicable fo incompressible fluid, the relationslﬁp applies fo
compressible fluids when the density is nearly constant or when:

AP L .1
P

‘Equation 1 may also be expressed as the Fanning eguation:

f L @2
AP = - s> R (2}
R R
since for laminay tlow:
fﬁi:ﬁfi"'f_ _ @
- NRg DG - - I

In addition to the frictional loss within the tubes, entrance and exit losses must be -
~ considered. - The assembly is best represented as an inward: pro;ecting pr.pe entrance .
and a prc:Jectmg pipe exit producmg a pressure loss as fouows. B

ap=1g & @

Bg'cf’" .
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Total pressure loss for the tube side flow within the hollow ﬁber membrane canp be
expressed as the sum of (2) and (4):

AP= (T8 +EL) g% i
| 2%, |
—(LB+6t My G2 (5a)

2z p

B-12.2 Shell Side Pressure Drop

Shell side pressure drop must be considered in HFM component design to provide an
operating tmowledge of the local pressure on the discharge side of the membrane
material. Several factors must be included in this analysis to accurately model the
system.

1. Pressure difference across the membrane, and therefore mass flux,
decreases from fube inlet io outlet. Shell side tube bundle flow will
therefore have two components, flow normal to the axis and flow
parallel to the axis.

2, In either flow direction, there will be mass addition from the
downstream membranes. This mass addition is a variable
dependent on local membrane pressure differential.

3. Tube bundle geometry may vary significantly with position due to
the difficulty in maintaining precise dimensional control. Spacing
of the fine tubes and alignment, whether in-line or staggered, can
only be grossly defined for the actual hardware.

Initial analyses not considering niultiple flow direction or wide variation in tube bundle
geometry have produced excessively conservative predictions and have not accurately
reflected the test data resuits.

As membrane technology increases and attempts are made to provide the ultimate '
optimization in component weight and volume we may have to reevaluate the need for
an accurate math model in this area but further work is not warranted at this stage

" Minimal test data is sufficient to provide knowledge of geometry effects and will -
suffice for the initial sizing and evaluation phase.

B-12.3 Micro'porous Membranes

In attempting to describe the analytical relationships governing the superficial
performance of microporous membranes we must first separate the po:t_gptial_
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operating regimes of the system. Totally different processes and realtionships are
. involved when considering phase change across the membrane barrier as compared

" to those processes maintaining a constant phase across the system. A5 examples we
will consider two concepts: one using the membrane as a microfilter with water
present on both the tube and shell sides only in the liquid phases, and the second as a
thermal sink using the heat of vaporization of a portion of the liguid water in the tube
as it evaporates to a gas on the downstream or shell side.

Constant Phase Process

For the constant phase process, flow may be estimated using equation (1), assuming
pore entrance and exit effects are negligible, as follows:
- 324 VL

goD?

=M GL
2P

AP = (1)

_aPD2f  1bs. of fluid (6)

oty ' G = ML (sec) (ft¥)

- Assuming the foﬂbwing pore and system characteristics, we may proceed:
Membrane Wall Thickness, I = 25 microns

= 8.2x10°9 f,
.03 x Total Memb1 ane Area

Membrane Open or Pore Avea
Nominal Protein Molecular
S . _ Weight Cutoff = 5,000 to 30,000
or, Apprommate Pure piameter = 20 Angstrom Units
6.56 x 1079 ft.
1atm, = 2.12x 108 psf
1,06 x.1079 1b/seo ft (Hp0.@ 4o°F)
= 62,4 lbs HpO/ft3
_ @ 12x103u6 5651092 {62 4y
(1.06x10” d)(s 2107 3) :

- 6.6x105 __Ibs Hp0 |
(sec) (ft* pore area)

- = 8.6x107° (3600) (,03)

- lbs HaO
. 007
(hr) (ft“ membrane area)

ouoa

AP
e
G
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This value is representative of flow through a homogenous membrane. The use of
anisotropic configurations in similar applications will result in flow increases
approximately two orders of magnitude higher due to the greatly reduced pore length.

it should be noted that the parameters governing the rate of transfer in this system are
pnmanly pore geometry and hydrostatic pressure differential.

During recent testing at Hamilton Standard, water transfer rates were found to excec 1
these values by one to three orders of magnitude and to be independent of bvdroriatic
pressure differential when used in a phase change mode - such as a2 water boiler. .
necessary conclusion can be made that the prior analysis does not represent the
system where the liquid and gaseous interface is in contact with the membrane surface.
The analysis does apply, however, when liquid is present on the membrane external
surfaces and the gas/liquid interface is separated froin the membrane hy a thickness
of liquid film. Under this condition, transmembrane flow will be correlated as a
function of hydrostatic pressure differential. This situation will be encountered when
vapor removal capacity is limited and water is allowed to condense and collect on the
tube external surfaces.

Phase Change Process

When the capacity for vapor removal is large, the external surfaces of the membrane
can be considered essentially dry and the liquid/gas interface now contacts some
portion of the membrane material. Surface tension characteristics hecome dominant
and must be considered in the analysis. Several factors will be presented for consi-
deration - they should not be construed as absolufe contributors to the analysis but
only as potential contributors.

Critical Line Force

Critical Line Force, CLT, is the ferce necessary to overcome the resistance {o
movement of a liguid-solid-vapor boundary line along a solid surface. In particular,
it is the force necessary to move liquid (such as water in the case we are considering)
through a hydvophobic capillary or the force necessary to push the liquid beyond the
confines of a hydrophilic ecapillary into an area where capillary forces are minimal

or nonexistent, For waler, the CLF has been measured on Teflon and Polyethylene
to range between 9,72 and 14.0 Dynes/cm The pressure necessary to cause move-
ment of the interface is calculated as follows: :

' AP = CLF (Interface Length or Capillary Clrcumference)
AR {Area Over Which Pressure is Exerted) .

CLF(zr”r - 2 ,CLE“..-' R .(7..)'
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For pore diameters of 6.56 x 10‘9 ft. as in the previous example,

Ap= (20 dynes/cm) (L.45 x 10-%  psi ) = 2900 psi
(6.56 x 1079 fty 30.48 cm dyne /om?
2 €

Based on the magnitude of this value, we may conelude that hydrostatic pressure
forces available in the system will not force liquid into a hydrophobic capillary or
beyond 2 hydrophilic capillary. '

Capillary Pressure Rise

The capillary pressure rise of water thru hydrophilic materials, such as céllulose or
cellulose acetate, may be estimated as follows assuming a Zero contact angle:

AP = _2C0
o r ,
.. .2(72.3 dvne/cm) (1.45 x 10-5 _ psi )y (@)
( 6.56x10-9 £ty (30.48 cm ) dyne/cm?
2 ft
=.21,000 psi

Referving to Equation 6 we can conclude that the capillary flow potential is approxi-
mately 10 Ibs HoO/(Hr) (Fl:2 membrane area) for the homogeneous membrane and some
100 times higher for the anisotiropic conﬁguratmn It may riow be concluded that
capillary flow for wetted materials is not a limiting factor in the analysis.

Liguid Vapnor Pressure

Due to the effects of surface tension, the vapor pressure of a liquid over a convex
_surface_'(such as a droplet) is greater than over a plain surface and conversely it is

~ lower over a concave surface (the geometry which may be present in a wetted
capillary) than over the plain surface. This phenomenon is described by the Kelvin
equation:

n Phigh - 2H< | @
Plow RTf r '

For water at 4001‘ P - 6.3 mmHg, the follomng values have been caloulated:
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Vapor Pressure, mmHg
T r Phigh
{em) (Angstroms) Plow Conecave Convex
10-7 10 2.95 2.1 18.6
10-6 100 1.114 5.7 7.0
10-5 1,000 1.011 6.2 6.4
1074 10,000 1. 001 8.3 6.3

Since we are working with micropore in the range of 10-30 Angstrom uniis the
variation in vapor pressure can be significant and must be considered in the analysis.
Data corrvelation, however, has not indicated any measurable reduction in vapor
pressure, but has shown a potential increase in pressure. This could be explained
{for the cases of the wetted materials) by capillary action or wicking beyond the end
of what has previously been considered the "pore™. Certainly, for the anisotropic
materials this condition exists with the many fine fibers or ligaments of the matrix
(substrate) providing both a wicking surface and a small convex diameter which

could produce the inerease in vapor pressure seemingly noted in test.,

Differences in performance between the cellulose acetate and the cellulose may be
explained in this manner since both units should not be limited by pore configuration -
wicking capacity is orders of magnitude greater than transmembrane flows measured
in test, The homogenous cellulose unit may simply have had limited evaporant
surface area or, more likely, limited vapor pressure increase and exhibited lower
performance. Further work. including microscopic examination, is warranted in
this area to betier define the pertinent parameters.

Hydrophobic Materials

When using Teflon, Silicone or Silicone /Polycarbonate microporous materials, the
analysis must deal with a different situation than previously described. We have shown
that the hydrostatic pressure is insufficient to foree liquid in the capillaries in the

size range of interest. Therefore, vaporization must originate at the inner diameter
of the tube at the base of the pore. The strong convex shape of the partially penetrating
liquid will produce an approximate three fold increase in the vapor pressure but gas
flow thru the ecapillary is in the molecular or Knudson flow regime and subject to
significantly increased resistance. The governing equation is as follows:

@ =165 % Azsfb_ff__'AT' o)
L T
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For a membrane bundle similar to that previously treated the flow rate is as follows:

Water at 60°F ; Pggy = 18,2 mmHg

Rise Due to Bubble Geometry = 3 x 13.2 = 39.6 mmHg
Assume Shell Side Pressure = 9.6 mmHg

Pore AP = 30 mmHg = 83.4 psf

-9
) 16.5) (6.96x107%)  (gg 4 718
(16.5) (8.2 x 10-) _( ) 520 Ar

02 A’I‘ lIbs H20 ,
Hr - Fi:2 of Membhrane Area

This value may be raised by a factor as high as 100 when considering anisotropic
geometrics but still falls short of the performance demonstrated by the cellulose

acetate membranes,

Application of Data

From the previous analysis, it may be concluded that hydrophobic microporous
membrane evaporator performance will be dominated by pore geometry (diameter

 and length) and differential vapor pressure across the membrane wall. Conversely,
hydrophilic evaporator performance is dominated by conditions downstream from the
pore structure., This includes not only the vapor pressure drop thru the tube bundle
hut the geometry of the membrane itself downstream of the capillaries (homogenous
vs. anisotropic structure).

In both cases, the basic correlation can be based on constants evaluated from test .
data and representing the effects of membrane geometry. A major variable,

however, will be the system driving force or differential partial pressure. Evaluation
of data obtamed to date has demonstrated this effect

B-12.4 Activated lefusmn

Mass transport through '""solid" polymeric materials, .n contrast fo mass transport
through microporous structures (Knudsen flow or Poiseuille flow}, occurs by activated
diffusion. This takes place in three steps. First, the permeant "dissolves" in the
permeable membrane on the side of its higher concentration. Then it diffuses through
the membrane towards the side of the lower concentration, a process which depends.on
~ the formation of "holes" in the plastic network due to thermal agitation of the ehain
segments. Finally, the permeant becomes desorbed on the side of the lower con-
centration, In contrast to this, when permeating through porous materials, the .
permeating molecule does not change from undissolved to dissolved, and does not
form transient “holes! in its passage. g
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The rules applying to permeability governed by activated diffusion are completely
different from those of Knudsen flow. In activated diffusion, the rate of mass transpott
increases exponentially with temperature, is essentially independent of the hydrosta.c
pressure, and in many cases is independent of whether the penetrant is in the liguid
form or in the form of saturated vapor, The chemical composition of #he membraiie
and permeant is very imporiant and the process is selective in the sense that 2 me» -
brane will allow penetrants that are chemically similar to pass much faster than
penetrants that are dissimilar.

In contrast to this, permeation through porous materials decreasestwith temiperature
(linearly in the case of Poiseuilles flow and with the square root in the case of Knudsen
flow), is often highly dependent on the hydrostatic pressure and the state of aggregation
of the permeant, and the permeability process is non-selective,

Definitions

To facllitaté the ensuing discussion several terms will be defined. The rate of
permeation, W, is the amount of material passing through a membrane per unit time.
The permeability constant, P, a property of the barrier material, is defined as

P= W (Membrane Thickness)
(Membrane Surface Area) (Partial Pressure leferentlal in
Environments Separated by Membrane)

The diffusion constant, D, is:

{Rate of Diffusion)
(Membrane Surface Areg) (Concentration Differential
Within the Membrane)

This concentration is expressed as the quantity of permeant per unit volume of barrier
material (usually standard cubic centimeter of gas per cubic centimeter of barrier
material), The rate of diffusion equals the rate of permeation if the amount of
permeant entering the membrane equals the amount that leaves it. The solubility
cocfficient, S, often called solubility, is:

- (Permeant Concentration within the Membrane)
(Permeant Partial Pressure in Equilibrium with Membrane)

The permeability constant, P, of mass transfer occurring by activated diffusion is
the product of the diffusion constant, D, and the solubility coefficient, S:

P =DS (1)
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From equation 11 it can be seen that if Fick's lawr, which requires that the diffusion
constant be independent of the concentration of the permeant in the membrane, oy if
Henry's law, which requires that the solubility coefficient be independent of the
pressure or activity of the permeant in the phase in equilibrium with the membrane,
are not cbeyed, then the permeability constant, P, will also be dependent on the vapor
pressure or activity of the penetrant. This leads to complicated relationships, as
will be discugsed later, and detracts from the usefulness of the term P in ealeulating
permeation rates.

The temperature dependence of P, D, and 8 can be expressed by Arrhenius type
equations:

P =B exp (-Ep/RT) {12)
D =10, exp (-E4/RT) ‘ (13
S =8, exp (-AHg/RT) (14)

where Ep is the activation energy for the overall permeation process and is equal to
the sum of Eg. the activation energy for the diffusion process, and Hg the heat
consumed on disselving a mole of permeant in the membrane:

R and T are the gas constant and absolute temperature as usual. The heat of solution,
Hg, can be further broken down into the heat of condensation and heat of mixing:

Hg = Hogng + Hn (18)

Substituting the preduct of Dy and Sy [or Py and the sum of Eg, Hegong and Hy, for
Ep in equation 12 results in equation 17:

P =DyB, exp [—(Ed+Hcond+bln1}/ RT] (17

Equation 17 will be relerred to in explaining various types of dependence of the
permeability constant on the experimental variables.

Factors Governing Rate of Permeation

The amount of material passing through a polymeric membrane depends on a number
of parameters.

Nature of the Permeating Material - The simplest case is that of a permeant gaa or
a hard-te-condense vapor. Here the permeability increases with decreasing size of
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the permeating molecule and is usually, but not always, independent of the chemical
similarity of penetrant and membrane material. In contrast to permanent guses,
liquids and easy-to-condense vapors show a Iugh mtelactmn between membrane and
permeant. :

Among the factors to consider when attempting fo predict the permeability of an easily .

condensable vapor are the size of the penetrant molecule, the ease with which thc
penetrant can he condensed, and the similarity of the penetrant and membrane
materials. The permeability increases with decreasing molecule size, w1th incy e%mg
ease of condensation. and with mcreasmg similarity.

If the membrane has functional groups or chain segments chemically similar to the
penetrant, such as cellophane and water, then the cohesive forces between the polymer
and the vapor are large. This results in 2 large solubility of the permeant in the
membrane, causing the permeability constant to increase for two reasons. First,
since according to eqguation 11 the permeability is the product of the solubility and
diffusion constants, this preduct increases, Second, the high concentration of the
penetrant in the membrane causes it to swell, resulting in a less "tight" polymer
network and this resulis in an increase of the diffusion constant whlch in turn,

results in a further increase of the product of equauon 11,

If the permeant is dissimilar to the membrane material, such as is the case with
polyethylene and water, then the cohesive forces of the vapor will be larger than the
interaction forces between vapor and polymer and as a result the water molecules will
iend 1o cluster together and not disrupt the polymer network. As a consequence, the
permeability of water through polyethylene is much lower (70 to 400 times) than the
permeahility of water through cellophane. However, because of the ease with which
water vapor is condensed, the permeabhility of water through PE is about 10 times
larger than that of oxygen, 2 molecule of approximately equal size.

Nature of the Merabrane Material - Various aspects of the membrane material
influence the rate of permeation. These include its chemical composition, the
similarity of the chemical composition to that of the permeant, the degree of cross-.
linking, the degree of crvstallinity, the degree of plasticization and swelling by '
either a foreign plasticizer, a solvent, or by the permeant itself and sometimes the
previous history of the material. In order fo possess good transport propertles a .
polymeric material must fulfill two condltmns the struchrre must be such tha.t it
will not interfere with ease of the diffusion process and the polymer must possess .
cham structures or functmnal groups c,hemlcally sxmlla.r to the penetrant molebule
Two types of structures w111 mterfere mlth the dlffusmn process It the polymerlc
network is "tight" in the sense of resisting separation of the polymeric chains, then

the energy needed to form a hole to accommodate a diffusing molecule will be large -
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thus the activation energy for the diffusion and permeation processes will be large
and the permeability constant will be small a% it can be seen readily from equation
17, Such a "tightness" is encountered with materials possessing cross-links, a hlgh
- degree of symmetry, erystallinity, or strong cohesive forces hrought about by :
polarity. The polymer network will be "loose" if the material is pla‘tlclzed or swollen
by either the permeant or another solvent or plasticizer. :

A second t'ype of structure interfering with the diffusion nrocess is reslized with
materials possessing regions inaccessible fo the diffusing olecule.  This forces
the molecule to diffuse around these regions and results in a longer diffusion path.
The net result is a decrease in the precxponential factors I, and P, of equations 12
and 13 and a consequent lower permeability, Such inaccessible regions are realized
by compounding elastomers with lamellar fillers or- by havmg crystalline regmns in.
the polymenr. .

4 wembrane with a very high rate of transport can be gbtained by filling the pores of

a microporous polymer with a2 material having a highly selective solubility or -
reactivity with the permeant. Examples are the use of glycerine for facilitated water =
{ransport and ammonium carbonate or sodium arsenate catalyzed cesium carbonate

for facilitated transport of both water and carbon dioxide. -This separation of the - _
tunctions of structure and transport permits utilization of the most suitable polymers

to generate the membrane structure and the moqt sultable nlatenals to faclhtate y

per meant nr'msport

Effect of Pressure Differential on the Permeability of Permanent Gases - The driving
force that causes permeation to take place, either by activated diffusion or by Knudsen
flow, is the presence of'a pressure or part;.al pressure dlfferenmal causmg more
permeant to flow from the high concentration side of the membrane to its low con-
centration side than vice versa. This results in a net mass transport from the hlgh

= to. the_.low eoncentr_a.tmn ezde. R T T T G R

The Late of pelmeahon of a pel manent gas ‘or hard~to-—condense vapor is uaually
: proportlonal to the pressure or partlal pressure. dlfferentlal provided.that 1y the S
- 'mentbrane had been exposed to the'gas for a t1me suffmwnt to reach eqmla.bmum

2) ‘the pressure is not so high that deviations from- the gas law are appremable or
~ that the volume of the membrane, its crystalluuty, or other structural features, such
Cas! bemg above or bélow. the glass temperature, are. changed. {these 1equ1rements are.
3--usua11y fulﬁlled up to rathe1 high pressures), an-d 3) the permeant does not degrade
'the membrane chemmallv L SR : :
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Effect of Vapor Pressure,Vapor Pressure Differential, and State of Aggregation
on the Permeability of Vapors and Liguids - In the case of vapors and liquids two

. situations must be distinguished. The first includes systems in which the vapor does
not dissolve appreciably in the membrane. Under these conditions the rate of per-
meation is proportional to the vapor pressure differential between the ingoing and
outgoing surfaces of the membrane, as is the case for permanent gases. The rate of
permeation is also independent as to whether the ingoing side of the membrane is
exposed to the permeant in liquid state or to the saturated vapor. '

The second group includes systems in which the permeant dissolves appreciably in

the membrane. In these systems, exemplified by a facilitated transport process,
Henry's law and Fick's law are not obeyed. The deviation is such that the solubility
increases with the concentration of the permeant in the membrane. As a conseguence,
the rate of permeation increases faster than linearly with the vapor pressure differential
and is dependent not only on the pressure differential but also on the ahsolute vapor
pressure. As a further conseguence, the permeability constant defined as the ratio of
the rafe of permeation through 2 membrane of unit area and thickness to the pressure
differential, is not constant at all, Permeability "constants" for such systems are
valid ouly under the exact conditions of vapor pressure and vapor pressure differential
at whioh_ they_ were de_termined..

Attempts to predmt hehavior at one vapor pressure from data at a different vapor
plessure might ledd to concluswns that are even quahtatlvely incorrect.

Ther rate of permesation for some systems, instead of varyin.g: linearly with the con-
centration or pressure differential varies exponentially with the concentration or
pressure at the ingoing surface and is essentially mdependent of the pressure
srra.dmnt or the pressure at the oulgoing surface.

 Effect of Hydrostatic Pressure on the Permeability of Liguids - The hydrostatic
‘pressure has only an insignificant effect on permeability processes occurring by
‘activated diffiision. A high hydrostatic pressure can affect permeability by changing
the membrane by altering its density, crystallinity, or glass temperature Changes

- of this nature 1esult ina decreabed rate of permeation.

' Conversely, the high pressure wﬂl increase the dlameter and thm the walls of the
o hollow ﬁbarb - changes 1esultmg in 1nc:1eased ate of permea.tmn
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Effect of Area and Thickness - The rate of permeation is always proportional to the
area of the membrane and usually inversely proportionzl to its thickness if equilibrium
conditions have been established. If equilibrium has not been reached, then the time
needed to reach equilibrium is roughly proportional o the square of the thickness if
Fick's and Henry's laws are obeyed. Thus the thickness of the membrane improves
its contaminant vemoval properties muech more for the preequilibrium period than it -
does after reaching equilibirum. ‘ '

Effect of Time - The simplest situation prevails when a membrane has been subjected
to a permeant for a long enough time to bring about equilibrium of the ingoing and
outgoing surfaces with the corresponding pressures. Under these conditions the rate
of permeation is constant. The most frequently met nonequilibrium situation exists
when 2 barrier free of permeant is initially subjected to zero pressures at the outgoing
gide and to a finite constant pressure at the ingoing side. Here the rate of permeant '
removal from the process stream starts at o maximum and decrease gradually unfil
equilibrivin is reached.

Other nonlinear permeation rates are encountered if the membrane contains initially
more permeant that at the steady state conditions, in which case the permeant
removal rate increases with time until equilibrium is reached.

Eifect of Température

1. Permeants That Do Not Swell the Membrane - The rate of permeation which
oceurs by activated diffusion usually increases exponentially with temperature
if the permeant does not swell the membrane. The dependence is given by the
Arrhenius type equation 12 and is exponential only if Py and E,, do not vary with
temperature, a condition fulfilled if the temperature intervals are small and the
membrane material has no second-order transition peint in the temperature :

~interval considered. The temperafure dependence for a liquid that does not
swell the membrane is steeper than the temperature dependence for a gas or a
vapor. This is because the rate for a liguid is proportional to the permeability
-constant and to the vapor pressure, both of which increase exponentially with
" {einper ature whereas for a gas or.vapor kept at constant pressure the rate -of
permeation is temperature dependent only hecause of the temperature dependence
~of the permedblhty c:onstant . o

2‘_._ ‘ ‘I’ermeantb That Do Swell the Membrane -In the case of. permeant-membrane e
P ~‘~*;ysterrus in which the membrane swells; the sﬂ;uatmn is more complex. -
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In this case the rate of permeation of the vapor at constant pressure first
decreases with decreasing temperatures as usual, then passes through a minimum
and increases when the temperature is further decreased. The reason for this
abnormal behavior is most readily explained by pointing out that lowering the
temperature at constant vapor pressure causes an increase in the activity of the
‘vapor {or the relative humidity} and thus favors condensation and solution of the
vapor in the membrane. The vesulting plasticization of the membrane increa -
the rate of diffusion.

Effect of Two Membranes in Series - The rate of permeation through a composite
film is independent of the order in which the layers are assembled if the rate of
permeation for each component is a linear function of the vapor pressure and if there
are no barriers to diffusion due o interfacial phenomena hetween layers, The
reciprocal of the rate, R, through the composite equals the sum of the reciprocals

of what the rate would be if each component were used separately:

=1 4 L - o {18)
Wy, W3 '

g

If the rate of permeation through one: of the components is not-a linear function of the
" pressure, then the rate through the composite will be’ dependent on the order. This
rate witl be larger if the film showing the larger pressure dependence is exposed to
~ the higher pressure.

Application of Daia

Before attempting to calculate the amount of penetrant passing through a-membrane -
from basic permeability data, a number of factors must be considered or else an
erroneous conclusion might be reached. The simplest situation arises if 1) the
permeability coustant for the temperature of application is known and has been .
determined by a reliable method, 2) the permeant does not swell or otherwise attack
the membrane matemal 3) the rate of permeation is proport;_on_al to the gas or vapor
pressure differential, 4) the time of exposure is considerably longer than the time

“needed to reach equ111b11um and 3) the membrane is free of cracks a.nd pmho}.es, L
and permeatlon oceurs only by a process of acuva.ted dxffusmn

L _Cond1t1ons 1 and 4 are: usually fulfllled tor the permea.tmn of g’ases through a]l o |

If conditions 1 to 5 are fulfilled, then ..he rate of permeant entering or escapmg

‘through the membrane is caloulated hy multiplying the permeability constant by the: =

area, and by the vapor or gas pressure d1fferent1al and dividing the product by the
thickness of the membrane wail, The pressure to be used ig the gas pressure in
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ease of a gas, the partial pressure in the case of gaseous mixture, and the vapor -
pressure at the temperature of application in the case of a liquid.

Situations Where the Permeability Constant is not Known at the Application
Temperature - If the permeability constant is known only at a temperature slightly
different than that of the application and the activation energy Ep is known, then the
permeability constant can be estimated from eguation 19 provided that the membrane
materidl does not show a second erder transition within the temperature interval '
congidered: :

log: Py = log Py

+_ B -1 o L)
00046 | Ty Ty -

where Pj and Py are the permeablhty constants at T1°K and Tz K, and 0, 0046 is the
product of the gas constant (expressed in keal. per mole per degr ee) and the f.actor

2. 3 converting natural logarithms to Briggsian logarithms.  The activation energies
for most permeation processes vary within 5 to 16 keal/mole. Equation 19 predicis
a doubling of the permeabilily constant every 250C if the activation energy is & keal/
mole, and every. 8°C if the activation energy is 16 kcal/mole : o

Situetions Where !heRate _of Permeation is not Preportional to the Pressure -
Differential - The rate of permeation for gases usually varies linearly with the
. pressure chfferenhal but there are cases where an exponent1e1 dependenee on L
pressure at the ingoing surface is observed In the case of hquxds and vapors such
 exponential dependencies are rather common and occur whenever the pe1 meant swells :
-athe membr'me as discussed. prevmusly : S :

If the dependence of the rate of permea.tion on the vapor pressure differential is other
than linear, then the simple procedure given at the start of this section cannot be
followed. i 4 permeebﬂlty "eonstants! are reporteci in the 11tera‘ture they can be- used
only . prov1ded that the pressure and pressure- differsntial ag well as the temperature -~
- “of'the service conchtmns are the same as those employed in detemmmng the permeablhty_ :
+“eonstants''. . The temperature. dependence of the rate is also more plonouneed and - '
unpredictable for these systems than it:is for eyeteme_ with a linear variation of the
rale with pressure dliferentml. The time needed to reach equilibrium is also usually =

. _Ionger

' It follow:: that the predlctxcn oi performance h:om besm data is dlftmult for euch

o ‘systems. The permeabﬂlty consta.ni; can be used only if it applies to the partmular

v sondition of concetitration, préssure; or prégsire. dlfferentlal of the application.
Such Qermeabﬂlty constants ure usually not evallable., They can often be estimated
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by interpolation or extrapolations from permeability constanis under other conditions
if permeability constants are known under various condmons of coneentration,
pressure, and pressure. d1fferent1a1
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B-13.1 Functions Summary

B-13,1.1 Gas Systems

A nuraber of transport processes involving gases or vapors may be considered relative
to hollow fiher membranes, I all cases the separation of a specific gas or vapor

from other gases is desired. Examples are COp removal from 02, trace gas contam-~
inants removal from O, Hg0 vapor removal from Oz,

From d1ecussmns and data presented earher, recommndatlons of membrane types
‘and membrane materials can be made as follows:

emoval from_
1, Separation through microporous membrane would probably be ineffective.

2.  Diffusive transport of CO2 is more effective than that of 02, but the
relative partial pressures of the gases in the mixtures of interest make
the entire process ineffective,

3, Faeilitafed fransport of CO2 using a microporous membrane in which
all the pores or the pores in a thin surface skin are filled with a liquid
coniaining a carrier for CO2 appears effective, Here the 02 is held
back by the liquid diffusion barrier and the CO2 is carried chemically
through the barrier.

Trace Gas Removal From Og

The problem is similar to but more diffieult than CQO2 removal because of
‘very low contaminant part1a1 pressures, For this reason sleve type membranes
and diffusive membranes are unattractlve

Facilitated transport of CO, HgS, NH3 trace contammants 18 posszble but
- has not-been demonstrated,. ‘ e

Catalytm ox1datmn of co at the surfeco of hollow flber membranes and facihtated
e 'transport of the produet 002 is.an attractive possibility, - Ineorporation of -
. catalysts in hollow fiber membranes has been demonstrated,

_ _Water Vapor Removal '

The fl'ux ef water vapor through mmroporous cellophane has been demonstrated
to be rapld Permenbility of cellophane by Og is reported to be very low,
“Hollow fiber membranes of this material are prime candidates for separation
of water vapor from oxygen :
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A potenﬁa.l problem may be an mcreased permeatmn of 02 through cellophane
swollen with water, This would decrease the efficiency of the separation,

B-13.1.2 Licuid Systems

The principal processes of concern which ‘involve liquid components are heat rejection”

and water purification, The heat rejection involves the evaporation of liquid wrtey
or ice; the water pumhcata.on involves removal of water from nonvolaule contammants
by reverse osmosis or vapor diffusion, :

I-Ie*:.t Rejsction

The process can be accomphshed usmg porous hollow flbers whlch are elther
hydrophilic or hydropholic,

© With hydrophilie (wetting) membranes liquid water fills the membrane pores
and evaporation occures on the gas side of the membrane, ILeaking of water
with loss of cooling effmlency is possible with this system. Regenerated
microporous cellnlose is an example of a candidate material, '

With hydrophoblic (non-wetting) membranes Water is excluded from the membrane
pores and evaparation occurs on the liquid side of the membrane. Plugging of
membrane pores by parhculates in the water is minimized and liguid water loss
is prevented, Hydrophobic microporous polypulfone hollow fibers is a candidate
material for this application, A second acceptable materizl is Kynar - a
fluorocarbon pnlymer, - N ' N

Wai:er Recovery

Water Recoverv by reverse osmosis would make use of hollow fiber
membranes of cellulose acetate made using some modification of the
method of Loeb and Sourirajan. Systems using thlS materxal are under
extensive development - -

‘Water recovery by vapor dlffusmn (pervaporation) can be carmed out
with: either wetting or nonwetting microporous membranes. - - :

Nonwetting membranes are the materials of choice since contaminants
in the water cannot enter and accumulate in the membrane pores and .
since the possﬂajhty of liquid water formation on the. gas side of the
- membrane is prevented. The material selectecl should be from the:
- _group-—polysulfone kynar and tcﬂon
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'B-13.1,8 Gas-Tiquid Systems

Water deaeration is the only process presently within this category. The require-
ment of the process is that noncondensable gases be removed from water, therefore
the gases should permeate the membrane and liquid water be excluded (water vapor
loss should also be minimized uniess the two processes of degeration and heat
rejection are combined), The hollow fiber membranes most sultahle are beheved
to'be those made from Kynar, teflon or polysulfone, S

B-13.1.4 Ga.s-Sohd Systems

A filter for the removal of particulates from gas should have as the hellow fiber a
material which can be produced with a thin, macroporous skin and a coarse micro-
porous skin and a coarse macroporous spongy support structure, The filter should
be operated in a mode such that the gas to be filtered first contacts the macroporous
side of the fiber and then permeates through the microporous layer,

Polysulfone fibers produced by Amicon, teflon, Kynar and tedlar are candidate
materials. for this application,

B-13.1.5 Liquid-Solid Systems

Hollow fiber membranes which are wettable and mieroporous appear to be-optimal .
for this process, As in the gas-solid filter, maximum filter life would be attained
by using an asymmetric fiber with the spongy support side in contact with the
contaminated liquid, The material of choice is the cellulose acetate asymmetmc
membrane developed for reverse osmosis use.
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Pressure, 1bf/ft

~Absolute Vlseosﬁ:y, Ib /sec-—ft

Length ft.
Diameter, ft,

Density, lbs/f3

Constant, 32.2 ft-1hs/lbg - see‘2
Priction Factor, _I)J.mensmnless

=" - Mass Velocity, Ih/sec—f2 -

Reynolds Number, Dimensionless
Velocity, ft/sec.

Radius, ft. |

Surface Tension, dyne/cm
Critical Line Force, djne/cm— :

Universal Gas Constant

. Molecular Weight

Absolute Temperature, °R

- Weight Flow, lbs/hr

Total Membrane Area, ft2
Rate of Permeation
Permeability Constant

" Diffusion Censtant

Solubility Coefficient
‘Progess Activation Energy
Enthalpy
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SCOPE

This plan of test defines the Breadboard System test program to
be performed by Hamilton Standard and Amicon Corporation on the
Hollow Fiber Membrane breadboard units. The test program is in-
tended as a means for varying performance and control modes,

for evaluatlng nff-design conditionsg, and for establishing feasi-
bility of the selected applications.

TEST SEQUENCE

The Per:ormanwe Pest Program consists of tests performed as
follows:

1. Bacteria Filtration Unit
Proof pressure test
Leakage/permeation test
Bacterial filtration test

2, Deaerati .a Unit

Proof pressure test
Leakage/permeation test

Deaeration test of dissolved oxygen in water at mission
deszgn temperature, flow, and pressure condltlons.

3. Heat Rejection Unit

Proof pressure test.
Leakaga/permeation test

- Heat rejection at mission design conditions of tempera-.
ture, flow, and environmental pressure.

Off~design conditions of heat loads, flow versus preS*
sure drop characteristics determination, and variations -
of vacuum environment to determine design margln.

Deviation from the test procedure 1equ1res approval of the cog-
nizant Program Engineer.. o _ : L o

TEST ENVIRONMENT

The test environment Ffor the heat rejectich and deaeration tests’
will be vacuum. The bacterla test will be at amblent condltlons°
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TEST BQUIPMENT

The heat rejection and deaeration testing will be performed in
the Rig 8 vacuum facility of the Hamilton Standard Space Systens
Department Space Laboratory. The bacterial filtration testing
will be performed at Amicon Corporation.

DEFINITION OF TESTS

Bacterial Piltration Unit Testing

Instrumentation and Equipment

Quantity : Items

Reservoir with Injection Port Capacity
Valve, Shutoff

Module Holder

Pressure Gauge, 0-25 psig + 0. 02 p51

e

Test Setup

This entire test seguence is performed in the Amicon Corporation
Laboratory. Figure 1 schemetically illustrates the leakage/per-
meation and proof pressure test setup, and Figure 2 schemaikically
illustrates the bacterial filtration test setup. '

Test Procedure

a., A bacteria filtration breadboard module P/N 70087GL
shall be placed into the holding fixture and all lines
plumbed as shown in Pigure 1.

.  Proof pressure tmst the unit by slowly increasing the

nitrogen pressure to 18 + 0.1 psig and hold for 10 minutes

mianimum. Visual observation of the fibers shall be.
made and recorded with special attention to rupture or
any other physical change in the fikers and module.
Damaged fibers shall be cause for rejection of the
module,

c. Leak check the unit by nitrogen retention on the inside of -

the hollow fibers. Apply nltrogen at 10 + 0.1 pSLg to the
fibers and hold for 20 minutes minimum. Leakage in excess
of 2 cc/mln shall be cause for rejectlon of Lhe module.

d. Renlumb the holdlng flxture per Figure 2n The hacterlal

' filtration test shall be performed by injecting the
bacterja agentes shown below into the distilled water
reservoir, shown in Figure 2, to creata a challenge
solution.
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FIGURE 1 PROOF PRESSURE AND LEAKAGE/PERMEATION TEST SETUP
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PIGURE 2 BACTERIAL FILTRATION SETUP -
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Agents : Concentration
Pseudomonas Aeruginosa 106 colony counts/cc
Escherichia Coli 106 colony counts/cc
Staphylococcus Aureus - 106 colony counts/cc
Streptoccoccus Pyrogeﬁs 106 colony counts/cc
Klebsiella 106 colony eounts/ce
Proteus Vulgaris 106 rolony counts/co
Salmonella Typhosa - 106 colony counts/cc

g.

Pressurize the challenge solution to 10 + 0.1 psig.

The -collected: throughput solutlon shall be analyzed for
bacteria presence and the quantity recorded. Presence
of any listed bacteria shall be cause for rejection.

At the completion of the test, the HFM module shall be
sterilized and sealed in an airtight container.

Test Requlrements

The following data shall be recorded for the above tests:

e

Proof Pressure Test

1. Module serial number

2. Pressure level, psig

3. Duration at pressure level
4, Visible effects

Leakage/Permeation Test

1., Module serial number

2. Pressure level, psig

3. Duration at pressure level
4. Leakage rate, cc/min.

Bacteria Filtration Test

1. Module serial number

2. ATCC numbers _
3. Challenge £luid, colony counts/cc
4 Ultraflltratlon, colony counts/cc

: Deaeratlon Unlt Testlng
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Instrumentation and Eguipment

Ttem .~ - . . - Range/Cag. ‘Accuracy .

oty
1 Flowmeter o o 0-42 ml/min = +2% F.S.
1 Supply Tank 100 cc minimum
1 Supply Tank ' . 9 Gallons. o o
1 Pressure Gage 0-15 psia +0.02 psi
1 Hatch Oxygen Analysis Kit OX-2P
Distilled Water S Gallons
Regulated Gaseous Oxygen
Regulated Gaseous Nitrogen
2 Sample Collection Bottiles 20 cc
3 Valve, Shutoff
2 Module Holders
1 Pregsure Gage 0-25 psig +0.02 psi
Test Setup

The leakage/permeation and proof pressure tests are performed in
the ABmicon Corporation Laboratory per Figure 3.

The dissolved oxygen tests are performed on Rig 8 of the Hamilton
Standard Space Systems Department Space Laboratory. Figure 4
schematlcally illustrates this test setup. : _ :

Test Procedure

: a-

A hollow fiber membrane module P/N70087G3 shall be placed
into the holding flxture and all llnes plumbed as shown in
Figure 3. _ : S

'Proof pressure test the unit by slowly increasing. the Hzo

pressure to 18 + 0.1 psig and hold for ten minutes
minimum. VisuaTl observation of the fibers 'shall be

made and recorded with spe01al attention to rupture

or any other physical change in the fibers and module.
Damaged fibers shall be cause for regectlon of the
module.

" Leak check the unit by Hp0 retention on the inside of .

the hollow fibers. Apply H20 at 10 + 0.1 psig to the
fibers and hold for 20 minutes minimum. Leakage in -

in excess of 0.8 cc/mln shall be cause for rejectlon

of the module.;-wg

" Remove the breadboard HFH module from the'préssuré test
.“holdlng Eixture and 1nstall in the holding fixture lo-

- Ccated In-thé” bell jar of Rig '8 and plumb the har&ware-y AR

. per Flgure 4.
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FIGURE 3 PROOF PRESSURE AND LEAKAGE/PERMEATION TEST SETUR
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5.2.3 {Continued)

e. Fill the supply tank to capacity with distilled water
at room temperature and comnnect a regulated gaseous
nitrogen source.

£. Bubble gaseous oxygen into the supply water at 24 + 0.5
psia and at 42 4+ 2 cc/min until desired level of dis-
solved oxygen is achieved. Shut off 02 supply.

g. Reduce chamber pressure to 0.5 + 0.02 psia,

h. Apply 10 + 0.1 psig of nitrogen to the supply tank and
remove a sample of inlet water by filling to capacity a
20 cc sample bottle. Secure the cap immediately and
identify the sample.

i. Allow water to flow through the HFM cartridge at the
rate of 100 + 2 lb/hr.

J. Remove a sample of water on the outlet side of the HFM
cartridge by filling to capacity a 20 cc sample bottle,
capping tightly and identify.

k. Repeat step (i) for 50 + 2 1lb/hr and 25 + 2 lb/hr and
perform step (j) at each condition.

1. Reduce chamber pressure to 0.3 + 0.02 psia and repeat
steps (i) and (3j).

m. Shut down flow and raise chamber pressure to atmospheric
pressure.

n. Analyze dissolved oxygen in the five samples collected
- using a Hatch Analysis Kit OX-2P and record results.

5.2.4 Test Requirements

The following data shall be required for the above tests:
a. Broof Pressure Test
1. Module serial humber
2.  Pressure level, psig

3. Duration at pressure level
4. VVisible.effects_

”_B;ib}'
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b. Lezkage/Permestion Test

1. Module serial number
2, Pressure level, psig
3. Duration at pressure level
4, Leakage rate, cc/min. '

¢. Deareation Test (Dissolved Oxygen)

1. Chamber pressure, psia

2. Water flow, lbs/hr

3. Temperature in and ouk, °F

4. Pressure in and out, psia

5. Duration of gas flow in supply water

5.3 Heat Rejection Unit Testing

5.3.1 Instrunentation and Equipment

Qty Item Range/Cap Accuracy
2 Thermocouples, Type K 40-120°F +2°F _
2 Pressure Gages 0-30 psia - +0.1 p51
1 Differential Pressure Gauge 0-~300 in. HpO0 + in. H20
1 Vacuum Gauge, Hastings 0-1000 mmHg Abs. +2% Angul. Defl.
1 Flowmeter _ 0-400 1lb/hr +2% F.S.
1 Water Supply Tank with Heater

Distilled Water

Regulated Gaseous Nitrogen
Valve, Shutoff
Module Holders ' - '
Pressure Gage 0-25 psig +0.02 psi

=M

5.3.2 Iest Se t up

The leakage/permeation and proof pressure tests are performed
in the Amicon Comporatlon Laboratory per Figure 3.

| The heat rejectlon test is performed on ng 8 in the Hamilton
Standard Space Systems Department Space Laboratory. Figure 5
schematically illustrates this test setup.

5.3.3 Test Procedure

a. A hollow fiber membrane module P/N70087G2 shall be
placed into the holding fixture and all llnes plumbed
as shown in Figure 3., =
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Proof pressure test the unit by slowly increasing the
H20 pressure to 18 + 0.1 psig and hold for ten minutes_

minimwm, WVisual chBervation of the fibers shall be made =

and recorded with special attention to rupture or any
other physical change in the fibers and module. Damaged
fibers shall be cause for rejection of the module.

TLeak check the unit by H30 retention on the inside of
the hollow fibers., Apply Hs0 at 10 + 0.1 psig to the
fibers and hold for 20 minutes minimum. Leakage in
excess of 5.5 cc/min shall be cause for rejection of
the module.

Remove the module from the pressure test holding fixture
and install in the holding fixture located in the bell
jar of Rig 8, and plumb the hardware and wiring per
Figure 5.

. Fill supply tank with five gallons minimum of distilled

water and actuate pump with the pump bypass valve open.
Heat water in supply tank to 65°F + 2°F.

Open valve to HFM unit and reduce bypass to allow 300 +
8 1lb/hr to flow throug h the cartridge.

Reduce bell jar pressure to 9.8 +0.2 mmHg abéolute.

Maintain 300 8 lb/hr flow through cartrldge for at
least 10 minutes.

Record inlet and outlet temperatures, differential
pressure, and flow. :

Repeat (i) and (j) foxr 240 + B8 lb/hr, 180 + 8 lb/hr, 90
+ 8 1lb/hr, and 50 + 8 1lb/hr successively.

Reduce chamber pressure to 8.6 + 0.2 mmHg absolute and
repeat steps (£}, (i), (3), and (k).

. Reduce supply tank temperature to 55°F * 2°F and repeat

steps (i), (3), and (k).

Increase supply tank temperature to 90°F + 2°F and re-

peat steps -(h), (i), (3), and (k).
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- 5.3.4 Test Requirements

The following data shall be required for each of the above Zasis:
a, Proof Pressure Test

1. Module serial number

2. Pressure level, psig

3. Duration at pressurve level
4, Visible effects

b. Leakage/Permeation Test

1. Module serial number
2. Pressure level, psig
3. Duration at pressure level
4, Leakage rate, cc/mih.

¢. Heat Rejection O

1. Pressure, module, in and out,; psia

2, Differengial pressure, modude, in. H20.
3. Water temperature, in and oxwt, °F

4. Water flow, lbs/hr

5. Chamber pressure, mmHyg abs.

From the above data, delta temperatufe, heat 1oad (Q), and the
conductance (UA) shall be calculated., From the water vapoxr pay-
tial pressure at inlet, and outlet water temperatures the log mean
partial pressure of the water vapor in the HFM tubes shall be
calculated.



HARILTON STARDARD

l[,:/;Dms:uno!

UHIYED
K @n&mmmmmm

SAMPLE LOG SHEETS

SVHSER 7100
C46-01



i i,

HIF TS 1 /G6

TYPE OF TEST

Harmilton Standard W,'.;.wu.q.“;mcmcm.;...m HFEM PERMEATION/BACTERIAL ::::w No. - i ‘
: wmn@;br.- LOCKS, CONNECTICUT 06096 TEST ENGINEER WODEL NO.
: . - co. PART NO.
SPACE & L1FE SYSTEMS LABORATORY RSSO A MiICON seriAL o,
LOG OF TEST ‘ ' | PROJECT & ENG. QORDER HO. OPERATORS
LEAKAGE |RATE 5T | P3G - AFTER M. casms
PROOE PREZSURE AT 18 BS(& |- OBSERVATIONY ABTER (0 MINUTES :
-,
© i | COLeNY CouNTd /2
B AGENT ATCE Mol cHAL ENGE FLIND VLTEA EUTRATE
PSEUDOMONAS AERUGINGSA ] .
ESCHERICHIA ChLt | ' L
STAPHYLIDAO “_--ausl AUREL '
STREPTACOCCUS | PYROGENS i
KLEBSIELLAL | '
PROTEUS VINGARS
SHLMONELLA TYSHOSA S
. : 0w
— 22
o)) .
1 0
o=
=
~J
 amd
o
| |

REMARK %

=2
pakn
I

"Iy




7 CORYAOL tem

anITRE

ALVIRE

b, pan

PEURG, e

HEF-175.1A 1 /66

Ham!‘?on Standard D!VISON OF LNITED AMBCRAFT COTHIAATION

TYPE OF TEST

HEM HEAT REJECTION

SHEET

OF

TEST PLAN NO.

TEST ENRGINEER

WINES.-DR LOCKS, CONMECTILUT 06096 MODEL NO.
NAME OF RIG PARYT NO.
SPACE & IHIFE -SYSTEMS ‘LABCRATORY = 8 SERIAL NO.
LQG OF TEST ) PROJECT & ENG. ORDER NO. CFERATORS
T EMPTEME =low | Sr—
PIN ':%u‘r AP | AP i oot | AT Pcm Pod szf ::: “%o 1:?7?_ !nﬁ?&,g
. N . . . ; ’ Y) i
o Poia. | Psi N H0 o | °F | °F % "B MM He °F |"Am BE/=F| i Bgleratigimia Hy
b ] _ 1
N 1. |
~J - - o o
~ 1 | ‘ :
e i { D
1 BT ;
B~ _ | .
E . | !
0 0 5 | =
- - Y ' i .
B _ ; T . ;
i i
. . I i -
: o I
— = | . .
...... J—— _ J1 - - - - —t
PRogf PRESSURE AT PSIG| - aBSERVATIONS AFTER INUTES S !
o | | ;
- - —nt | e
: : in




HANSLTON STANDARD 3 v SVHSER 7100

C UITED
~ TEGHMOLOGIES n

APPENDIX C

BACTERIA FILTRATION TECHNICAL REPORT

- Cc-i/C-ii



SVHSER 7100

Yz, Wy L GRACE D. BROWN, Pu.D.
A 'POOgL Py e ' 24 PARKSIDE DRIVE '
QG‘&LI 5 Jamaica PLAIN, Mass. 02130 MIFROBIGLOGIST

AND
(617} 522-1838 INDUSTRIAL

CONSULTANT

September 20, 1976

My, Michezl Lysat
Amicon Corporation
25 Hartwell Avenue
Lexington, Ma, 02173

TECHNICAL REPORT
DATE - August 18, 1976
SPECIMEN - Amicon Filter
SERJAL NUMBER - GM 80 ( CB 21 ) 2

TEST PERFORNMED - challange'of filter with known amounts of bacteria

and viruses suspended in sterile distilled water, The bacteria and
viruses used were of thé same ATCC strains as those used in tlie previous

testing of the Amicon Ultrafilter # GN-80.

BACTERIAL SPECIES USED: - ATCCH
1. Pgseudomonas aeruginosa 9721

2. Escherichia c¢nll o o 25922 .
3, Klebriella speciss - 23?57
L, Sulmonella typhosa . 6360

5, Prote.s vulgaria 13311
6, Staphylococcus aureus _ 12600
7. Streptococcus pyrogens - 10389

The bacterial suspausions were fed through the filter in 10,000

organisms doses until a total of 1 willion organisms were achleved.

At each yrogressive step, samples were taken in duplicate and plate counts
nreformed, _

RESULT: In each case the plate counts were negative after 72 hours,
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SVHSER 7100 |
YIRUSES USED: ATCC# f
1, Coxsackie virus A4 =27 millimierons VR 27 :
2, Bcho Virus # 2 19 “ VR 32
3, Adenovirus- Human 1-85 v VR 1
L, Herpes simplex 120.180 " VR 539
5. Vacimnia 150-300 ©

RESULT OF CHALLANGE:

The viral challanges were pariformed in the same mammer as the'preceeding

Adenovirus, Herpes simplex and Vacinnia virus withheld the challange
to 150,000 ogganimms per cc. at which time there was growth,

The Coxsackie and Echo viruses would only withhold the c¢hallange
te 45,000 organisms Per cc.

The results indicate thal the filter will withstand bacgerial
contamination in large numbers. Viruses are filtered according to
the number present and the size of the virus.

Tt is extremely unlikely that viral contamination would reach the %
extent to that of the experminental challange.

Smeitte&-September 20, 1976

»7
. A 4
I - et

‘Grace D, Brown o o

‘59’7‘2/" WW”WV&-: é": %JMZ f

et g Lt ot AR e a1 e g a



HAMBTON STANDARD = - SVHSER 7100

TECHNOLOGIES 1

APPENDIX D
HOLLOW FIBER MEMBRANE SYSTEMS

BREADBOARD SYSTEMS TEST LOG SHEETS

D—i/D-ii



: H&imlltOH Standaﬁ'd IVISION OF LNE Tﬁni;UﬁEHAFT CORPORATION 8}?{17‘5;?1@& ReTar7ron tesT prAN NO. SL /4 3
| WINDSOR 10CKS, CONNECTICUT 06096 . TEST ENGINEER . | _mooEL No.
NAME or s CO- |_PART NO. Pﬁl/ Zon876 F
SPACE & LIFE SYSTEMS LABORATORY AMIcons sema. o B-2/-4) QO]
LO G GF TEST o “PROJECT & ENG. ORUER NGO, OFERATORS F*" Aot o
frodE PRESRLRE AT I8 pst |0BSEC AT IS AFTER fo M-
A ¥/SIBLE DeEgerTs| v FrBirRs |0R Moddie \PoLIETHILENE S EENE THASH T8 @ﬁa
GAS| LY 47 M9 pst| TIPS MEMBEANE \ORESSURE :
Tim @:g,;}v \GHUSE READIAE FZX Ly cc:‘,ffw-
{ l0ps: >,
= | e | {Opst &
= ‘ 15 | (OF5/ o
1 /0] 2OPSY Q
| /5| R Y- 72 o
00 | 4O ps/ O |
)
2 -
t.%‘ -
=
w -
~J -
1"'
o
S
Rﬂhﬂﬂﬂz 1 3l4 51




REWMARKS:

HBF-175.14 1/6G - U _ TYPE OF 399% A4 1o /4 sweer & or & DATE g//Q@
HaMitON SEANAAIT ousm s wreo Snarr comonron RACTERIS  RETENTION | sesreimmno 5o {5,
WINDSOR LOCKS, CONNECTICUT 06096 TEAT ENGINEER : MODEL NO.
NAMIEOF&ME-CO, PART NO. }D//K ORI S
SPACE & LIFE SYSTEMS LABORATORY AMICHAS semmuno, (B=2/~2) 002
LOG OF TEST FROJECT & ENG. ORDER NO. oreraTaRe /o Aol &2
FRenF PRESSVPE A7 18RS bRsER rhTrokS larrize lvo il
| MO WISIBLE| DEIELCTZS I F/BERS | HL| MODULE .
Podyeevel et Sy EEVE | TAPER T3 uaT”
GAS FAUX \AT Ynpos) 7eRANS. MEAMBLALE |CRESS WeE
731’«3‘54141’/{4 ' GAUCE RERRDIAM FLUX 18/ c:cg/jw.d/ 3
+ - 0=, o
I 2 10| P2y Yol
5 5 0| ps/ O
v [0 =<y o
/5 10| pS/ 10
S0 f0|.pS/ O
WATER, _FrouX| AT 3 PSL:
PRESSURE | saf |= 4 oS
| PRESSURE OUT = BpPS/ w
FLWX = 17D co/mi) g
v
LN T RLIE DEYTRAM |\ TEITED, HACKRGED (A [FRLMALIV, |\ SEAT ~
EnR BACTERIA | RETEMNTOAL . 3
| |
1345

)




HSF-173.1A lill

Ham‘]tﬂn Standard DNIS!DNU UNITED QIRCHSFT CORPOTATON
W/iNDSOR LOCKS, CONNECTICUF 08096 i)

b o eyt et U L RLH g

o L e b e T i i s

SPACE & LIFE SYSTEMS LABORATORY

TYRE oF et HODUL B
DEAERATION

sHEET ¢ o©OF

s/

. DATE @/f?zﬁg,

TEST EMGINEER

TEST PLAN NO. 5. od. 2

MoBEL RO,

NAME OF fue &3,

Anrgicon’

PROJECT & ENG. ORDER NO,

m&%@*@ﬁ_ﬁ’%@ 2
EERIAL NO. ‘_C-lé-";?_ Qol

OPERATORS _f=, ALL/04. ¢

LOG OF TEST
PRAOE |PRESIURE (AT IR L ABSARYEZ74A/L AFTER 1200 MNWTES,
MDD YR BLE DEEECTS| M| FIRELS| R MADIZLE .
PePMEATE| RATE | aT| 10 por -
| 29 CC. | onlt.ECTED| STEADILY FOL |20 t/dA.
PROMEATE| RATE. | /4S5 cc/M e
UMIT Reckerlked Fop ¢ eAKE B 'E_%LUE' DEXTRAL
i PRncEDudE | PERMEATE CLEAR AP A4ZAXS.
m o
I
-' W
(7]
=
[v2]
(e
v
~I
[
o
[




HEF-175.1A 17886 TYPE OF 3862 Ags D M 4= sHEET A o / DATE ,?/2 =z ! T
+ 7

Hamilton Standard svseor wo Sgeaer oo | ———DEAELATION - resteian o, K123
WINDSOR LOCKS, CONNECTICUT 06096 Q R MODEL NO.
AE O e T eary no. Pl PORSTES
SPACE & LIFE SYSTEMS LABORATORY AR IS sernno. (= /6 — AE) 0072
PROJECT & ENG. ORDER NO. OPERATORS J~ A A0/ €

LOG OF TEST

-

B

PROOF FRESSURIE A7 I9ps)|: ARSERVATIoNS AFTER 2O MMWUTES:
VO IIBIBLE DEFELTS| /M FIBERS| ©F MabuL

m

PERMEATE | RAYE AT L0 psy s
ell<e AolLECTEED STEADILY v O Akt
P&JQME 70" BATE L -"ac_‘/me

X

LT\ RE CiEs
Ploc by L .

EL DL LEAKS J'fyr;s/g L= THHAA
PEHLMERTE.  CULEDL Ay LIEAAS.

BT e e B

00T. 9HSHAS

- | L
mesobes IS




oate Y - -7L

HOMAT5.1A 1/66 - TYPE OF TEST' SHEET [ oF f
Hamilton Standard cvsom o uwreo Seaser conronaron HAlol] DEAERRTION TesT PLAN NO. P~ /KL T2
WINDSOR LOCKS, GCONNECTICUT 05095 O TesT E“E"E;‘m O MODEL No. {r2lf - -éf)
NAME OF R'IG . PART NG 1208 7[:'!" =
SPACE & LIFE SYSTEMS LABORATORY o g SERIAL NO, on2.
LOG OF TEST PROJECT & ENG. ORDER NO. orsrators P M@
o . e - Flow WATER HIER w9 |
_Pm Boor AP | £ | Tin Toor| AT Fh SOPElE TAHE
Para, | Fore, | Bay °F |°eF | °F % ¥ Fita GaL # J
ARV ANy AR | N A/ AR A 24 _|1oo 2.5 835 Vi 5 Byserzp 49__%;_
L e 2T 7321749\ 0.3 | [3 15D o5 - 2 | 5 | f Trps e TR
A AN 734|716 LK 6 25" &5 - 3 £
42 7157 T2 bbb 46 24 |ton pa ~ 4 ¥
i WATER| _ SRTIRARTI0M 7, 7
1281/57 | L7 7411781 1p 24 |iop o5 / 2 Booens ol A |
120.21/2.3| 2.5 754\ 709\ 07 12 | 5o 2.5 2 2 wsd |
A AV AWN, 7621 74.2! Lo & |z5 o5 3 4
20|15 515K 571455\ (04 44 | o0 2.3 4 7
L WATER| _SBITVRSTIAN Q i3
o 471
5 2
]
-]
~]
'.-.l
o
o
I REWARKE:

13716




{

oare ¥ =sdo - 78

prey——y— TVPE OF TEST eneer 7 or
HAMIOR StANUArd oveo e wre s cowonnon |- S0 SZBER_11EMBARE Ji A RATr0 | eor conn vo.
WINDSOR LOCKS, CONNECTICUT 06096 TEST ENGINEER MODEL NoO.
—__ _Ario earno.  JO0RT G2 .
SPACE & LIFE SYSTEMS LABORATORY = semano.  OO0Z (&~ 16 ~4)
LOG OF TEST PROJECT & E-N; Z’TE:? Nao..g e s oPerATORs L rR5 2o a.fvzé'
i s ol td&D
e P | Sar Jere | Torel” ey, TR | How a;:?if: ™ Vot 5&,«4&}_/ 9
foc8 ) °F_|°F o % Ve 17 % 15/
gro¢clsrmar| ke Thay lptFed &
230 /92 /568 §$4.7 1228 e t7_|2o.
/4 % -2 (5% 0.8 |7-le L FE (7 |2e.
/8 20 {245 1158 gg.0 |72.3 + %o (7514,
A 905 1784 §7-2 172.3 » 40 r 2.5 F7d.
f. 0 \8Tep B ATER ot Pl | JTikErs [Rort /16 S
-
[295] STHRT s SararMTrow 23, £
330 ‘ A28 25
445 22.¢ | 7.5
15181 A 2. ¢ 7.5
Gl _ 30 | BAtrtmi
509 051762 7251701 W o d 25 | 11o / 30 o
43 17142 6708 149 (257 59 2 ac &
712 221205l 1724690 L9 b |28 3 {é =
~J
: -~
1532 120.41/3.9 W6 |gto 3¢ 25 1 )o 4 27 S
& 900 Ba &?Qaw}r
VLERY 20.¢ {39 706 9.6 Y 5| |10 / 2/
G 30 230 8Y 0. £ ed-3 t 50 /25| &0 e} Ly
0935l __|2a.0 204 0.9 L7 ‘50 6 | a5 3 /3
9472 a ;;.5' ??f;s' 709 46 30 asg o & 2l 1 35[]9




_{J S et et e e  reE oF Tear . e s ke tia e = e SHEET ’ — { D“TE Sy
T HAMIION STANCAI swmom o warcoSnars comonrcn [elbie FIBER_Her1aRp0E - DepERp 08 | vear rran no.
%\munsox LOCKS, CONNECTICUT 05096 TEST ENGINEER Prrreco MODEL NO.
'ﬁ: (. NAME OF e £ I7eE parTND. T OO K7 & 32
| {,!J SPACE & LIFE SYSTEMS LABORATORY L sraewo. OO0 2 ( f{_’— 1o ~4)
S FROJECT & ENG. ORDER NO. oPERATORS L/FS2 2 5/
) LOG OF TEST Cyln pOD~ 0OIR
| lgﬂmﬁ[ﬁ?w zl_. DrseiiEDd
FﬁE Pen | fBur Jiv |7our Fotinet A4 _|Fow FResS Bk DAL IPLE Pz s
Pen | Pt | < Fsia % |prs Peip % ﬁ;:.,/(
b ’ BASELINVE af
LI s 35T 197 1/3. 704628 . 50 25 | jiZ I /7
Cimeo)  2090/9.9  |re.plgss . S0 25| 65 2 (b
dped or |20 bealers] |- 6o b |25 3 Z
{fﬂ& /9 9143.7 205656 3o 25~ yp o ¥4
2 B
td g ]
m -
B
C R
; -
N
N o
A o
. ‘ |
PR T 3J51 ﬁ

T Easzon

s

e 2
A oy




TYPE OF TEST sHEET [/ oF oare] F~30-5

o H.F. . HEAT REJECTION [ —r——pg—r?
Hamﬂton Si'aﬂdard OIS CF uuﬂtngnasf composaTIon I EER 1 TEDT PLAR ___._; G~ fal 52
WINDSGR LOCKS, COMNECTICUT 06096 R, PETILLO mopet Mo 2 Ho@ 237 =/
NAME OF RIG MQ_ZMZG_:&_‘
SPACE & LIFE SYSTEMS LABORATORY #g SERIAL NO. Yol
LOG OF TEST PROJECT & ENG. ORDER NO. OPERATORS 7 ) WE
» N
- TEMP| TeMP LN Frow TeMP! & o -
Ping | Pour| 4P | 2P N | o7 | 5T | T | b | s ::Z ‘ﬂ‘%"[f:‘;—f’ e
sia-| B5ta.| Psi | o °F |°g (o | °F | % tf/sﬁ.l mmﬁg‘ = 8% AR /o7 e ity wam iy
2.3\ /82| 3.3 | 29 ¥87 | Ro /0T | 3138 42 | Yo g 4727 14%82 8374 gay | 2661 /05
2o\ 1751 29 | 83 878 1729 o7 13050 58 |44 74 S7 ol %0.89.34.0 | 2574
24Tt 80 | 87 Yoo 744 | 3415063 44 | /50 ¢85 7.7 150, L4822,/ 1 93,1
(76 1167105 | 24 273 1488 | 081480 22 | Fo AL 620 19481 .35 8.0
Zil7106 | /8 | £2.0 628|564 0401 /3 | 57 VA 477 11320 LLENAS O 4L
AR -;4 A7 gy z|3ie) 47 15481 77 |dae B.é geo1fie | (377N i0.2) i3
OV and | .21 19 wuw |24 L7 [ E24| 53 | 24 g.& #4.0 43h B460/0 8 |t s
RN 205 20 | BL iy & |52 4.¢ \K8] | #4178 T b 420432 IR AV AR Y-
22.0\dos |20 | 37 g lsnd ko | B8 72 | Fo g7 4E4] %60 AL gl G F
0557 08 (2 | F\sf 4 Koyl i3 156 | |Fg 480 (440 LIENNE |\ G
2300177 | 5.2 ity S0 1572109 (464 T2 L 2e0l |4 {fg,.-.z Y] S8 10.2\ 0.0
e 168] 441127 633|522 0/ 147598 | 22 2.4 B0 1468 5881\ dost | 1O w
(g l1bdl g3 | 94 520|842 (.8 1H.03: 9% | 80| 8.4 434 | 4089 /n 251 9L | § 4
16914630 LT | 43 520\ 57.2, 3.8 485 22 | 9 2.4 480 1347, 105044 | 9.6 B
T RAVENAN /AR YA 922187 6215000 /3 | 4> A 4801340 90 & L2 ¥ o
- ' s ]
‘amaax"’_‘PRQ:{F PRES AT 48 Pé!q FOR 19 Al OBSER’. i WD L 4S/ABLE PAMIEE 7B fVEER ﬁ‘mdﬁj,",i 390 4
LEAKAGE/FERM, AT 1O F51G, FOR 20 forlf. AEFARRE & ,8ca | LEA RITE GARSS/ mirny,




“wsrsa e TYPE OF TEST _'_ . aneer  /  or | %= e P /-2
Hamilon Standard vso o weres Sy comrosaron ﬁﬁ‘EEﬁE; HEAT REJECTION vest puan no. P/ RE 7
WIHDSOR LOCKS, CONNECUITUT 06096 : __ i 'mf ETILLO ::::: :o_ ,;3;:;; j,i ~F
SPACE & LIFE SYSTEMS + ABORATORY = 7 g SERIAL NO. 25 %
LOG OF TEST PROJECT & ENG. ORDER NO, operavors __ I/, GRNMABELG
Pu [Ror 4P [aP| [T | eor] aT |l | Fepw Zn | |Tne < A [PraPio g
Poia |Rsia | i |int0 o joF |opF | °F |5 L‘?fj imm% £ | eF ,%‘,{‘ %:ﬁ—_mﬂé ;ml:#m?%z
22y Ty | &3y FZals2e 18 1706172 300 g6 1480 450 500 A8 1L 1108|158
TN AW L AVE A 5511529 22159838 140 g6 (4801080 527 29,05 41 | 16,9]].04
1221571 3.8 7% SH /1834 20 \f oy s 120 T 1480 \#g.0 |ALH 544p\ /1 | 18,3507
.3 150 | L2 |34 5631502 4./6.0] 2z | D | 84 #8008 247 LiBOLMG | 20.012.18
}[5;5'1?’,3 a7 | (8 859 \40.7| 52,1484 1}% | 5D 54 (480480 000 NN AR AN
230170\ £ 162 b\l 2711093172 |300 2.8 | SATNELT] §10 73701153 1/2.9 | 477
20,7621 8571124 La.0lé0.7| 3.3 11056158 (2x0 945 £13,.47.3 192 T2 (52 1 /3.6 | b0
/894 7| 22187 64,/160.0| 4.1 linall 42 |20 7g | INGLTI 38 T.48] 45,3 1/3.2. | 4T
£1/505 /3 |35 47578l6.9 1943122 | 70 77| 5181475 |42 156 12.2.| 3,46
%. (4751 08 19/ SBA|LL7 0y 8357 13 |40 4.8 | 5171907 1 520 VARV AER _
G20 172 | 58 (63 fﬂ,éj_? B4 19y 72 S0 Gt | 480|480 1040 RATI1541)3.8 L 4.06
2071641 43 1119 481608| 4.0 Iu 71|58 140 b smn|48.0| 960 4257|134 1599
7.9 15,71 2.4 1 88 Flm 78\ 50145 4y 1180 ARV AV AN 7Y, L3401 15711182151
I 1102 114 122 (5.2 1674\ 2.5 113,214 | Jo Rb lugo | 480, s 57,95 16,2 | 12.1 15,29 o
1485108 ' 2] 65,9 1 u S| L4 axls 13D Bt 280\ %6057 5o 41 16,2 10,8 |05 g A
| 5
;_'.1 .
S
Rmaaus:?eap? PRESS AT (7 PSG FoRR (& Hin . aBsety . Mo VEIBLE .pAMAGE TOFIEER ,?;{awgﬁalrrzl"{
LEFKPGE, /‘%‘{w AT lo Foie Folf Zo MmN LERRKASE ! (04 o | LERK, RRTE 0,365 S/ parny




HSF-175.0A 1 /66 TYPE OF TEST p— 2 oF <& DATE :?ﬂ/"fé
Hamiltonstandai‘d munsm-l; UNITED ATRCRAFT CORPORATION H}F'M‘ &EAT REJEGT*OM TEST PLAN NO. ?_14:45.2
WIDSOR LOCKS, CONNECTICUT 06096 ' TRST ENG.N{?RPET“-‘—O wopeLno. Dhpe ~3A-L
; . NAME OF RIG ; PART NO-. ?fwglé—ﬂ
SPACE & LIFE SYSTEMS LABORATORY + g SERIAL NO, e
LOG OF TEST PROJECT & ENG. ORDER NO. oreraToRs U, SONPBEEL
o | a0 TEMF| TeHe Low M LN
P |Pour| &7 | &P Y et ar |war| © feh gkfi “ oA mfﬁ g"f’? Ty
Dy Fota, | Py |iatHy0 op | ep |oF [ oF |9 Dop| |y o P 725k vt ol
2.8 LA 50 (128 28,1 (7241 27 12135172 | %o 49 547 0 1951 2404 | 255\ 198
| W2\ B | ton 8%ni 730100 |3/03] 58 |2l%e 4.8 527 | 8k00 7134|240\ 24.419.1%
WA WA R WA Feg\7c2010.% 12442 44 /o VA ST 0014 7387\ 24.2182.9 18,17
AR S AN ]| §0£2.7 1195 |26.49 24. | 9o 27 SL7 12737 ' 34,1 /8.4 A 6L
AT 106 (4T O AAAAL S AFLEY(EC ) 7.8 51711290 57.67\ 2581148011585
g |
i
i—l
(o3
a
] =
421
B
- ]
=
Q
S
}
REMARKS: n
14766




TT~a

e e e S rE OF Tans e = — ?7;?/9"

7"‘;%[“T"It:0n Standard D‘VMUOF UNITED ARCAAST CONPCHATION H EM HEAT KEJE‘. TION TEST PLAN NO. ¢-/¢éfj 7
WINDSGR LOCKS, CONNECTICUT 06096 TES%ENGF"N:;;L,La MODEL NO. ~39—- 2
NAME (:F r:lls PART NO. "7/10_8'7f" P
SPACE & LIFE SYSTEMS LLABORATORY # g A SERIAL NO. e _d)ﬁrﬁ/
LGG OF TEST PROULECT & ENG. ORDER NO. OPERATORS k . ﬁﬂméf&ﬁ
| N Fo R ToP Z, 1 LN |TE.
Prn FJ,,,T AP | AP T‘?ﬁ? Z_fff,? AT |ar !!0 eh SENA, ;@ U_f:} ?E?a {Z%g P agféaj
Bota | Pota | Psi [ hbo of | oF | oF |ef YL % mml‘? OF L% %'&:ﬁil’f W;%mm? AV #
249 Tl | 5oA 4o $4.6\52 4128 | 528 72 300 A 4Ro| 150 14781109 \98._ | 175\ &
0.8 1681 2.0 11D 4o |878 2.4 5494 58 [ 14p 2.3 418528 fotd o7 |98 0y |5
19.L 1.0\ 3,118/ 53,9 1904132 1349 44 180 4.4 48.0\ 57 (bl 104 \ G4 1104 |5 |
169 152 | /3" | 40 501492152 294 22 | 4» g6 48.0| 4L® L4l i |42 11,331 €
60 149111 124 57,0495 7.5 1419 /3 | 5D | £4 48,0374 £9.5114.9 |27 148 |8
2261174 | 50 133 £3.4\570! .4 1178 712|300 WA 42 & | 1930 14531148 | 119 \4é0| 5 j
20,5 06, 818.7 1o 564 7 21025 240 245 4#5.4 Y728 s8.0| )50 106 | HY3 15 :
8.8 6L 12,7 Lt 2 153.3| 8.4 |05 42 1 1%0 A 4.0 15%% PV AR AN/ E AV N RV
WA A ATA Y7 52,0 (2.4 74 22 | 9o A 4f0\l1/6 lololify | 99 35218
(5P USSR 0T /8 o409 61 L T.16 IR, 2.4 Y8.0|805 (a4 21 9.2 1478
| A ,
2.4z w8 li3/ 621|580\ 50 8,660 |72 400 22 | \szlimon  |t1a2liegliosl84gls
10,816,831 3.5 |96 438 1578 6.0 1B3T I |2¢n FIST SLA iy o 14051 (£2112.2, 3,75‘ Lol
£ 71624 |70 $4 57272 1968 &4 1180 95 L7 V2 150.7) I54110.01%.64 |
o7 fhog L2 |32 451845111064 Zz. |70 | ZF 77 |$90 14451 14,0109 1295
G Y5 2107 1% 7.0 \52.0li1%.0 1 §.68 12 | 5o 78 547 |10 12320168 40,3 1) 4t | #
m
F
t=4
W
S
5
=]

"R ao” FRESS AT /8~ FRR 1LY ~ RO IS SEET DOIIAEE OR LEAT ARl %3

7 s
ﬁfﬁﬁ@gﬁ-}%&”ﬁr 12 PG FOR 2o . oS (57 Celmin,)
” " # 4 AL 7ER fﬂﬁfﬂﬁwr@#??ﬁ j72 See. ( 8§75 Cﬁ/ﬁﬁm)

;o



Hamilton Standard swvsosos wuren Schars coaroraron TE:{ ‘EZ’\Z; HEAT REJECTION. TEWPLf:w- 7 ‘/;Lﬂfr‘z?‘ - gzg}/fé
WINDSOR LOCKS, CONNECTICUT 06096 R, Friee o uoésu no. Paon -3P~ 3
NAME OF RIG eARTNO. o 7 (G ~&
SPACE & LIFE SYSTEMS LABORATORY S | semiaLwo. O
L0G OF TEST PROJECT & ENG. ORDER NO. |_operaTons o ,Eﬂgza/ée&t?

Gl arlar | [EAZEAL G| 1A | ] T |07 Bl 2 B
% e | |infig|°F |or |F |F || % Pl gl |oF B U Zcumtimmtplunts s
2,2117.31 3.2 106 914\ 744 1708088 |72 |F0o 2.6 572 1510 b5t 3751406 | B985
9L Mt 3.0 | 8L AV INAVE WAV 1Y 58 240 ¢2 | 424 10444 1515 2579|298 1166
/B2 10120158 87.2\£8.51908 | 2868 44 ||1€o R ALY 14500} 2522|178 1500
bt 1453 1 143 99.6160.6\19.0 | 200 2z 198 2% TLT 2410 (30,37 358 ,/;;_'w.
(58Ul p8 117 ./ 15551344 | 149, )3 140 2.8 S17 730! NS4 Fe. 0| 113 | bl
241740 o 0@ LLA\ 70 #1149 2728 72 1300 2H5] 513 \ 40 163,80 3.2 | 204 1ol

€T-a

00TL ¥ASHAS

REMARKS:

|
14156




LOG OF TEST

Hamilton Sta nda i"d DAVISION OF uNI?cnuﬂnri CORPORATION
WINDSOR LOCKS, CONNECTICUT 06696

SPACE & LIFE SYSTEMS LABORATORY

| Il i N

aeer /op: /

eme 9 /29/76

TEST ENGINEER

TEST ELAN NO.

T/ 30/78 |

MODEL NG.

ie fr1 /e

NAME OF RIG

PART NO. 70&"8’7‘6?

PROJECT & ENG. QRDER NO.

SERIAL NO.  £AD5 ‘f': Lees "5/?“2.')

OPERATORS

\SRBTION  HEAXK| T+

SS

g/9/2¢

(2| (2 Lsxg ASpK | £ K ca v iaﬂﬁzﬂ{ o LR TE NI (zj/mas/
: .
@ piBratTiion| TElsriNe PECFoRMED |T2 [ SeAcE LAB| Giadl € DORATIoN LEWELS /24 /¢
k NO Visdned| Damade o €D
7 S <
G| Posr-VigraTion | LEAK TEST : lo/r £76 ";5?
& | 1o |psse cdan | .0 c yZe 2.l Aty ar A Rarel o s lece /""/A&’ éﬁ?
S
By
A
7 £
s ‘:3” -~
< 5 &
w]
]
|——l
[1-9
5]
<
jrw]
{n
&
w
~J1
|
c
o
I |
REMARKS; o
14168



