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FOREWORD

The Aircraft Fuel Tank Inerting Program was conductea by AiResearch
Manufacturing Company, & division of The Garrett Corporatior, under USAF
Contract No. F33615-70-C-1492. This work was sponsored and administered
under the direction of the Aero Propulsion Laboratory under Air Force
Project 3048, Task 304807. Mr. Steven D. Shook, AFAPL/SFH, was the Project
Engineer for the Air Force.

The work was conducted from | April 1970 through 31 October 1970,
MacKenzie L. Hamilton was responsible tor the program at AiResearch. Major
contributions were made by Charles F. Albright, Colin F. McDonald, James C.
Noe, and Te Fung Yeh.

This report was submitted on 6 November 1970 under AiResearch Report
No. 70-6926. Volume I contains the bulk of the report and Volume II ,SECRET
contains inerting system specifications for the B-l and a tactical fighter-
type aircraft TFA .

Volume II of this report contains classified information extracted
from data obtained by Mr. Shook and transmitted to AiResearch. The data
transmittals are 70AP-356 . U Typical Bomber Flight Profile and System
Performance for the Study and Design of a Catalytic Inerting System’,
70ASX-580 U TFA Performance Data for Ccatract F33615-70-C-1492), and
AFAPL"APFR' =112 "'U Additional Performance Data on the TFA Aircraft,
etc .

This technical report has been reviewed and is approved.

~

Benito Botteri

Chief, Fire Protection Branch

Fuels and Lubrication Division

Air Force Aero Propulsion Laboratory
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ABSTRACT

The Aircraft Fuel Tank Inerting Program has compared inerting system
concepts and performed a preliminary design of the preferred inertl gas
generator IGhH system for the B-l aircrc’t. Inertirg system specifications
have been developed for the B-| and a tactical fighter-type aircraft TFA .
The preliminary design activity has been supported by catalyst and catalytic
reactor laboratory testing. With the exception of the catalytic reactor,
the inerting system components are state of the art and similar in design
and function to aircraft environmental control system _ECS’ components. The
program compared the IGG inerting concept with the liquid nitrogen inerting
method of providing inert gas to the fuel tanks. The IGG concept appears
to offer both weight and operational advantages by eliminating the require-
ment for supply of cryogenic nitrogen'. It uses aircraft engine fuel and
bleed air as the inert gas source by catalytic reaction to remove the oxygen
from the bleed air. Ram air and fuel are used as heat sinks for inert gas
cooling and moisture removal. Low temperature moisture removal is provided
by a cooling turbine similar to those used for aircraft environmental
conirol) to reduce the moisture content to levels below those obtained in
service with fuel tanks vented to ambience.

Each transmittal of this ABSTRACT outside the Department of Defense must
have prior approval of the Air Force Aero Propulsion Laboratory  AFAPL/SFH’
Wright Patterson AFB, Ohio 45433.
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SECTION I

INTO ODUCTION AND SUMMARY

GENERAL .

This report presents the findings of the Aircraft Fuel Tank Inerting
Program performed by AiResearch under Contract F33615-70-(~1492 for the
Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Dayton,
Ohio. The major study objectives are the following:

* Develop fuel tank inerting system specifications for a tactical
fighter-type aircraft 'TFA) and B-1 aircraft

b Synthesize a number of candidate systems that use a catalytic reactor
as the inerting gas source and compare them with a baseline concept
. using liquid nitrogen as the inert gas source

L4 Perform preliminary design of the reacﬁgr system concept best
/ satisfying the specific B-i performance requirements .
. Establish state of the art in the recommended.design concepts and

suggest futuré technology improvements

Scope of Study

This study was approximately six months in duration and represents a
1.5 man~year effort, In addition to performing the activities required to
accomplish the above objectives, the study has also devoted considerable
effort to testing of candidate catalysts and determination of catalytic reactor
heat transfer data. This testing was necessary to provide data for pre-

”?*”uﬁJNmnnary design of the selected inerting system.

'\
-,

Théusgggy.actlv4tjes are presented-as-follows in this report:
e , -
Section 11 Comparison ana'Se+e5t|on of Inmerting Concepts
\

Section II1 Baseline Liquid Nitrogen Inerting System Prelimina[y
Design

Section IV  Inert bag Generator Inerting System Preliminary Design
. L
e A

Section V  Catalyt and Catalytic Reactor Testing
Appendix A‘_/QSEﬁkET) B-1 Inerting System Specification

Appendix B (SECRET) TFA 1Inerting System Specification

S
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System Performance Reguirements

The primary performance requirements for the inerting systems are shown
in Table I, The system flow rates are established by the aircraft fuel tank
volumes and maximum normal descent and emergency descent capabilities. In
the case of the TFA aircraft, the normal descent and emergency descent capa-
bilities are identical since this aircraft is designed for rapid inflight
combat maneuvers. . /

Both the allowable oxygen content and moisture contedt have a significant
effect on the overall system weight and configuration, The oxygen content
was selected to maintain the fuel tank ullage space at~less than 9=-percent
oxygen by volume., An oxygen content of less than about 1™ tpo {2 percent in
the tanks is essential if inerting is to be accomplished, A fominal maximum
inerting system gas oxygen content of about 5 percent is required if the inert
inflow during initial aircraft climb (when dissolved oxygen evolves from the
fuel) is to be less than the flows required during aircraft descent. Similarly,
-~ —the moisture content was selected to provide a maximum gas moisture content
approximately equivalent to that obtained on the ground on a hot, humid day.
Additionally, the integrated mission average design objective of 25 grains
water/1b of inert gas was” selected since this value is somewhat below the
average moisture content resulting from descent to sea level on a hot, humid
7 day with fuel-tanks vented to ambience.

b e e e

SUMMARY OF RESULTS

Inerting System Specifications

Specifications for inerting systems for the B-! and TFA aircraft are
presented as Appendixes A and”B of this report. These appendixes are bound
separate'y to meet classification requirements. They detail the system
operational functions during each aircraft flight mode and establish the
performance requirements summarized in Table |,

Synthesis/Evaluation of Candidate Inerting System Concepts

Figure | shows the three functional elements of an inerting system and
the concepts evaluated, The evaluative studies are presentea in Section Il
of this report, These studies show that it is possible to provide a low '
moisture content in the inert flow to the fuel tanks without resorting to the
supplemental moisture removal concepts such as desiccant beds and water
separators, Furthermore, the air-cycle refrigeration techniques conventionally
used on both commercial and military aircraft are the optimum cooling/moisture
removal techniques“?EF“TﬁEfﬁnerting application as well.

The simple air-cycle refrigeration system shows a slight overall advantage
over the bootstrap air-cycle systems, This evaluation is based on a comparison
process that assigns weighting factors to the relative ratings for each .
candidate concept's weight, performance, reliability, maintainability, and
cost. The bootstra cycle, however, potentially can provide a lower moisture
content than can the simple cycle system. Thus, for applications requiring

ot




TABLE !

INERTING SYSTEM DESIGN OBJECTIVES

Gas moisture content

" emergency descent

80 grains/water 1b inert |

maxirum normal inflow

25 grains water/1b inert
waximum integrated
~ission average

Parameter Value Basis for Selection
Flow rate B-t 67 ib/min maximum ® Ajrcraft with empty
rormal inflow fuel tanks at maximum
200 ib/min maximum __descent rate at sea
during emergency [ level
descent
TFA: 20 1b/min maximum
norral inflow
Gas oxygen content 2.5 percent volume oxygen |[® Avoid ever operating
nominal,5 percent volume fuel-rich since fuel
oxygen maximum normal carryover would degrade
heat transfer and
7.5 to 10 percent volume cooling equipment
oxygen during B-| .
emergency descent ® provide low enough
" oxygen content to main-
tain tanks inert
during initial air-
cliwb when oxygen
evolves from fuel
Gas temperature 32%to 200°F normal ® Avoid freezing at all
operation focations within system
T 32° to 325°F during .

Minimize heat input
to fuel )

& “Introduce less water

into fuecl tanks than =~
would occur with unpres~-
surized tanks vented

to ambience

— GAS SOURCE GAS COOLING SUPPLEMENTAL
A AL MOISTURE A REMOVAL
4 N[ N £
@ CATALYTIC REACTION ® EXPENDABLE EVAPORANTS] | o pESTCCANTS
ENGINE] @ STAGED COMBUSTORS ® RAM AIR ® CONDENSATION
© ADSURPTION PROCESSES)p @ BLEED AIR P o FREEZE-OUT
BLEED] @ ABSORPTION PROCESSES FUEL ® SOLID-STATE
AIR {|® ELECTROCHEMICAL ® EXPANSION ELECTROLYSIS
PROCESSES {COOLING TURBINE)
$-%2744
Figure 1. 1Inerting Process Functional Block Diagram
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an extremely low moisture content (it should be noted£hat the selected system
concept provides an integrated output moisture contént of only 5 grains
water/lb inert), the bootstrap configuration might be preferable,

Baseline Liquid Nitrogen Inerting System Preliminary Design

The liquid nitrogen inerting system has been used as the baseline
against which the inert gas generator syste was compared. Aimost all of the
liquid nitrogen inerting system weight is dependent upon the total quantity
of inert gas to be delivered to the fuel tanks. For the B~l, the analyses |
in Appendix A and those presented in Section III, indicate that 450 to 900 1Ib
of liquid nitrogen will pe required. The 900-1b quantity assumes that only
pure nitrogen is input to the tanks and that the fuel is loaded into the tanks
in bulk form, The 450~1b quantity assumes that bleed air is mixed with the.
nitrogen to provide the inert flow to the tanks and that the fuel is loaded
into the tanks by spraying it into the inert atmosphere.

The total fixed weight of the liquid nitrogen inerting system (exclusive
of distribution lines and valving on the fuel tanks).will be no more than
{1 percent of the deliverable quantity of liquid nitrogen,

¢
Inert Gas Generator Inerting System Preliminary Design

I. System Description

Figure 2 shows a simplified—schematic of the inerting System concept
selected for preliminary design. This concept uses a ram air cooled catalytic
reactor as the inert gas source. Gas cooling and moisture removal is
accomplished by a simple air cycle refrigeration system. The hot inert flow
from the catalytic reactor is cooled in an inert/ram air precooler and can

be additionally cooled in the inert/fuel precooler during high speed flight
when ram air alone does not provide adequate ccoling. - After this preliminary
cooling process, the inert flow passes through-a regenerator that uses the
cold inert discharged from the cooling turbine as its heat sink, Ffrom the
regenerator, the inert expands across the turbine and passes through the
regenerator prior to being distributed into the fuel tanks. The regenerator
performance is enhanced by using a jet pump on the turbine discharge flow to
recirculate a portion of the inert gas. This increases the cold-side mass
flow in the regenerator, improving its overall performance and eliminating

the possibility of freezing at the turbine discharge, Without this recircula-
tion Joop, the temperature of the inert flowing into the cold side of the
regenerator would be well below 0°F.

*

2. System Performance

Table 2 summarizes the system performance data presented in Sectjon III,
The system meets or exceeds the intent of all design objectives listed in
Table I. In comparison to the liquid nitrogen inerting system, the inert gas
generator shows a potential weight advantage, and it has decided operational
advantages. The IGG system requires none of the ground servicing equipment
essential to operation of the liquid nitrogen inerting system. Additionally,

i
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TABLE 2

INERT GAS GENERATOR SYSTEM PERFORMANCE SUMMARY

Flow Rate
Norewd flight operations

Emergency descent

& to 67 Ip/min

¢ to 200 1u/min

Inert Gas Properties

hortal output oxygen content
' f wrgency descent gas oxygen content
Norral gas termperature .
b ergency descent gas torperature

wormal tlight soisture content

fyprcal inteqrated ~ission ~oisture cantant

T ——

2.9 +2.% perient
75 ¢ 5 parcent
69° to 158°F

~bouf 320°F at mamimur flow

See Figures 59 to 65 of
Section 114

5 4t/1b inert gencrated
8 to 12 gr/th inart
input to fuel taniks

Syster weignt
(atalytic reactor
#eat exchangers 8 total)

Are cycle racrine

{ontrol components

Other, xiscellaneous

Total weight

8 b
488 16
28 1
0.5 1b
45.9 v

00 b

Fuel, Ra Acr, and Bleed 307 Usage
Catalytic reactor f.el flow

Eleeg A1 ‘1o,

Par air Fiow

0.0595 Ib fuel/1d bleed air

t,.025 to 1,044 1b bleed
mnr/ib snert output,
depending gpon a~baent
i dity

4.8 80 € 2 ib rar air/iy

Syster Servicing ang Ma.ntenance
Ground suppof?t cy.iprent
Flight line servicing
equiprenrt

Marntenance (ntervals

Idertical to aircraty
£09 Support equiprert

None regueter

£stvated at SO0 fligit
hours ciniru”

i
i

bleed 317, deperding udur e
[
. aircraft flight speed and ’___'_‘__,_u_-—-—""
N sititude, and upon arbient b—"
_r__’_rl__.,l.“'_acutwr o 1dity
/7_4__,_19141—(‘-:181':3Tc'f'rm|(y Avout O 08 tu fue) Ip imere
. . T .
- : RaM ATR ,
FLOW ENGINE
0 O FUEL FLOW
a
INE
CATALYTIC IRERT /FUEL ’
AR AlR EGENERATOR
T PREC COLER
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TURBINE
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N/ 4 cooling
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o . pump
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Figure 2.
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the I1GG system can provide an unlimited quantity of inert gas, being limited
only by the availability of aircraft fuel and bleed air. Thus, the IGG
concept becomes particularly attractive for an aircraft that may remain
airborne for extended periods or that may operate from widely-separated or
dispersed bases,

Catalyst and Catalytic Reactor Testing

Section V of this report presents the test data obtained on candidate
catalysts for the catalytic reactor, Additionally, it presents heat transfer
data that may be used to size the reactor. Figure 3 shows a photograph of
the catalytic reactor test unit, It is constructed of stainless steel tubin
with provisions for air to be blown across thé tubes to provide cooling. '
The high pressure air and fuel are mixed in a chamber upstream of the reactor
and distributed via the inlet manifold to .the individual tubes. Selected
tubes were instrumented at intervals along their length to provide data on the
tubing temperatures, Additional instrumentation was used to measure the inlet
fuel/air ratio, pressure, and temperature, the cooling airflow, and-the
reactor discharge pressure, temperatg;g*,and»gas«tﬁmﬁﬁngfsgl

eeeuTe, ToTeEAL

-~ —""Table 3 summarizes the major findings of the reactor tests,

RECOMMENDATIONS FOR FUTURE ACTIVITIES _ . -

"This study has shown that a catalytic reactor inert gas generator system
shows potential benefits over other methods of providing fuel tank inerting
for large aircraft. Therefore, it is recommended that this type of inerting
system be developed and laboratory tested. The testing will be oriented toward
establishing /the performance potential predicted by the analytical techniques
presented injthis report, Because of the similarity between the selected
inert gas generator concepi and aircraft environmental control systems, many
of the inertiing system components could be made av ilable for the test program
as off-the~ghelf hardware items,

A secopd recommended future effort is the development of oxygen sensors
capable of pperating in an aircraft environment, and specifically, of operating
in the moisture- and fuel-laden atmosphere potentially present at various
points in the inerting system. Such sensors would allow the inerting system’
performance to be monitored and would greatly facilitate -fault isolation
within the| system, .

It shbuld be noted that open-loop control concepts appear to provide more
accurate control of the fuel/air ratio into the catalytic reactor than that
obtainable/ even with future technology oxygen sensors. Thus, the inerting
system penformance is not dependent upon oxygen sensor development, but it
would be dnhanced by such development. a

et i e N S e At b




TABLE 3

CATALYTIC REACTOR TEST SUMMARY

Number of catalysts tested

Catalyst types showing applicability

Recommended catalyst arrangement

Recormended catalyst carrier

Minimum catalyst ignition tevperature

Maxirum tubing wall tevperature

Recommended tubing material

Reactqr discharge gas composition

38

Precious metals: platinum and
palladium )

Metal oxides: oxides of copper,
manganese, and silver

American Cyanamid Code A catalyst or
Grace 908 catalyst (alternate),
intermixed with platinum with an
initial igniter length of platinum
catalyst

Alumina pellets about 0,1 in, _
I~ dTameter to provide low pressure drop
and, good flow turbulence

400° to 450°F
About..1250°F if conventional materials
are to beluseq

Type 347 staiﬁless steel

Low nitnbgen oxide count, low hydro-
carbpn count, initial condensate has
pH of about 3.0

A

A LS
o

3

68536
- f-1 2161
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SECTION II
COMPARISON AND SELECTION OF INERTING CONCEPTS

INTRODUCTION A ' i

This section presents the study analyses and conclusions leading to
selection of the preferred._inerting system concept. First, the candidate
concepts-for—the various system functions (inert gas source, gas cooling
and moisture removal, and supplemental moisture removal) are analyzed to
establish their performance potential. Then, a set of weighted evaluation
criteria are used to select the optimum system configuration. The preliminary
design of this selected concept is presented in Section IV,

Organization

The major divisions of this section are as follows:

o Inert gas source concepts

L Gas cooling and moisture removal concepts
L4 Supplemental moisture removal concepts

L] System synthesis and selection

-

The first three divisions analyze the performance capabilities of each concept
and summarize its applicability for the inerting system application. The

last division combines these concepts that have been found to be applicable
into a series of candidate inerting systems. From these systems, the |l most
promising configurations were selected for a detailed comparison with one
another. A set of weighted evaluation criteria, consisting of performance,
weight, reliability, maintainability, and cost are used to select the optimum
fuel tank inerting system. -

Summary of Selected System

The evaluation comparisons indicate that-the optimum inerting system
concept uses a ram air-cooled catalytic reactor as the inert gas source, with
an air cycle refrigeration system being used to provide gas cooling and
moisture control. The air cycle refrigeration unit consists of an inert/ram
air precooler used during all flight modes, an inert/fuel precoclér used
only during high-speed supersonic flight {when the ram temperatures become
excessively high for monsture removal by condensation}, an expansion turbine
loaded by a fan, and a regenerative heat exchanger {uses turbine exhaust gas
~ to precool the inert flow prior to entering the turbine).

INERT GAS SOURCE CONCEPTS

The inert gas source preferentially removes oxygen from air to provide
an output having less than 5 percent free oxygen by volume. There are
other poss:ble methods of providing an inert gas which are not dependent
upon starting with air, such as carrying a supply of inert gas on the

v
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TABLE 4

INERTING SYSTEM FUNCTIONAL CONCEPTS

o

s Function

&
Concepts Considered

Inert Gas Source

Catalytic Reactor _in several
different configurations:

Combustor single and staged
Bootstrap Combustor/Reactor Cycle
Oxygen Adsorption Processes
Oxygen Absorption Processes

Electrochemical Processes -

Gas Cooling and Moisture
Removal

Direct Cooling .2 different con-
figurations)

* .Vapor Lycle Refrigeration. 5 dif-

ferent configurations

SimblehAir Cycle Refrigeration
6 different -configurations

Bootstrap Air Cycie Refrigeration
+12 different configurations

Supplemental Moisture
Removal

water Coalescer/Separator

Direct Flow Sorbent Beds 2 dif-
ferent materials

Regenerable Sorbent Beds ‘2 dif-
ferent materials.

aircraft ‘liquid nitrogen, for example) or reacting chemicals to generate

an inert gas (hydrazine decomposition, for example).

The primary intent of

this study, however, Is to synthesize a catalytic reactor inerting system .-
operating on air; additional oxygen removal concepts have been briefly con~

sidered to insure that the catalytic reactor method is the optimum.

The inért gas sources considered are as follows:
!

Catalytic reaction of air and fuel

Combustion of air and fuel

Bootstrap combustor/reactor cycle operating on ram air

Adsorption processes in which oxygen is preferentially adsoybed
from the air onto the adsorbent surface {a physical process)

10
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o Absorption processes in wh;ch oxygen is preferentlally absorbed
from the air into.the absotbent materxa! :a chemical process'

) Electrochem:cal processes.in whnch oxygen dissolves in an
electrolyte and passes from the arigde to the cathode and into.an
° oxygen-rich waste stream . .

- -, 4

It should be noted that, for turbine engine anrcraft the turbnne exhaust
gas has an oxygen content varying between 18 to 20 percent by volume. Con- °
sequently, fuel tank ‘inerting systems using turbine exhaust gas would. also -
require an additional method of removing oxygen; "thus,; the .integration of

the |nert gas source with the engine turbine air \elther turbine inlet or.
exhaust) 'does not elumnnate the necessnty for a separate inert gas.source. .
Therefore, only concepts operatang with air at ambnent composition have been
considered. ©

.

9

-

The study indicatés that only the catalytic reactor and the combustor ' ?
are capable of providing inert gas,at a.reasonable weight and bleed air .
usage. Of these two, the catalytic reactor offers maintenapnce a@nd performance
advantages over the combustor. The reactor operates at lower temperatures - E
and has no external power supply, such as wogld be required for the combustor.

» . ~

The material below describes each of the candidate concepts, indicating -
their relative performance. It assumes that all concepts except the bdotstrap
combustor/reactor cytle are¢ operated with bleed air rather than ram air.
Ram air mught be acceptable for some of the concepts during high Speed flight
when there is sufficient ram pressure; however, during other flight modes,
particularly when the aircraft is on the ground, the ram pressure is insuf- . :
ficient. A similar situation occurs on asrcraft environmental contrel systems
where ram might be suitable during some flight modes, but is insuitablé
during others. Weight apd reliability considerations for £(S's have led to
systems that utilize bleed air during all flight modes. Similarly, it ¢
appears that bleed air will be the optimum process air source for the IGG.
Ram air, as discussed later, will be used extensively as a heat sink for -
. process gas cool:ng

“

F

Catalytic Reaction' 7 g -

. ’ .
M -

Catalytic reaction of fuel and air can be-accomp!lished by passing the
fuel/air mixture across a catalyst bed. The primary reactor des:qn problem
is the dissipation of the energy released by the exothermic reactlonA\
Additional considerations of importance are the selection of the catalyst
material and its degradation with time. Considerable previous work, however,
. has been devoted to investigation of catalysts (most notably the American
Cyanamid study published as AFAPL-TR-69-68), and additional catalyst performance
studies that have been conducted for thus study are presenteﬂ in Section V of
this report. i ) y .
The following material discusses the candidate reactor concepts, pre-
senting the information as follows:

v

e  Reactor heat load
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. Design summary
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N Reactor Heat Load

.Fypical reactor heat loads are shown in Figure 4. The equilibrium
temperature of the-inert gas cue to this energy addition is about &400°F,
assuming inlet bleed air at 400°F for an outlet oxygen content on the order
of 5 percent. C(learly, the reactcr must be supplied with an integral heat
sink if conventional naterials are used. Additionally, it must operate over
a large flow variation which will cause significant changes in the velocity
of the fuel/air mixture as it passes across the catalyst bed; thus, the heat
released within the bed aiong -the bed length will be a function of the reactor .

flow rate. Therefore, tne cooling supplied to the reactor must also be. varied
along tne reactor length.

N
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Figure 4. Catalytic Reactor Fuel Flow and Heat Load
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Potential Heat Sinks

There are four heat sinks that could be used for the reactor:

-

o Ram air
. Engine fuel

] ECS-chilled air .
L
L Water K -

Engine fuel has been eliminated as a candidate due to the potential safety
hazard. Leakage of the cooling fuel into the reactor would greatly increase
the heat generated within the reactor, possibly leading to destruction.
ECS-chilled air could be used as a heat sink; however, the maximum flows

_through the feactdr would necessitate a significant increase in the size of

the ECS -- this concept is discussed further in the gas cooling and moisture
removal information, but it does not appear optimum for military aircraft.
Using water would require about | |b water per-ib of inert; this represents
an excessive weight penalty as well as requiring ground maintenance for
periodic-resupply of the water.

Thus, ram air Bas been selected as the reactor heat-sink. The ram_flow
must be about 5 times the inert flow if the reactor tempeératures are to be
maintained within the limits of conventional materials.

3. Candidate Heat Trapsfer Surface Geometries i
The reactor weight will consist primérily of the heat transfer surface
required to dissipate the heat; only a minor portion will be the catalyst

weight. Consequently, it is necessary to optimize the heat transfer surface,
if the reactor weight is to be minimized. The following material considers
three classes of heat transfer surfaces: !

*

) Tubular surface geometry |
) Finned tubular surface geometry |

. . i
® pPlate-fin surface geometry [

" The surface compactness relationship between these geometries is shown in

Figure 5. It indicates a considerable overlap between geometries of different
types. Typical high temperature heat exchanger surface geometries are shown
in Figure 6.

a. Plain Tubular Surface Geometries

f

* Preliminary analyses of possible tubular heat exchangers indicate that
the heat transfer coefficient on the ram air side controls the size of the
heat transfer surface. And since the heat transfer coefficient for flow

13
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inside plain {nonturbulated) tubes is several times less than the coefficient
for floy outside an otpimized tube bundle, the most desirable tube configura-
tion would place the ram air on the outside of the tubes, where the flow
coefficient is maximized.

Additionally the inner-side heat transfer coefficient can be signifi-
cantly increased by turbulating the fluid flow. The best method of providing
turbulence has been found to be ring-dimpling of the tubes at periodic
intervals, l

b. Finned Tubular Surface Geometries

With a gas-to-gas heat exchanger made from small diameter tubes, adding
finned secondary surfaces on the outside of the tubes poses a serious, if
not prohibitive, problem in fabricating dimples for inside-flow turbulation.

For designs with external secondary surfaces, the inside heat transfer
coefficient can be increased by utilizing a plain strip, a.wire spiral, or
a flap turbulator inside the tube. With the plain strip brazed inside the
tube, the hydraulic diameter is effectively reduced; this, together with the
increase in heat transfer surface area, wresults in an improved internal
conductance. Although the wire spiral and \he\flap turbulator are more
effective heat transfer promotors, the associatéd increase in friction results
in core sizes of large flow frontal areas and small flow lengths for units
such as the catalytic reactor, where limited pressure loss is allowed.

c. plate~Fin Surface Geometrx

A number of secondary surfaces were evaluated, including plain triangular
and rectangular offset fins of the type shown in Figure 7. 1In the majority
of compaci\air cooled heat exchangers for aircraf. and industrial applica-
tions, offset finned surfaces are utilized for minimum volume and weight.
With such a surface, the fins are systématically pierced in the direction of
flow ard offset normal to the direction of flow as shown in Figure 7. This
provides periodic Interruption of the boundary layers and thereby increases
the heat transfer coefficients. Boundary layer dissolution incurs a smaller
pressure drop penalty than artificial turbulence promotion such as_wavy,
Jouvered, or herringbone fin cunfigurations. Comparison of the various
syrface types indicates that compact offset rectangular fins result in
matrixes of minimum volume, and thus represent an effective secondary surface.

d.  Surface Selection

fFrom the surface geometry comparison, a preliminary analysis has shown
that the minimum weight counterflow plate~fin matrix .weight, while lighter
than the finned-tube variant, is much heavier than the dimpled-plain tube »
design. With the main goal of the heat transfer analysis being to establish
a surface geometry for minimum weight, a plain tube geometry has been selected
for the reactor. i
<l
|
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Figure 7.- Typical Plate~Fin Surface Geometries

4. Flow Configurations

For a given heat load and thermal effectiveness, the minimuni overall
thermal conductance can be realized with a pure counterflow arrangement. For
such an arrangement, end section headering areas are necesfary to direct the
hot and cold streams to and from the counterflow portion of the heat ekchanger
assembly. For the eéffectiveness desired for the catalytic reactor, including
end sections would result in a weight penalty, so that simpler, lighter \
_designs with cross flow or multipass cross-counterflow should be utilized. Y
These‘confiiurations eliminate or reduce the weight associated with the header%.
/s

a. Catalyst Qutside the Tubes

-

Placing Yhe catalyst outside the tubes limits the low-pressure ram air
relocity becaus&. of the low pressure loss allowable on the ram side. Thus,
vith a design ramNgjr pressure loss on the order of only | psia, the full
advantage of tube rimg dimpling cannot be realized and fairly low internal
heat transfer coefficients exist. Also, because of the low ram pressure
drop, only a single pass arrangement on the tube side can be considered. For
such a configurati'on designed for 800 Btu,per Ib inert heat dissipation a
tube weight of 1.3 Ib per Ib/min of inert gas is obtained for stainless steel
tubes of 0.20 in. 0D with 0.008 in. walls, based on heat dissipation
proportional to the distance along the tuhe. And with the inert gas flowing
outside the tubes, the heat exchanger shell is a substantial pressure vessel,
so that the heat exchanger weight will be considerably more than that of the
basic heat transfer matrix.

t
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b. Catalyst Inside the Tubes

] ,
A more attractive design from the structural and weight standpoints

can be redlized by adopting a flow configuration with the ram air/ outside

the tubes, and the inert inside. Since a large inert-side pressure drop

can be tolerated at full reactor flow {because for the B-! the output will

bypass the gas cooling equipment and go directly to the tanks, and for the

TFA the maximum flow occurs at an altitude such that a large reactor

pressure drop will still leave adequate pressure to drjve the gas cooling

equipment;, high internal mass flow velocities can be utilized so that

lightweight designs are obtained. The high internal velocities place the

inside Reynolds number in a range wheré ring-dimpling /of the tube wall

provides an effective means of increasing the inside heat transfer coefficient.

Additional increases will be obtained due to the turbulence created by the

flow of the inert across the catalyst pellets. Also, since the ram-side .

pressures are less than the inert pressures, placing the inert inside the

tubes reduces the weight of the heat exchanger shell.

) Because of the iarge available pressure drop, multipassing of the inert
side is feasible so that the o.¢rall thermal conductance can be lowered, hence
lowering the core weight. A single pass on _the ram side must be maintained

_because of the low pressure dro. ~llowable.

c. Reccmmendat ion

In summary, the recommended catalytic reactor flow co;figuration uses a
tubular heat exchanger with the catalyst inside the tubes. For a heat load
of 800 Btu per Ib inert gas, a four-pass cross-counterflow design will require
about 0.6 1b of tubing per Ib/min of inert flow. This is based on stainless
steel tubes of 0-207in. 0D with 0.008 in. walls.

5. Material Selection ) g

The factors of primary importance in the selection of high temperaturel
heat exchanger materials are mechanical properties, hot corrosion resistance,
fabricability, compatibility with brazing filler metals, metallurgical
stability, and cost. ‘

The heat exchanger material must have adequate mechanical properties

‘dufing its design lifetime to withstand the stresses due to thermal transients

and fluctuating and steady-state pressure differentials. It is insufficient -
merely to measure the properties of new, unexposed material, because mechan-

ical properties are almost always degraded by environmental attack and by

metallurgical changes such as aging reactions and carbide precipitation,

Metallurgical stability and corrosion resistance cannot be considere&fapart

and are important in evaluating mechanical properties.

Erosion resistance is alsg an important mechanical property. Erosion is
caused by solid or liquid particles (catalyst, carbon, or fuel droplets in
the system battering against the surface of a material. Although dynamic
yield strength and endurance limit can give indications, there is no accurate
way to calculate erosion resistance.
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Hot~=corrosion is the attack on metal alloy components caused directly
or indizpctly by contact with products of combustion. Included in this
term are all synergistic effects that contribute to hot-corrosion such as
sulfidation, oxidation, erosion, stress-carrosion, and both static and

cyclic stresses.

Based on experience gained from advanced regenerative gas turbines,
and other high temperature heat exchanger applications, Type 347 stainless

steel tas proved to be an excellent material, and is the recommended

catalytic reactor material. Carbide precipitation in grain boundaries and
consequent sensitization to chemical corrosion at low temperatures are

minimized by the addition of columbiuiz, which forms stable carbides.

Brazeability of Type 347 is excellent and formability is good. Type 347

has good creep strength and hot-corrosion resistance to approximately
1300

a maximum mategial temperature of 1200-1300°F is required.

6. Ram Air Flow Control

If the catalytic reactor i» designed in such a manner that at maximum
inert flow the bleed air/fuel reaction occurs over almost the entire length
of the reactor, then at part loads the reaction will occur in only part
of the reactor. This is shown in Figure 8. Depending on the relationship
between the flow rate and the reaction length, it is possible that the heat
to be dissipated at a specific point within the reactor at part load could
equal or exceed that at full load. Thus, if the overall ratio of the ram
air flow to the inert flow is fixed, then it is necessary to provide some
method of controlling the ram air flow along the reactor length so that
flow adequate for the required heat dissipation can be maintained at part
loads. Test data will be required to establish the relationship between

the heat dissipation and the required local ram air flow; however, it

appears that the most desirable concept is regulation of the ram air flow

distribution by means of a simple door actuated on the ram inlet side.

The concept shown in Figure 9 allows routing the ram flow through only a
portion of the heat exchanger at inert flows less than the design condition.

7. Maintenance Considerations

The catalyst packed within the reactor tubes will require periodic
replacement. This cam be provided by designing the reactor with removable
headers. Either encapsulated catalyst or wire screens over the tube pass
ends would prevent catalyst loss to the inert gas flow and would prevent

excessive fluidization of the bed.
\

Careful headering and manifolding design will be necessary tc ensure

good flow distribution through the catalyst bed and to eliminate any
possibility of local hot spots.

18
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8. Design Summary

The catalytic tubular theat exchanger design appears less stringent
than that required for advahced gas turbine recuperators, and is within the

current state-of-the-art. The design study has indicated the following:
L Lightweight design can be achieved using a compact tubular matrix
N Minimum weight results with the inert gas, and hence catalyst, -
placed inside the dimpled tubes ;
o : 3
L A compact unit can be designed with a snngle-pass ram air side
and a mult;-paSS'inert gas side ?
L] Conventional furnace—brazed 347 stainlesffsteel construction is
! recommended
~ .
boe Removable headers on the inert side are required to facilitﬁfe
periodic catalyst replacement \
E . @ Part load performance requires a ram air flow control door on

the ram air inlet side of the reactor
— Combustion /\ ’

For the same output érLduct, the fuel required by the catalytic reactor
and a combustor will be approximately equal; however, combustion is a less
efficient process than reactjon and the usual end products of combustion
are a combination of CO and CR,, a@s opposed to the essentially complete, - -

~—

reaction {(all €0y, obtained with a reactor.

Three types of combustors aﬁ% possible:

L A single-stage combusto*lun which the incoming air is used to
cool the combustion cham%er

L Staged combustors in whicﬁ the total combustion energy is split
into each of several serléi combustors having anterstage cooling

F ’ . }k

: L4 Bootstrap combustor allowamg ram air to be used as the inerting

\ air source . . \2

~

1. Single-Stage Combustor

% , A single-stage combustor, such as that shown in Figure 10, has been
] } used in previous aircraft fuel tank inerting systems and is covered by US
3 patent 2,775,238 assigned to D. J. Clark and M. S. Decker. In this concept,
the oncoming relatively low-temperature air is used to cool the combustor,
} can' by causing-the air to flow partially around the can prior to injecting
it with fuel and burning it. A second can, downstream of the first, completes
} the combustion process by mixing additional air with the hot, fiery,

20




incompletely combusted products from the first can. A spark plug is used
as the ignition source for the combustor.
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GAS

000
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‘e

.

— /

’ COMBUS TION . } /

SPARK PLUG ‘ [

FUEL T s

FUEL COMBUSTION

SPARK PLUG

/; Figure 10. SimplifiedSchematic of a Single-Stage Combustor -
/ ‘ '

In a sirgle combustor, the equilibrium temperature gain of the réaction \
products is about 3200°F.if 4.2 1b fue) per 100 Ib air are used. Proper \
design will limit the maximum combustor can temperature to levels consider- 0
ably below this, but the maximum material temperatures will exceed those
obtainable with catalytic reaction. Consequently, it can be expected that
a combustor would produce more nitrogen oxides and other deleterious com-
pounds than would a reactor. Also, combustors are-generally limited /inthe
flow variation that they can handle while still maintaining an effiq%ént \

reaction. / \\

In most other features, combustor performance will be nearly equal to A
that for a catalytic reactor. In both concepts, the bulki of the weight will
be the heat transfer surface required to cool .the inerted gas to reasonable
temperatures. Also both concepts resquire limited perjodic maintenance

spark plug replacement, cleaning, combustor can replacement in the case
~of the combustor; and catalyst replacement in the catalytic reactor..

.

PRGIETE

: 2. Staged Combustors

] - - ! ,

L It is possible to reduce the maximum material temperatures consider-

- ably by using staged combustors in which the combustor discharge flow is

! cooled prior to entering the next combustor. Such units have been used .

2!
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successfully in research laboratorues. However, ‘the overall we|ght of such
a system will be higher than that for a single-stage combustor and the
control will be more complex since tuel would be injected in several dif-
ferent places. Thus, staged combustors do not appear competuthe with a
catalyst bed for this application..

Bootstrap COmbustor/Reactor Cycle 7

It is possible to des:gn an nnerting source that could‘operate on ram
air during all flight modes except very low speed flight at high alt:tuQes.
Such avcycle is shown schematically in Figure 11, 1In this concept, fam air
is compressed and heated in either a reactor or combustor prior to expansion
across a turbine, Materials limitations establish the uppar limit on the

.gas temperature at the turbine inlet; thus, if additjonal fuel is required

to accomplish the necessary oxygen removal (as is the case), then the turbine
discharge must be passed through an anatlonal reactor or combustor:stage.

Figure |12 shows the pressure increase -across the boots.rap machine as
a function of the compressor pressure_ ratio. The data show that there is
a strong incentive to have a low compressor inlet temperature if a high
pressure ratio is to be obtained. Thus, it will be necbssary to place a-
precooler in front of the compressor to cool the ram air during high speed
flight. Also, to obtain the- vrelatively high compressor pressure ratio at
which optimum performance is obtained, it may be necessary to use a multi~
stage compressor. > .

This cycle will weigh more than will either the reactor or single-stage
combustor cycles, and it requires more components and a more complex.contrcl
system (because there are two separate points at which fuel must be injected
into the process stream). Thus, unless there is an extremely strong_ incentive
to limit the use of bleed air, the bootstrap combustor/reactor cycle does n not-—

appear to be competnttve for this application. . r -
v

Adsorption Processes

-

Regenerable adsorptlon beds .can be used as*a means of obtatnung a
nitrogen-rich output gas iﬁow. The concept is shown schematically in Figure 13
and described in U.S. PAtent 2,944,627 (by C. W* Skarstrom, assigned to Esso).
This system depends” upon preferentcal adsorption of oxygen by synthetic
zeolite {(molecular snevp) adsorbents. High-pressure air is passed through
an adsorbent bed that removes oxygen to nrovide a concentrated nitrogen
effiuent. As shown in Figure |4, for a product gas with a residual oxygen
content of about 5 percent by ‘volume, about 20 percent of the input flow
will appear as nitrogen-rich output; the remaining flow will be discharged
overboard. It is possible to input the secondary effluent from one set of
beds to a second set so that the amount of wasted bleed air is minimized;
however, such a concept would require compressors and pumps to compensa e
for the pressure differences between the various beds.
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The sorbent material is capable of carrying about 0.01 lb/min of process
flow per |b material at 70°F and 85 psia inlet. This ratio can be improved
by lowering the inlet temperature to the bed, or by raising the pressure.
However, this high fixed weight, combined with the inefficient use of bleed
air, eliminates adsorption processes from further consideration.

Absorption Processes

Regenerable absorbents for removing _oxygen from air are being investj-
gated at AiResearch under Air Force contract F33657-69-C-1187. These
absorients can also be used to generate a nitrogen-rich inert gas. The
process consists of flowing bleed air through a bed which absorbs oxygen
to obtain a nitrogen-rich effluent. After-a period of time, the air flow
is reduced to a very low value and the bed is heated to about 180%°F. Pure
oxygen desorbs from the bed and is swept out with the low air flow. The
bed is cooled to 60°F and the process is repeated. With two beds, a con-
stant supply of inert gas can be obtained. Figure |5 shows a schematic of
such a system employing elements of an environmental control system to
provide bed heating and cooling.

For a 10 min cycle time on the beds, and an output having an average
oxygen concentration less than 7.8 percent by volume, the following per-
formance data are obtained:

] Process gas pressure = 35 psfa
L Process gas flow = 0.17 1b/hr per Ib absorbent
L] Inerting flow = 0.15 Ib/hr per lb absorbent

Increésing the inlet pressure to about 150 psia increases the process flow
to 0.73 Ib/hr per b absorbent and the inerting flow to 0.62 Ib/hr per Ib
absorbent. These data assume that the beds use salcomine (bisalicylaldehyde
ethylenediamine-cobalt;, which is the most effective oxygen absorbent tested
to date. However, a new, untested compound having superior characteristics
may allow considerable increases in the gas flows, possibly by as much as a
factor of 7.

The bed cooling and heating requnrements are each about 280 Btu/lb
. inert. Thus, if bleed air at 475°F, 35 psia is used, about 4 Ib bleed air/1b
inert would be required to provide the heating requirement. The cooling
requirement would, require an additional 40 1b bleed/lb inert, based ‘on 32°F
outlet temperature from an air cycle machine, Also, it would be necessary
“to use ram air as a heat sink for the refrigeration cycle. Additionally,
the high oxygen content in the gas generated by the absorption process would
necessitate using a different gas source to provide the low oxygen content
required during fuel scrubbing on the initial aircraft climb,

Clearly, the total heat load penaltles combined with the requirement

for a supplementa! gas source to accomplish scrubbing, eliminate this concept
,from further consideration.

25




e e e e e e e ey - —
T _11- usomnc'—-\ T —]’
\\-CVCLE CONTROLLER T ABSORBENT ' |
1 0 ~
2 o’
?———o INERTING GAS
PROCESS GAS ’\-omm
IABS ORBENT
SLEED Z;DESORBINC
AlR
[ ' RAM AIR HOT CoLd
AIR A]R "
Fem— == == T T
1

/;x ¢oLD AR \
, ; 1 : -
| Lo

I b~ PROCESS AIR HX

\ -
; ' - |
l @ ; ; ‘ P/—Ecs PACKAGE )
. ffrpnzsson TURBINE N : $-59720

Figure i5. Nitrogen Separation from Air by Absorption

Electrochemical Processes

3

< F

Electrochemical cells to remove oxygen from air have been investigated
by the Air Force as a means of supplying breathing oxygen to flight crews.
This approach could be used for the inerting system to supply a nitrogen-
rich flow to the fuel tanks.

Information from TRW, Inc., Mechanical Products Division (that has had
several electrochemical cell contracts, including AF33615-3392, AF33615-1856,
and NAS2-4444) indicates that about 1.2 to 1.5 kw of dc electrical power is
required to separate a flow of | Ib/hr of oxygen from air. Thus, for an
inerting system having an output with 5 percent oxygen by volume, the power
requirement is 15 to 20 kw per Ib/min of inert. Also, TRW indicated that
the fixed weight of an electrochemical system is about 15 Ib/Ib/hr of
oxygen for small systems having up.to 5 Ib per hr of oxygen output; thus,
for an inerting system, the fixed weight would be about 165 Ib per lb/min
of inert flow. Clearly both the electrical power required by the electro-
chemicai cell and its weight make this concept noncompetitive as an inerting
gas source. )
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Inert Gas Source Selection .

Only the catalytic reactor and the combustor concepts provide designs
of reasonable weight and power for a fuel tank inerting system. The adsorp-
tion, absorption, and_electrochemical processes are noncompetitive for this
application. The catalytnc reactor has been selected as the inert gas
source for the following reasons;

. Its weight will be less than that of an equivalent combustor
concept

L4 It operates at lower temperatures and hence can utllaze conventnonal
materials

° Its efficiency is essentially 100 percent; thus there will be no

fuel or carbon carryover into the remainder of the system

L] Its only maintenance requirement is periodic catalyst replace-
ment, whereas the combustor requires cleanung, Spark ‘plug changes,
power supply malntenance, etc

GAS COALING AND MOISTURE REMOVAL CONCEPTS

[P

" - . . !
Generating inert gas with a catalytic reactor results in the addition
of considerable heat and moisture to the process flow. Thus, it becomes

. __'necessary to cool_the gas prior to allowing it to enter the fuel tanks.

Additionally, the moisture content must be lowered considerably from the
approximately 611 grains HZO per lb dry inert that exist at the catalytic X

reactor ou;let. Much or all of this moisture removal can also be accomplished

"by cooling the gas, causing moisture to condense.

i The material below examines the design point performance capabilities
of three types of cooling methods for an assumed design point that has been
selected based on similarity of the IGG to aircraft environmental control
systems. The three cooling classifications are:

[y

o Direct cooling by heat rejection to heat sinks '
L Vapor cycle refrigeration ‘ \\\ \
) Air cycle refrigeration "\\ \\

The data presented indicate that direct heat rejection alone can not
provide low outlet moisture contents. Thus, it is necessary to use either,
a refrigeration system or a sorbent bed to remove the excess moisture. The"
data also show that both vapor cycle and air cycle refrigeration systems PAN
can provide extremely low outlet moisture contents. Selection of the pre-
ferred gas cooling technique involves combining the cooling concepts with .
the supplemental moisture removal concepts to obtain systems meeting both
the temperature and moisture requirements. These systems are synthes ized
after examination of the sorbent bed performance capabilities..
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Assumed Cycle Design Point

The selected cooling and moisture removal concept must be capable of
providing the required heat removal over the entire aircraft operating
regime; however, the inerting cycle will be designed to meet the performance
goals at a single point, having excess heat removal capacity under all other
operating conditions. In general, this point will occur at the following
operating conditions:

L Minimum engine bleed air pressure--this minimizes the moisture
rempval that can be accomplished by cooling the gas to a given
temperature . saturation occurs at higher moisture contents as
the pressure is decreased,

L] Maximum delivery pressure--for a given bleed pressure, this
minimizes the amount of cooling obtainable by passing the inert '
through an expansion turbine; that is the expansion ratio is
minimized

. —

L] Maximum flow requirement--this maximizes the total heat rejection
required as well as sizing the components [ note that at lower
flows, the heat transfer equipment will operate at higher effective-
ness, if the cooling flow is maintained, thus giving higher heat
removal per unit process flow

‘/ Y -

o Maximum heat sink temperatures

The point—satisfying these conditions is when-the—aircraft—is in idle ~scent
~minimum bleed pressure.,, at sea level imaximum delivery pressure,, witn
empty tanks in a steep dive maximum flow requirement , on a hot-day {maximum
heat sink temperatures for the other operating conditions . Although higher
heat sink temperatures occur 'most notably when the aircraft is in super-
sonic flight;, the bleed and delnvery,pressures are such as to make efficient
moisture removal possible.

For aircraft environmental control systems, which also must provide
cooling and moisture removal over the aircraft operating regime, the heat
exchangers and rotating equipment performance are determined with the aircraft
in idle descent. However, the ram air circuit is sized on the ground where
it is necessary to provide a8 ground cooling fan in order to pass the required
cooling flow through the heat exchangers. This combination of conditions
will also probably size the 1GG components since they must be-capable of
providing the maximum normal descent flow during the final phases of descent,
and also prpviding high flows while the aircraft is on the ground for fuel
scrubbing and un|taa!-tank pressurization.

Thus, the material presented in the remainder of this section will
analyze the performance capabilities of various concepts under the following
conditions:

¢

L] Throttle setting--idle  bleed air pressure assumed to be 35 psia’
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L Alrspeed--Mach 0.70 (this is somewhat above the maximum speed
occurring during the final phases of descent--although the
aircraft can obtain considerably higher speed at sea level,
these conditions result in a higher throttle setting and con-
sequently a higher bleed air pressure} //

o Altitude--sea leve! requires 1GG discharge pressure of about
15.7 psia to accommodate the distribution ducting pressure drop
and the tank pressure of about 0.5 psig,

e  Day--MIL-STD-210 hot day

Direct Cooling by Heat Rejection to Heat Sinks

Direct heat rejection involves process gas cooling by heat transfer
to a heat sink. . There are numerous heat sinks available om the aircraft,
including:

® Ram air

‘®  Engine or APU bleed “i-

L] Fuel- i ’ -
® . Expendable evaporent i
. Structure

. Hydraulic fluid
e o0il \ -
L ECS chilled air

The first four heat sinks are open cycle concepts in which the heat sink
fluid is either vented to ambience after use, or passed into the engine for
oxidation (in the case of fuel). The latter four concepts involve a two-step
process in which the heat is rejected to the first heat sink {that listed,
prior to later rejection to the ambience, via air cooling.

I, Temperature

N /‘/

Fhe-primary—variable involved in heat sink selection is the desired
heaf’rejectlon temperature. To obtain an outlet moisture content less than
80 grains.per b dry inert, the graph of Figure 16 indicates that the heat
sink temperature must be a maximum of 75°F if the process gas pressure is
35 psia. The data of- thure 16 also show that passing the process gas
through an expansion turbine and water separator after cooling allows the
heat sink temperature to increase to 93°F while still maintaining the outlet ~
at 80 grains moisture. Other refrigeration cycles, presented later, will
allow somewhat higher heat sink temperatures while still maintaining the
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desired 80 grains moisture in the output., However, the data indicate
that there is strong indentive to obtain low heat sink temperatures.
Consequently, it is possible to eliminate using engine bleed or APU bleed
as a heat sink (their femperature always is in excess of about 400°F).
Also, most of the aircraft structure will exceed I50°F at the assumed IGG
design point, making V{fan undesirable heat sink.
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Figure 16, Outlet Moisture vs Heat Sink Temperature

2. Heat Sink Flow Availability

At the assumed design point, about 140 Btu per Ib of inert must be
rejected to obtain 80 grains per Ib outlet moisture. This requires relatively
high cooling fluid flows: about 3 Ib air per lb inert, or about 1.5 Ib fuel,
oil, or hydraulic fluid per Ib inert. The flow requirements for either oil .
or hydraulic fluid are probably in excess of the available flows and,
additionally, the hydraulic fluid flows would only be available on an inter-
mittent basis unless special provisions were made for the IGG. Thus oil
and hydraulic fluid have been eliminated from further consideration. Also,
it would be undesirable to use fuel, oil, or hydraulic fluid as the catalytic
reactor heat sink since a failure causing leakage into the reactor could
result in a fire hazard, as well as causing coking and carbon deposition on
all of the components downstream of the reactor.

Of the possible expendable heat sinks, such as water, Freon, etc, fhe
total heat load during a mission is such as to eliminate them from con-

sideration. Additibnally, it should be noted that their use would necessitate

IGG servicing after each flight,
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Consequ@ntly, it appears that air is the only heat sink acceptable

for the catalytic reactor; it is also an excellent heat sink during subsonic
flight for all other heat transfer surfaces. Additionally, fuel might be

used for other cooling loads (where there is no fire hazard). ODuring super-
sonic flight when the ram air temperature greatly exceeds the fuel temperature,
fuel becomes a particularly attractive heat sink for all heat transfer sur-
faces except the catalytic reactor. -

3. Use of ECS Chilled Air

Using ECS chilled air for the IGG would necessitate an increase in the
ECS size. Thus, it becomes necessary to trade the ECS and ECS-to-1GG heat
exchanger weights against the weights of separate £CS and IGG systems. Using
ECS chilled air greatly simplifies the design of the IGG, although it does
make its performance dependent upon that of the ECS. Figure |7 shows how the’
- ECS air would be used for the I1GG both to cool the process gas during its
reaction with the fuel and to provide moisture and temperature control. The
figure shows 2 ECS packs (for B~l); however, the TFA has only a single ECS
pack.

4 TO AIRCRAFT CABIN, HEAT LOADS, ETC , B
ENGINE _ ' :
BLEED ECS . : _ ’
AIR PACK -
X ;" """l CATALYTIC = -
ECS-TO~ 1 FUEL
ECS REACTOR [ — .
PACK i 3
- i ‘-—--——n—-
AIR
» [__CONDENSED |
o/ ‘ WATER ~
// \
: TO FUEL °
\‘ TANKS
\\ ’ ) ; L]
FiBQre 17. Possible ECS~-1GG Integration
\\ M ,
N
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This concept eliminates the ram alr duct that !s required for an IGG
using ram air cooling; thus, the inerting system can be located without
regard to ram air availability. However, it should be noted that such a
concept doej/aot use any of the refrigeration potential available in the

IGG process/flow (pressure head available to expand and cool the gas,. Also,
using ECS air for cooling means ‘that there is increased use of aircraft
engine bleed air {ECS and IGG both use bleed air;. Generally, the equivalent
fuel consumption increase necessary to offset bleed air usage is from 3 to 6
times that necessary to offset ram air usage.

The total, fixed weight of the ECS chilled air IGG will be somewhat less
than that of the ram air cooled I1GG; however, the higher operating penalties
for the ECS chilled air concept (about 50 percent more fuel consumption’,
combined with the interdependence of the ECS and IGG performance that is
obtained by this type of integration, appear to make this concept unattractive,.

!
:
:
}
1
.

4. - ‘Ram Air ’(-"r()pe-r-tﬁ'ﬁs4~ et e

Ambient ram air will be compressed as it passes into a ram air duct,
giving a recovered pressure substantially- in excess of the ambient pressure. -
This pressure rise in turn causes a temperature rise in the air. Figure 18
plots the ram air temperature vs altitude for various aircraft airspeeds.
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By spraying the molsture condensed in the 146 intc the ram air, it is
possible to lower the ram air temperature. The dotted lines of Figure I8
show the ram air temperature after vaporization of moisture from the process
stream. Since the process gas will have a minimum of 418 grains moisture
per 1b, it is possible to add at least 80 grains moisture per Ib to the ram
air, based on a ram airflow 5 times the inert flow. The data are based on
an ambient humidity per MIL-$TD-210, Figure IV. Lower ambient humidities,

as will normally be the case, will result in lower ram air temperatures
. when water is injected into the ram airflow.

-

[ At the assumed IGG design point, the ram air will have a temperature
oﬁ 160°F. Water injection lowers the ram air temperature to 102.5%F, Thus,
the process stream could be cooled to about 112°F, which would give 178

gdains per Ib moisture at 35 psia. Clearly, it will be necessary to pro-
vil de addltlonal cooling |n order to obtaln satusfactory moasture control.

5.‘ Recommended IGG Heat Sinks
)

Based on the above information, the IGG gas cooling concepts presented
laL r in this section use either ram air or fuel as the cycle heat sinks.
The\catalytnc reactor will use only ram air during both subsonic and super-

sonlic flight since using fuel might cause a safety problem. The gas cooling
equipment will use both ram air and fuel for heat sinks. Ram air is the

preferred heat sink durirg subsonic flight since its temperature, when
satyrated with process flow water condensed by the cooling cycle, will be
less than the fuel temperature, for aircraft altitudes above about 15,000 ft
(see| Figure 18). During supersonic flight, fuel is the preferred hea* sink

for the refrigeration equipment since its temperature will almost always be
less} than the ram air temperature.
} - q

Vapo} Cycle Refrigeration

In a vapor cycle refrigeration system an intermediate workirg fluid is
used %o reject the IGG heat load to ambience. Figure 19 shows a schematic
o of thF basic vapor cycle system as applicable to the IGG. The working fluid,
' y- Freon, is compressed and condensed by using ram air as the heat
rior to expanding the fluid into the evaporator where it absorbs the
\ . heat tejected from the inerted output of the catalytic reactor.
\ jdeally, the system would use fuel as the cohdenser heat sink. However,
\ at nd\e setting on the engine throttle, the fuel flow to the engine is insuf-
f|c1e t to allow the IGG to operate at full-normal flow. Thus, it is
‘necessary to either recirculate the fuel to provide adequate flow or to
se ram air as the heat sink. Since ram air cooling will also be required
y the catalytic reac.or, it appears that the weight-optimum approach is
o also use ram air cooling for the Freon condenser during subsonic flight
”ccndetser must be fuel cooled during supersonic flight). The weight of the

am air-to~-Freon heat exchanger will be considerably less than the weight
f a fuel recirculation pump and lines.
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Figure 20 shows the performance éotenttal for a Freon system per the - /
schematic of Figure 19. The data indicate that a discharge moisture content
of 80 graans per lb can be easily obtained. At this condition, the compresso
will require about 1.15 kw per Ib/min of inert f}ow, or about 77 kw'on the /
B-1 dnd 41 kw on the TFA. These power requ:rewents would occur during /
the final phases of landing at the same time that the other electrical loads/
are at a peak; therefore, using an electrical drive for the Freon compressor
would require that the electrical power syst?ﬁ/capacnty be increased. An /
alternate approach is to use engnne bleed air expanded across a turbine to,
drive the compressor. - L \

_ One disadvantage of the Freon cycle shown in Figure 19 is that it does
not utilize any of the refrigeration potential in the inert flow. Since j
the inert flow is at about 35 psia, and the delivery pressure is only 15.7 '
psia, it is possible to obtain considerable work and cooling by expanding
the inert flow across a turbine. The work output can then be used to assist
in driving the Freon compressor as is shown in Figure &i. Alternatively,
this work could be used to drive a fan that will pull sir through the ram
heat exchangers when the aircraft is on the ground. In either case, the
expansion both reduces the cycle power requirement’ and increases the cooling
performance. However, placing vapor cycle and air cycle components on the
, same rotating shaft generally leads to shaft sealing problems.

An additional method of improving the cycle performance consists of using
the inert flow to absorb a part of the condenser heat load as shown in Figure 22.
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-meet the IGG performance requirements, their high power requirements, or ; P

“environmental control systems when the total heat
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Figure 22. Freon Cycle with Reduced Ram Air Flow i
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Adding 100°F ‘to the inert flow will still maintain its temperature within * ;

the acceptable limits and will account for abcut 16 percent of Lhe total
eondenser heat load, ‘allowing an increase in the vapor cycle performance

Altnough the above data-indicate that vapor cycle Systems can easily

cycle complexity if inert pressure potential is used to drive the compressor,, !

“will probably not make them optimum for supersonic aircraft.  Vapor cycle L .

refrigeration systems have only been found weig ompetitive for aircraft
ds are such as to~

reqiire @ cooling airflow \if air cycle syst .,s are used; significantly in ‘f\
excess of that required by the cabin for ventilation flow. In such a case, ¥
“the superior efftcnency of the vapor cycle tends to.offset the fact that .- %

the air cycle systemy assuming bleed air i's used, can obtain much or all - X& .
of its refrigeration «apac:ty directly from the bleed air at no weight or . e

power penalty. i

'a - < . 2

Air Cycle Refrigeratioh

< "Air cycle refrigeration systems utilize the pressure available in the

bleed air to obtain gas cooling by expansion. There are two types of air o
cycle systems: ~ : . . . ¢
. Simple cycle in whith the gas is expanded from-the bleed.pressure

dsreetly to the discharge pressure required by-the fuel tanks
ignering slFight pressure durferences due to component pressure
drops’ .- - 4

- ]
4 ' - Pt . »
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] Bootstrap cycle in which the gas is first compressed to a pressure
above the bleed air pressure, then cooled by heat rejection to a
heat sink, and then expanded to the discharge pressure required
by the fuel tanks ’

’ L
Each of these basic types of air cycle systems has a number of variations that
can be selected to improve the performance.

. Basic Cycle Dry-Air-Rated Performance - :\

Figure 23 shows the -dry-air-rated (bAR)-perfarmance capabilities of the
basic simple and bootstrap air cycle systems. Both systems have approximately
the same weight and, as shown, are provided with identical heat transfer
capacity (precooler for the simple cycle and heat exchanger for the bootstrap
cycle). In the simple cycle concept, the process gas is cooled and then
expanded across a turbine; the turbine work is used to drive a fan that increases
the flow of ram air across the precooler. In the bootstrap cycle, the gas is
compressed, then coclzd, and expanded across a turbine. In the performance
data shown, the compressor pressure ratio has'been selected such that all of
the turbine output work is absorbed by the compressor. Later material shows
alternate cycles 'bgwhich a portion of the turbine work is used to drive a fan
that will increcse the ram airflow across the heat transfer equipment.

The~data in Figure 23 -indicate that the bootstrap cycle provides about 30
to 50°F additional “‘cooling (or about 7 to |2 Btu/lb throughflow) in comparison
to the simpte cycle, depending upon the inlet pressure. This additional cooling". .
can be used to provide a lower moisture content in the discharge gas than is

obtainable with the simple cycle. .
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_for the ass'med IGG design point with the aircraft in idle descent at sea lev
ngle

2. Basic Cycle Outlet Moisture Content

Figure 24 shows the temperature and\moisture content of the discharge flow
from both simple and bootstrap air-cycle refrigeration systems. The data are

on a hot day cruising at Mach 0.7. Table 5 shows the assumptions used in
deriving the data of Figure 24. The f;guré shows performance data for a

simple cycle concept and for four different types of bootstrap cycles, three
of which use a compressor having a pressure ratio of 1.4, and the fourth having
a compressor pressure ratio’'as required to obtain an nnternal~power balance on

- .the rotat;ng component (such that turbune work output matches compressor drive
" . power without, having any extra power avanlable to drive an external load, such

as a fan). \
.a. Simple Cycle .

inlet pressure of about 52.5 psia.

|

In the sqmple cycle system, the best performanceis obtained at about )
32% with 45 gr of moisture in the discharge; such a dondataon occurs at an . ;
Higher inlet presgures would cause freezing

- of the entrained moisture in the turbnne-dnscharge st ream.

A3

TABLE 5.

ASSUMPTIONS FOR

FIGURE 24

The bleed.prcssure
of 35 psia at the assumed IGG design point limits the dnscharge to. about 67 F
and 112 gr/lb of monsture, for the assumed cycle inlet temperature of 300°F.

R nut exchanger effectiveness 0.95 Ambient moisture 132 gr/lb dry air
(NIL-STD<210 hot day)
Camressor sfficiency 0.78 8
' . Ram recovered pressure 16.083 psia

Turbine efficiency 0.8
e Rem recoversd tmntuu 160°F
Mater ssparator efficiency 0.%0

h Rem recoversd uturatlcn 102.5%

300°F temperature- N

lmrt inlet uanatun

'lmrt inlet mistun

Arcraft sirspeeg

Aircraft altitude

MAbient temparature

6l gr/lb dry inert

Mach 0,70 (idle dascent)
%atént )

103°F (MIL-STD-210 hot day)

Ram recovered saturat lon
moisture

Inert discharge pressure

277 gr/1b dry air

15.7 psia
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_c. Three-Wheel Bootstrap

b. Two-Wheel Bootstrap

The bootstrap cycle shown as concept B uses all of the available pressure
head to provide refrigeration of the process flow. Thus, the performance obtain-
able with this concept represents the optimum obtainable with a bootstrap cycle ]
without a precooler. The bést performance occurs at 32°F and 45 gr/lb moisture
content with an inlet pressure of atout 36 psia. At the assumed IGG design
point, this cycle provides an outlet having 51 gr/lb moisture at 37.5°F. ~

l

At 35 psia inlet pressure, the compressor pressure ratio is about 1.63 for
a turbine/compressor ppwer balance. Using a compressor having a pressure ratio
of only !.4 would allow about 32 percent of the turbine output work to be used
to drive a fan (as per concepts D and E). In such a case, the output moisture
content will be somewhat higher, but the fan power can be used to increase the :
flow of ram air across the heat exchangers. Concept B will also require a fan,
which must be driven by some external power source, such as an electric motor,
an expansion tufbine using bleed air, etc. Thus,. although concept B offers
superior performance, it requires an additional independent component (a sepa-
rately driven fan). ‘ A

Concept C is also a two-wheel concept .in which only a portion of the total
flow is passed through the turbine. The remainder of the flow bypasses the
turbine to provide a power balance. Thus, a large portion of the refrigeration

. available is wasted. This indicates that the selected cycle should be designed

for. full flow through the turbine at the design point.

4 B

Many of the recent aircraft environmental control systems have been
designed as three-wheel bootstrap machines in which the third wheel is a fan
so that the numbgr of components is minimized. Thus, it appears possible that
such may also be desirable for fuel tank inerting systems. Consequently, the
remainder of the data presented for. bootstrap cycles assume a three-wheel
machine in which a portion of the turbine output power is used to drive a fan.
It should be noted that the performance difference between the two-wheel and
three-wheel concepts is relatively slight; equivalent cycles have a difference-
of about 16 gr/lb moisture in the discharge.

Figure 24 shows performance data for the two different three-wheel
bootstrap cycles in which a portion of the turbine output power is used to
drive a fan, one with and one without a precooler. Both concepts use a com-
pressor having a pressure ratio of !.4. Concept-D-provides discharge conditions
of about 45 gr of moisture at 4! psia without freezing. At the assumed IGG
design point, this concept would yield about 67 gr/lb moisture at a temperature

of 47°F; about 25 percent of the turbine work is used to drive'the fan.

The final concept shown in Figure 24 is similar to concept D, except that -~
a precooler has been placed in front of the compressor. The addition of the
precooler allows this bootstrib\concept to provide as little as 42 gr/lb moisture
at 32°F at the assumed IGG design point inlet pressure; about 42.5 percent of
the turbine work is used to drive the fan. This concept aas about twice as
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much heat transfer surface as concept D, but it also allows more ram-side

pressure drop across the heat exchangers since it has more power available for
the fan. ‘ .

Unlike aircraft environmental control systems in which refrigeration is
, required to maintain the cabin and equipment at the desired temperatures, the
; IGG only requires refrigeration sufficient to bring the gas discharge tempera-
| ‘ture within the allowable temperature range (from 32° to 20C°F) and to maximize
. the moisture removed prior to discharge into the tanks. In the cycles considered
! above, the discharge gas is at a very tow temperature {relative to the allowable
discharge temperatures), and consequently much of the cycle refrigeration poten~
tial is being used to provide cold gas and not to provide moisture removal.
Thus, it appears worthwhile to consider alternate, or variant, cycle concepts

\ in which most of the refrigeration is used for moisture removal, with the result

that the gas is discharged at a higher temperature, but considerably lower
moisture content than the basic simple and bootstrap cycles discussed above.
, !

In these variant cycles (whether simple or bootstrap), the turbine /
discharge flow is used as the heat sink in a regenerator to further cool the
gas prior to its expansion across the turbine. This additional cooling causes
additional moisture to be condensed out before the gas is expanded. Figure 25
shows schematics of this addition to a cycle. In one part of the figure, all
of the turbife discharge is passed directly through the regenerator; in the
other part, the turbine discharge is mixed with a portion of the discharge from
the regenerator by a jet pump. This flow recirculation is required to add
sufficient heat to the turbine discharge to prevent it from freezing if it
contains any condensed moisture and if its unmixéd temperature is less than
32°F.

In these variapt concepts,  the water separator is eliminated by the
addition of the reggnerator- Thus, these cycles can show a weight advantage -
over concepts requiring a water separator for certain output flows. However,
the niain advantage is the improved moisture removal capability obtained by the
addition of the regenerator. For example, at the assumed IGG design point, a
simple cycle system having a precooler will provide gas having 124 gr/lb

~—REGENERATOR ~——REGENERATOR

7 | ‘ e

—p
B ‘t’
A. DIRECT QUTPUT - NO B. REGENERATOR WITH -
RECIRCULATION RECIRCULATION LOOP
'Flgure 25. Regenerator Concepts
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moisture at a temperature of 71°F; adding a regenerator with a recirculation
loop (recirculation flow is twnce output flow) and removing the water separator
results in an output at 142°F having only 60 gr/lb moisture. Thus, the regen-
erator has reduced the output moisture by slightly more than a factor of 2 over
that for a system without a regenerator.

The turbine output work for a regenerated cycle will be less than that
for an unregenerated cycle because regeneration decreases the turbine inlet
temperature. Thus, there will be less power available to drive the fan which
is used to provide an airflow across the ran side of the heat exchangers while
the aircraft is on the ground. This then either decreases the allowable heat
exchanger ram-side pressure drop (hence, increasing heat exchanger size and
weight) or requires a separately-driven ground cooling fan. Thus, although
regeneratlon decreases the output mousture content, it results in a weight
increase in all the cycle heat exchangers (or in a separate fan) in addition
to the weight -increase due to the kegenerator itself.

{

Cycle Performance at Assumed Pesign Point

Fugures 26, 27, 28, and 29 show the direct 'cooling, vapor cycle, and air
cycle {both simple and bootstrap) concepts that have been considered for the
IGG. In all concepts, ram air is passed through the heat exchangers |or condenser)
prior to passing through the catalytic reactor; this minimizes the amount of
ram air reduired Table 6 gives the outlet temperature and moisture content
for the various cycles for the assumed design point conditions. The data used
in deriving the performance are shown in Table 7. .

i. Direct Cooling

Neither of the direct cooling cycles, either catalytic reactor only
(F:gure 26A) or with a precooler (Figure 26B), can accomplish any moisture
removal. Therefore, it will be necessary to combine the direct cooling tech~
niques with the refrigeration technlques, or with the supplemental moisture
removal techniques (sorbent beds) in order to obtain a low outlet moisture
content.

2. Vagor Cycle

All three .of the vapor cyclP concepts shown in Figure 27 can meet the IGG
performance requirements. The basic concepth Figure 27A, requires external
drive power of about 1.2 kw/lb/min of inert output at 80 gr/lb moisture (see
Figure 20 for approximate relation between compressor drive power and output
moisture content). This is the only cycle inall the concepts considered that
would require power in addition to that obtainable directly from the inert flow
in the form of expansion: Neither the two-whgel or the three-wheel concepts
have been analyzed due to the numerous iterations required to obtain a solution;
however, both can easily meet the requirements. Because the cycle of Figure 278
does not have an integral ground cooling fan, whereas Figure 27C does, only

Figure 27C will be further considered.
*
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3. Simple Air Cycle

Of the simple air cycle concepts, only the simple cycle combined with a
precooler and a regenerator with a recirculation loop (Figure 28D). can provide

- adequate moisture removal. The simple cycle with a precooler (Figure 288) gives

close to the desired outlet moisture condition (it provides 124 gr/lb instead
of the desired 80 gr/lb maisture) and also will be considered further since

its outlet moisture content can be lowered to the desired level by addition of
a sorbent bed. Unfortunately, usung improved components for the simple cycle
with precooler, such asan 87 percent efficient turbine, a 97 percent effective
precooler, and a 90 percent efficient watér .separator will only Tower the output

. to 87 gr/lp moasture. . p

b Bootstrap Air Cycle . ) . ’

. Four of the bootstrap cycle concepts (Figure 29A through 29D} can meet or
almost meet the desired outlet monst e content. However, the additional com-
.plexity of the bootstrap cycle (in ¢ parison to the simple air cycle) is
‘unwarranted if equivalent performance is obtainable with a simple cycle. Thus,
only those concepts providing performance exceeding that obtainable with 2
simple cycle system should-be considered further. This limits the bootstrap’

«cycle concepts to those of Figure 298 (W|th precooler), Figure 29¢ (with
regenerator with recirculation loop), and Figure.29D0 {with precooler and
regenerator with recirculation !oop)-

However, the concept of Figure 29C in a three-wheel conf«guratnon does not
have sufficient excess turbine power available to drive the fan if a 1.4 com-
pressor pressure ratio is assumed. Thus; this.concept must use a two-wheel
bootstrap with a separately driven fan. Using a lower pressure ratio compressor
to reduce the compressor power sufficiently to allow fan pressure ‘rises equal
to the 0.47 psia at sea level obtained by the concept of Figure 29C (having a
precooler), results in output conditions having a higher moisture content than
that obtaingble with the .simple cycle concept of Figure 28D.

5. Summéfx

.

In summary, the cycles that should be further considered are as follows: -

® Dnrect cooling with precooler and sorbent bed,'wlth ground cooling
b o fan .

*#

s §imple vapor cycle, electrically or shaft-driven, with additional
- ground cooling fan to provide airflow across condenser and cata-
lytic reactor ) . -

e  Compound three-wheel vapor/air 'cycle with integral ground coolnng
fan .
4 “ -~

e .Simple air cycle with precooler and sorbent bed ¢

. Simple air cycle with precooler and regenerator with recirculation
loop ,

4“5
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Three-wheel bootstrap air cycle with precooler

Two~wheel bootstrap air cycle with regenerator with recirculation
luop with separately-driven ground cooling fan

Three-wheel bootstrap air cycle with precooler and regenerator:
with recirculation loop

' Final selection of the best moisture removal cycle requires combining the
information presented on-the gas cooling concepts with that §iven on supplemental
moisture removal concepts to obtain overall system performance requirements;

this is presented at the end of thig section.

¢

SUPPLEMENTAL MOISTURE REMOVAL - o : .

Supplemental moisture removal concepts are required if the various gas-
cooling concepts can not provide adequate moisture:control. The two classes of
sugplemental moisture removal that can be considered are:

] water coalesce}/separator—-A device that coaﬂesces condensed ' . :
* water fog into droplets thdt can be separated out of the process
flow .
] Sorbent beds~-Packed beds containing a desiccant material to dry ) Ce
the process flow . . ~ :

-

The water separator is only effective where the inlet flow contains condensed
moisture (relative humidity greater than 100 percent)‘ the sorbent beds can
provide moisture removal for fnlet relative humidities both above and beloM
saturatcon‘ .

For the- IGG anp!icatién,‘the water separators can be used on Ehe discharge ’
flow from éxpansion turbines. The cycles.considered for gas cooling ificluded
water separators on the turbine discharge of those cches io which the -flow
contained - condensed moisture.

. ¢
. LI 5
. Ed

»

The sorbent beds can be used on the discharge flow from all of the gas
cooling cycles considered previously; however, their best performance is
obtained when the inlet flow is at a ‘relatively low cemperaﬁure-

o :
-Water Separators/Coalescers . ¢ ;

In general, the water dlschargeé from a turbune consi sts of very fine msst

having a drop size varying<from 0.1 to | x IO in. The drop size for a par-
ticular turbine is directly dependent upon the turbine duscharge pressure and .
is inversely proportional to thé rate at’ which the expansion occurs. For air~
craft use, it is desirable to minimize the weight of the turbine, so that the

- > . . 1 "6 - . .
expansion rate is normally quite high, thus, the drop size approaches 0.1 x 10 7 ., R
in. This size is far too small to allow centrifugal separation of the droplets
4 - 46 b
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.tively mcnor maintenance item, and the bag replacément oost 45 low. < »

‘lnto drops large enough to be handled by the centrifugal separator.

. separator output still_containhs entrained moisture.

from the inert flow. Tests at AlResearcb Hanufacturang Company have indicated
that centrlfugel separators havlng gravity fields as hlgh as 2000 g's produce

little or ng separatcon of droplets at sizes below about 5 x 10 Q‘ln. Gravity
fields this|high require substantial flow velocntles, resultlng an large pressure

drops acros; the ‘separator. .Drop sizes of 50 to 100 x- 10™® in. are.requlred
before the separatuon velocities are lowered to @ reasonable level. Thus, . it
is necessary to merge the small droplets at the turbine discharge into farger
droplets prior to passing them into a centrifugal separator (ideally, S\sernes
of swirled vanes in the flow stream).

a
e

’
“ There are two nractlcal ways ln which the droplet size may be increased:

] Coagulatnon--Allow the droplets t;Lmerge into larger drops naturally
by joining together as they, collide with one another in the flow
stream- :

* Coalescenca--Provnde an art;fnc:al surface on, whlch the droplets
can  impact “and” run together into larger drops they will be blown

of f the surface when the accumulated moisture is such that the N
combined drag and gravity forces offset the surface tension effects
of the small -drops.. / .

N \ i

Either of these ways will acoomplash the desired effect; however, coagulatlon
requires a considerable length of duct between the turbine dascharge and the
centrlfugal separator. This can best be understood by recognizing that 3000

I x 107° in. droplets must impact wcth one another to codgulate.into .10 x lO
in. drop; ‘thé time for this process to occur can be translated directly into
required combinations of duct length and flow velocities between the turbine
discharge and the centrifugal separator. Consequently, the preférred method
for aircraft environmental control systems is to utnlaze a coalescer bag which
provides an artificial surface for coalescence.

Coalescer bags cons:stoof a random mesh’of flne threads having numerous
very fine dentriles, cr nap, protruding from the thread. It is this nap surface
that accompljshes the moisture coalescence. However, this surface is suscep-
tible to blockage by dirt or foreign particles in the process, flow so that it T
becomes neceSsary to periodically replace the coalescer bag,' Thns is a rela-

The overall effrcuency of the coalescer/separator unit is pr:marnly
dependent upon the ability of the bag to coalesce all of the incoming moisture
Some of .-
“the incoming moisture does not coalesce into adequately~sized drops so that the
" Coalescer efficiencies of )
about 90 percent have been obtasned, however, 80 percent is a more realistic -
eff:clency over the life of the coaléscer bag.

3
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It should be noted that muisture remouval can be accomplished with nearly
100-percent efficiency by condensing within a heat exchanger. Thus, it is
preferable to use cycles hoving heat exchanger cendensaticn rather than turbine
condensation with water separatioun if a low output moisture content is desired.

Sorbent Beds

Sorbent beds van be divided into two classes: direct flow and regenerable.
In direct flow beds all of the procecs flow passes through a single bed which
is sized tor a given interval between replacement, or on-ground regeneration.
In regenerable beds, two beds are used with the flow alternating between the
two; one bed is removing roisture trom the process stream while the other is
being regenerated. Regeneration can be accomplished by heating the bed to
drive out the water, by reducing bed pressure and using a part of the dried
gas to flow through the bed to absorb the water, or by a combination of both
processes.

t. Sorbent Material Selection

. Table 8 lists the sorbert materials thal appear attractive for the IGG
application. In comparing the drying agents, four specific characteristics are
of importance: I stability eof water lcading with operating temperature,

2 high water-loading capacity at low water-vapor partial pressure, (3. total
water~-holdinag capacity, and 4 a low heat of reaction. Based on these criteria,
13-X molecular sieve and silica gel are the ontirwm materials.

K

TABLE 8

SORBENT CHARACTERISTICS

Heat Released
per |b Water,
Material Btu Remarks

Boric acid 1400 Low dynamic removal efficiency®
Calcium chloride 1440 Low dynamic removal efficiency*
Calcium sulfate ’ 1700 Many liquid solution phases#®
Lithium chloride 1480 Low dynamic removal efficiency®
Potas;ium hydroxide 2290 Bed caked* i
Molecular sieve 13-X 1425 High dynamic removal efficiency
Silica gel 1450 High dynanic removal efficiency

*Based on American Cyanamid report AFAPL-TR-69-68
48
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i . Both silica gel and 13-X mo! sieve are commonly used in life support
systems for atmospheric gas processing, and they have been specifically developed
as industrial drying agents which exhibit stability with temperature variations

. y and are not subject to caking. Also, both materials can be easily regenerated

3 without degradation.

Figure 30 compares the water-holding capacity of silica gel with that of
molecular sieve. The data show that the water-holding capacity of silica gel
is greatly affected by operating temperature, particularly at high water partial
pressure. The 13-X material exhibits a relatively small water-holding change
with temperature. Based on these data, molecular sieve provides a lower weight
sorbent bed for low inlet water pressures than does silica gel; on the other
hand, silica gel provides superior performance at water pressures exceeding
S5 to 10 mm Hg. Figures 3! and 32 give detailed test data on the water-loading
performance for silica gel and molecular sieve; the data in these figures have
been used as the basis for determining the sorbent bed weight.

0.5 SILICA GEL
° ”~ s
2 o 40°F | Jroo®F
: / / |
17 )
‘I—
o 0,3 -
z
53E§ 0.2 oF \251;‘__~, — Jr———-——q
o o 10 - \d 3 - .
W | __\0&/ / R
$32 0.1 v .
0 — :
0.1 1.0 10 100

0.0!
' WATER VAPOR PRESSURE, MM Hg

. . L. . $-52732-A
Figure 30. Sorbent Characteristics Comparison

2. Direct Flow Beds

Figure 33 shows the weight of both silica gel and i3-X molecular sieve
beds required to provide an outlet moisture content of 80 and 20 gr/lb. The
data assume that the inlet gas is saturated with moisture. Clearly, molecular
sieve provides bhetter performance at the higher inlet temperatures and silica
cel is best at the lower temperatures. =
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Because substant‘al heat is released to the process flow as moisture is
absorbed, it becomes necessary to provide bed cooling for inlet temperatures
exceeding about 114°F (saturated at 186 gr/lb at 35 psia, if the outlet is to
be maintained below 200°F and 80 gr/lb moisture or less. Thus, sorbent beds,
whether direct flow or regenerative, are limited to reasonably low inlet moisture
contents (in comparison to the moisture content at the catalytic reactor outlet’
if they are to bc operated without a bed cooling system. Consequently, it is
essential to provide moisture removal and gas cooling between the catalytic
reactor output and the sorbent bed inlet.

The weight data on Figure 33 exclude an-allowance for the bed structure
and control valving. However, the data indicate that there is a substantial
weight associated with a direct flow sorbent bed. For example, @ bed designed
for replacement or regeneration after processing 1000 1b of inert would weigh
about 175 Ib based on an inlet of 35 psia and 90°F and an outlet of 80 gr/lb.

3. Regenerable Beds

It is possible to reduce the amount of scibent material and to eliminate
the need for sorbent replacement if regenerable beds are used. Thesz beds, as
shown in Figure 34, operate in a cyclic mode in which one bed is absorbing
water while the other is being desorbed. For desorption, a portion of the
processed flow (dried inert) is passed through the desorbing bed at a reduced
pressure.
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The regenerable concept as shown is similar to that patented by z
C. W. Skarstrom of Esso. The performance data for this concept have been calcu-
lated by AiResearch, but they indicate performance consistent with that predicted
by Esso.

Figure 35 shows th2 sorbent bed weight as a function of the inert inlet
temperature assuming that the inlet flow is saturated with water. The data
indicate that the sorbent weight is considerably less than that required feor
direct flow sorbent beds; additionally, the temperature increase across the bed
is alrmost negligible .[about 5% since the beds are operating in a transient
state. However, a significant portion of the bed flow is used to regenerate

- the desorbing bed. For the conditions shown .35 psia inlet pressure, 14.% psia
desorbing pressure', 0.38 1b of dried inert must be passed through the desorbing
bed and vented to ambient for every ! 1b of inert input to the beds. Thus, it
is necessary to input about 1.6 lb of inert for every | Ib out of the beds.
Consequently, it will be necessary to use larger catalytic reactor and gas
cooling equipment with concepts emp'oying regenerable sorbent beds.

It is possible to reduce the amount of flow used for regeneration by
reducing the desorbirg pressure. For exanple, at 5 psia desorbing pressure,
the beds would only require about !.15 Ib inert/lb output. However, at the
assumed design point, this would rejuire a vacuum pump on the discharge line.
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SYSTEM SYNTHESIS AND SELECTION

The studies of the inert gas source, gas cooling and moisture removal,
and supplemental! moisture removal concepts have served to reduce the number of

——techniques—that—are acceptable for-the- IGG-application. 1In particular, these

studies have narrowed the candidate concepts to the following:
] Inert gas sources
Ram ai;-cocled catalytic reactor
. Gas cooling and moisture removal

Direct cooling with precooler and sorbent bed, with ground-
cooling fan

Simple vapor cycle, electrically or shaft-d-iven, with
ground-cooling fan )

Compound three-wheel vapor/air cycle with integral ground-
cooling fan

Simple air cycle with precooler and sorbent bed
Simple air cycle with precooler and regenerator with

recirculation loop .
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Three~-wheel bootstrap air cycle with precooler

L

Two-wheel bootstrap air cycle with regenerator with recircu-
lation loop with ground=cooling fan

Three-wheel bootstrap air cycle with.precooier and regenerator
with recirculation loop

o Supplemental moisture removal techniques

Water separators ,included in gas=-cooling concepts, wheru
necessary

Direct flow sorbent beds
Regencrable sorbent beds

Since catalytic reactors have been found to be the only competitive inert gas
source, it is possible to establish the optimum system configuration by confining
all further tradeoftc to the gas-cooling and moisture removal concepts and
supplemental moisture removal concepts.

-~

Selection Criteria

The criteria used to select the inerting system are as follows:

e Performance--moisture removal, temperature, and efficiency
. 1b bleed/lb inert .
° Weight

e —p—-Reliability — - g

. Maintainability
® Cost
I Performance

Since all concepts use the same inert gas source, their gas composition
is identical. However, the moisture level and the temperature of the inert
into the tanks are different for each concept. It is essential that each
concept meet the specification moisture |less than 80 gr/lb; and temperature
.between 32° and 200°F) requirements at the assumed design point; thus, some
concepts require sorbent beds to reduce the moisture content to the desired
level. However, within the acceptable moisture/temperature envelope, there is
little incentive for improved performance. Lower moisture contents represent
an advantage, but the desired level has been selected such that fuel gaging,
tank bacteria growth, or other water associated problems would not occur. A
slight advantage of low moisture contents is that they reduce the amount of

acid ,such as H2503f delivered to the tanks.
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Another indicator of the concept performance is the cycle efficiency in
terms of total bleed flow,or bleed flow and electric power, required to oparate
the cycle. Some cycles use ground-cooling fans and compressors that must be
driven from an external power source, either electrically or pneumatically.
Thus, their efficiency (measured in bleed quantity necessary to generate ! b
inert, for an all-pneumatic drive) is less than that for concepts requiring
no external power. The concepts using regenerable sorbent beds vent a portion

~of the flow in order to accomplish regeneration; thus, the bleed requirements

for such systems are increased also.

2. Weight

There are strong incentives to minimum system weights for high-performance

.military aircraft. High subsystem weights reduce either the range or the pay-

load of the aircraft. System weight includes both the fixed weight of the
components, and the weight of the fuel required to operate the system. The
fuel weight, in turn, is made up of three quantities:

] Fuel used.by the reactor to generate the inert gas
® Fuel used by the engine to provide bleed air to the inerting
. system

] Fuel used by the engine *o offset the additional drag imposed
by using ram air to cool tie inerting system heat exchangers

For evaluation purposes, it is assumed that the aircraft will fly the
typical missions defined in Section 4 of the inerting system specifications.
Additionally, it is assumed that at least three missions ,six refuelings' must
be flown between direct flow sorbent bed replacement. Estimates of fuel weight
penalty are dependent upon the details of the system operation, and hence.are not
included in this section.

3. Reliability

Although the inerting system will be used throughout the flight, its
operational status is not essential to mission performance. Loss of the inerting
system is highly undesirable, but it in itself does not cause any reduction in
performance capability; performance reduction only occurs if the inerting
sy.tem is inoperative and if the fuel tanks are subjected to a condition that
will cause a tank fire.

4. Maintainability -

Inerting systems can be justified for military aircraft since their
installation should increase the effective fleet size by reducing losses in
action. However, the maintainability of the inerting system is important since
the maintenance requirements of the system could tend to increase the amount
of aircraft down-time (thereby reducing the effective fleet size'.
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Unscheduled maintenance actions are a function of the system teliability;

[

the time to perform the action is dependent upon the system configuration. the
location on the aircraft, etec. Assuming equivalent confiqurations far the
various systems, the reliability indicates their relative unscheduled maintenance
tw&e. Scheduled maintenance, on the other hand, is primarily dependent upon
the 1ife capabilities of the various system components. Of the gas cooling
and moisture removal components, only the water separator and the direct flow
sorbent beds will have high scheduled maintenance requirements. The water
saparator will require periodic replacement of tHe coalescer bag, and the sorbent
bed material will require periodic replacement or regeneration.

5. Cost

e

For military combat aircraft, there is a strong incentive to optimize
performance; thus, cost is generally only an important selection criterion
when two candidate systems are approximately equivalent in the various classifi-
cations listed above. For the inerting system, the bulk of the cost will be- ~
‘¢in the system controls and the catalytic reactor; components common to all
candidate concepts.

6. Weighting Factors

The following weighting factors have been used to evaluatxng’the various
cooling and moisture removal concepts:

Performance 1.0

Weight _{,o

Reliability 0.6 \
Maintainability 0.8 ‘
Cost ) 0.6

It should be noted that reliability itself is not as important as is maintain=
ability since inerting system operation is not critical to successful mission
performance. However, when considered together, the weighting factor given
reliability/maintainability (1.4 indicates that this is the most important
design selection criterion- . , - 5

to

An alternate method of establishing the optimum concept is to perform the
rating on the basis of three levels of criteria;

Absolute Criteria~=-Certain-minimum criteria that .must be met if
the concept is to be considered--for the 1GG, the.only absolute
criteria are the performance criteria copcerning moisture content,
temperature, and gas composition of the inerted gas .

4
<
>~ . o

-
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[ Highly Desirable.Criteria--The reliability/maintainability and
* weight of the inerting system are the most important parameters
governing inerting concept selectcon for concepts ‘having cdmpa-"-
rable performance. ({Note that welght include’s wetght penalty’
attributable to fuel required to generate bleed air and to off-

set ram air drag. ) .

. Desirable Criteria--Additional criteria that are desirable, but
of lessér importance are the. volume of the inerting system and
its-cost 2 ‘ , - "

L4

Thes tnered-crctersa concept is reflected in the weighting factors assngned
to the various selection criteria. It is additionally reflected in the fact = °
that several of the candidate concepts are-eliminated .from further consideration
when the quantitative .data show excessive ﬁ%:ght and volume, or :nabnlnty to
¢ meet the minimum performance criteria. .
S . .
Concept Quantitative Data :

Table 9 summarized theyguantitative data for each of !l cooling and
moisture removal cohcepts. Previous analyses of the gas cooling and moisture
removal concepts and of the suppf?he tal moisture remqyal concepts have served
to reduce' the candidate concepts‘ftrghe Il shown in the table. The data shown
indicate that the direct cooling concepts, Concepts 1 and 11, can be eliminated’-
as |nert|ng system candidates due to inability to meet the minimum performance
cruter:a \Concept 1) and excessive weight (Concept 11). ‘

<

4

l. Performance

The moisture and temperature-performance data are thgse of Table 7,
modified by the effects 6f adding sorbent beds as required. The bleeg air
wusage data ate based on using the ground cooling fan for 10 percentof the
delivered flow (fan requires about 0.4 Ib bleed/Ib inert), on requining about

N 1.7 1b bleed/1b :nert to power a Freon compressor if pneumatically driven (about
1.2 kv 1 electr:c drnve,, and on losing 38 percent of gas but through regen-
erdble surbent beds. ) v H

The data indicate that all concepts except Concept 1 can meet the miniqum
m0|sture content and temperature requirements at the assumed design point.
Addutconally, calculations at other operating points, such as ground operation

“ or subsonic cruise, indicate that all concepts can provide lower»mo:sture con=

~ tents at those operating conditions.

o

2. Weight . .

E]

Tables 10 and |1 give fixed weight bPsakdowns for each of the candidate
concepts for the TFA® and B-! aircréft. The tahles include the catalytic
reactor, ducting, fire- insulation, and system controls weights (gas distribu-
tion lines and valvang on the tanks are excluded). The data are based on the
component weight vs'inert flow graphs shown in Figures 36 through 46. Table 1}
assumes that the catalytic reactor is sized for the maximum emergency descent
flow of 200 ]b per min. Later studies indjcate that the emergency descgnt -flow
can bypass the reactor, thus reducing the reactor size.

57

Al
7




‘auty abueyds)p paq uo dund wWNNJBA AALip O PIF|Q pUP paq 2|qRiUabas u) SISSO| PIR|Q SIPNIU]

CPAPNEIXI 1017034 D1IA(2ILD PUe S{0SIUOD ‘S JUIUOTWOD |PAOWRS dinisiow/bBuy (003 solew sapisuod Afuo 2lep JQUNW "
*puUNOIB UO S 1JPIDIEE I[IGM PISH MOLS JJIUE (IO JO 1UIINIC () uO paseg e
CSUOISSIW ¢ AJ13Ad JuawAde(das Bujsnbas PIQ JUIQIOS pue XN |AIIS VO pased ®
SIybyam paq 1u3qsos Buiseasduy Aq AjqeuIeIqO SIINJRIAANIY JAYBIY ING “SIINIS (O JIMOT ©
“1am0d AP (PUIIIXD 0w Buisn AQ F|QRUILIQO SAINIPIIKUIY PUP SBUINISION JIMOT o
A doo| uo|le|nls)das
Yitm 103es0uabas pue 13]00334d
000'S) - 98¢  CY§t S0° tH H L - Yiim 34343 210 draisI00q | daym-dasyy I
ue} Huyjood
punosb ‘doO| UO|IRNIIIBA YIIM JOIRID
0o’y - N P28 €6 60°1 11 1 Q uejoqing ~uabda ‘81242 sre dRi15100G | BBYMOML 3
FLRUNT I P13 . 191002844
006°2) FERT Y 961 i85 SO 2¢ t44 I3 - Yi{m 3243 J1e desisI00Q | dIYM-BIIYL ¢4
doo| UO|IeIN2J1334 Yi|x sOleiauabal
00z - 602 SS¢ 50 2n 09 S - €49100334d yitm 31242 afw s IIIA
103viedag paq juaqsoe 2|qesauabaa
oonr's saren 62  00% @922 T @08 ¢ . €19100334d y1im 31243 Jye agduis  IIA
2,
pag udqe0g
fi01020d35 . Paq 1UIQUOS MOl IIDILP
009'n1 Inen | g ov1 @ £LS S0t {01 @ 08 9 - Ca21003344 YI|m IR Sie dduiS 1A
1e3s .
[ TR 10553200073 64l 12 GOt o 2° @ 08 [ - 3124 i1e/i0der |Adym- IR Iyl PUNODWO) A
. uejoqin]
~3g LFT-ITF T 7.1 ) uey Buy o003 punosb
06st IS4 10) g21 157 6L°2 @ 598 @ 0¢ 9 ['LEYY] ‘angap-dtieunaud ‘2194> sodea @ duss Al
143Ut uejoqing .
Qi/amy 27 €105 %24 dwo) uej Buy oo punosb
osv'e - T 1) sopd 601 . ®sS98 . @o8 ] uoasy ‘3810p-314123(2 ‘31343 sodes iduis 11
0001 0081t uey Bug 00> punosb ‘paq WaQI0S {qeisd
0as‘e - 1900 1IN0 ) 20 (¥} @ 08 Q uejoqing ~uabas ‘191003a1d yirm Bu) 003 190410 13
) - r uej;Buy {003 punasb ‘poq UIGIOS MO(}
00Zz*0t PR 1UBQiOS | 24111 33dwOdUON 601 109 @ 08 [+ uegoqung 1984(p ‘481002349 yiim buy (00> 139140 1
aqButessdg} siuvauodwo) vl 1-8 1iaul Qi/panig Q| | 4, ‘Qwag Qys0%H J6 § Jusuoduoly 10mOd 1033003 {eAcwaY inision pue Butjoo)
wamdinb3 | dusudIviey Qi iuBian ® abesn sty paa@ sofey 30 anyiQ .
N ' . [
® .EJ LT © Pox1 4 -1 asueus0jiag s9quny jeuiaixy )

wivG JATLCLTINYAD 143INOD IYAOWIY 3JuNiSIOW ON= LH173C2

- - £

£ 378wl

58




b
k3

ety

-~

TABLE 10

INERTING CONCEPT WEIGHT SUMMARY FOR TFA AIRCRAFT®*

o8 Cooling and moisture Respval Soncept
Congongnt 1 1 1t w v vi Vil (131 1 1] x 1
Cotatytic Reactor 20 3 20 L E 0 bE ) 20 0 0
Inert/Ale Pracooler 4 Led - . - 45 A [t a6 . 45
[} 27 12 2 [NV i3 31
Inert/Fusl Precoolst [ i? < = £ [} "’ [] [ . [
L) . 3 4 3 LN 3
Irere/hir weat Exchbnger - . - - - - - ~ (3 42 "
[} % k]
laert/Fusl meat fachanger < - - - - - - . 1 1 1
3 3 3
Regenerator - - - - . B (1] - 93 ey
30 L) 9
Fraon {vaporator - - [ 9 9 - - - . . .
Fraon/Aie Condanser - - 18 33 5 - - - - - -
Freon/fusl Condenser - - 'Y [y Y . - . - - .
Simpte Cycls ALK - - . - B e 2 s - . .
Bootatrap Cycle ACR . - . - A - . - 9 I 9
Fraon Compressar and Accumulator . - 38 2a [T ] = . - . - B
Ground Cooling Turbofan t 10 ? ! - - - - - 7 .
water Sepsrator - - - - LY 5 ' - b - -
Sorbent Beds very Tver - - - 5 00 - . - -
large 900
Controls and Valeing 2 5 E 28 2y 2% 34 25 25 28 o
Dutting and Miscallanecus - - 17 [h} or i? ki 17 1 17 $?
Totel weight, Ib very Ovar 138 128 e 149 243 209 196 324 388
targe 10 e 238 2y 22 193 22
“Howbers 1 parenthesis are for aluminue heat eschangers
INERTING CONCEPT WEIGHT SUMMARY FOR B-! AIRCRAFT®
%83 {ouling and MOrsture Removal Comiapt
Lomponent H 13 111 ] v vi ¥13 Vi 1= 4 L]
Catalytic Meactor 8% 15 1 3 85 193 1839 £ 33 85 185 '8 5
trert/Are Precocler 152 S - - - 182 255 152 160 - 160
-8 (] a8 b a8 53 3
Irert/Fuel Preconler 23 b4 - - - 4] pH 3 23 - 23
? 0 ? e ? 7 4
Trece/Ale Nuat Enchenger - - . - -~ “ . - 168 150 8%
L) 30 5%
irmet/Fusi Hedt Exchanger . - - - - - - - 1 [} 1
s S b
Regerarator . - - - - - - Fite] - &0 3]
(1,73 no 5o
freon fveporator - - 2% 25 8- = . = . - -
freon/Air Condenser B - ] 30 50 - - - - - -
Fraon/fuel Condenser - - " 5 ) - - . . - -
Siwgle Cyclg ACH - . - - - 3 32 rs ) - - -
Sootstesp Cycle ACH ) - . - - - - - . 3 3 9
Freon Compressor and Accumulstor - - 93 % & - - - . s -
Ground Cooling Turtaten n EH 2 22 - - -~ - - { 2
Water Separstor - - - . ] ] 2] - L] - .
Sorbent Beds Yery over - - - *°0 1} - - - -
large 1600
Controls ond Valving 38 48 o “2 L] b 40 p ] b ) 42 3s
Ducting and Miscellsnsous 34 54 34 34 54 34 34 EL $4 pad 54
Totel weight, 1% Yery over 90 4% an 373 0 s 8! 133 1343
Targe 1800 453 L 480 438 [ 730

®hunbers in parentimeas are for Slusiman MBS SschOngers
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Figure 36. Ram Air-Cooled Catalytic Reactor Weight

" The data on sorbent beds aiven earlier in Figures 33 and 35 indicate that
there is a large weight penalty attributable to operating the beds at clevated
inlet temperatures. Thus, the corbent bed weights for Concept I are so large
as to be outside of the available data; thus, Concept I can be eliminated from
further consideration.

Similarly, for Concept VII, it is necessary to add a vacuum pump on the
regenerable bed discharge line to provide some means of lowering the bed pressure
during regeneration. It should be noted that this concept has reduced the
oressure inlet to the bed to about 16 psia, in comparison to the 35 psia at
which bleed air is assumed to be available at the design point. .

For the TFA aircraft, the components are all sized for the maximum -flow
capability of the system, 20 Ib/min. For the B-l aircraft, the cooling compo-
nents are sized for the =maximum normal operation flow requirement of 67 lb/min
since the emergency descent flow is obtained by bypassing the gas cooling and
moisture removal equipment, routing the flow directly from the catalytic reactor
into the fuel tanks. Additionally, for the concepts using regenerable sorbent
beds, the components upstream of the beds have been sized for 1.6 times the
required flows. The direct flow sorbent beds are sized for three typical
missions without replacement; thus, the TFA beds are sized for 210~1b through=-
fiow, the B-1 for 1890-., throughfiow. . It should be noted that the typical
missions defined in the inerting system specifications{Appendixes A end B)
have inflight refueling; thus, the sorbent beds are sized for about six aircraft
refuelings. These bed sizes exclude the effects of gas flows required for fuel
scrubbing.

60 :




TR AR ST O

WEIGHT, L8

atrupirtin

|
|

WEIGHT, LB

oA Rk

S

roept

p
§

WEIGHT, LB

lm L T '
MM FLOM - 5 x INERT FLOW A 112 eTW/
oFREON FLON - 3 33 x INEAT FLOW LB IMERT
SINERT AT 38 PSIA «FREQM APPAGAQH..
80 L “Mn INLET - 16.8 PSIA, 1039F TENP A
FAEON t14° /— INLEY 4
*CONDENSE AT 309 PSIA Tenp + 14%F
EVAPOMTE AT 33 PSIA Dppn © 0-44PSIA
o0 -— [+aQ - to1.3 81U/
L8 INERT
FAEON/ALR SFREGN APPROACH
CONDENSER / TEnP  INEAT
EVAPOMTOR
«0 /] A DISCHARGE TEWP
" L -79F h
/ f-smo FOR 0.0 »
FREOK/FUEL DESIGM INERT
CONDENSER FLOW
20 / / // SFUEL INLET N
e &
/ l
[
20 40 60 0 109 120 140 160

INERY FLOW, LB PER MIN
figure 37  Vapor Cycle Heat Transter Surface Weight

100 I
ELECTRIC-DRIVE
COnPRESSOR
80 A
BLEED AIR-GRIVE
COMPRESS OR
60 4
. / /cwam
THREE -WHEEL
40 ./
/] //// |
0 /r/
*PONER FOR 80 GR/LB MOISTUNE
DISCHANGED
«FAEON FLOW  3.33 x INERT FLOM
° i 1 L
20 40 [ "80 100 120 140 160
INEAT FLOW, LB PER WIN .
Fegare 38, vapor Cycle Aotst:ng Equipment Weight
500 -
e €2 0-05 .
MM INLET  16.8 PSIA, 103°F l l I
© MM FLOV = 3.33 x INERT FLOW B00TSTRAP CYCLE
*APrugay * 0.2 PSIA < INERT INLET - 35 PSIA, 377°F
400 «AQ - 135.3 STU/LD INERT b
‘ *APgay = 0.46 PSIA
)
SINPLE CYCLE STAINLESS
- INERT INLET = 25 PSIA, 350°F Abswa
3003 saq - 129.1 BTU/LE INERT
*APppy = 0.96 PSIA / \
200 l
[
100 _}4 AL
0
) 20 «0 100 120 140 160

60 40
INERT $LO04, LB PER MIN

Frgure 39 Inart/Ram Air Precooler Weight

'

[ ]

— BOOTSTAAP WITH PASCOOLER
o INERT TNLET = 49 PSIA, 1
*AQ < 35.8 BTU/LB IMERY

— BOOTSTMAP wlTHOUT PRECOOLER
o INERT INLET - 49 PSIA, 480°F
+AQ - 165 BTU/LB INERT

s MM FLOW 5 a INERT FLOW

cRAM FLOM = 2 & IMERT FLO

' STAINLESS
STEEL

WELGHT, LD

| | ]
I I t vd
o€ - 0.9

¢ PN INLET = 16.8 PSIA, 1039F
*APiygar - 0.2 PSIA

%=

o0 80
INERT FLOW, LB PER MIN

[ *APpAn = 0.44 PSIA -]
1} ALumingm
{
) 20 .. 100 120 140

Figure 40. Inert/Ram Air Heat Exchanger Weight

o

VEIGNT, L8

&0 30
DESIGR INERT FLOW, LB/MIN

1 1 I
BOOTSTMAP CYCLE
« INENT TNLET = '35 PSIA, !
<A - 135.3 %% 8 INEAT
SIAPLE CYCLE 4 4 4
< INEPT IWLET = 35 PSIA, 350°F e NLESS
*AQ < 129.1 8TU/LB TWERT Lemer
| ! |
j— #¢ - 0.95
SFUEL FLOV = 0.5 x DESIGN
INERT FLOW
SINERT FLOW » O | x DESICH
, INEAT FLOW
—/FUEL IMLET = 130°F
.
§ Atumtmun
um——
0 20 40 100 120 140

Figqure 41. lnert/Fuel Precooter Meight

WEIGHT, L8

L— "¢ IMERT INLET 49 PSIA. 48C
«AQ = 164.7 BTU/LE INEAT

! [

BOOTSTAAP WI1THOUT PRECOOLER
oF 4

- o0TsTAAP i ¢ Pacconen

© INERT IMLET = 49 PSIA,
+8Q - 35.8 BTU/LS INERT

*e = 0.95
[ ®FUEL FLOW - 0.5 x DESIGN
INERT FLow ©

CINERT FLOV - G | x DESICH
INERT FLOW

SFUEL IMLET - 130%F

STAINLESS —

/ STEEL

~

/ ,,L—-— TALUMINUR T
el
—’_“‘__—-‘-"“‘
0 2 40 60 100 120 140

DESIGN INERT FLOW, LB/MIN

Fiqure 42. Inert/Fuel Heat Exchangcr Welght



e A TSI S TN PTET  R T  ne e = e = = pree

()
T ® 49 PSIA, 1900F .
L. B INERT 4
2 x INERT FLOW
lsmmss
STEEL
r
1000 se T T I
! i S-wnkEl 800TSTRAP
| i
© AQ - 30 BTU/LB INERT ! !
800 « COLD FLOW - 2.0 x HOT FLOW —+—— —1 w0 - ¢ INLET PRESSURE hL IS -
o KOT IMLET = 35 PSIA, $159F SOUTLET PRESSURE 15,7 PSIA
ALUMINUR o COLD IMLET - 15,7 PSIA, 549
¢ APyoy - 0.2 PSIA
00 * \Peorp - 0.2 ASIA 0
2 - foop - 0.9 B 4 Ans ¢
H ¥
’i. . STAINLESS STEEL ,; / CLE
120 140 160 b4 o
C§ w - - A S—
t / /’?ﬁ soTsTRP
] ALUNINUM A -
200 10
- /‘/ VY d a8
_,// / «
yeue ° 0 )
= 35 PSIA, 377°F 0 20 4«0 &0 8c 100 120 ° 20 «0 50 80 100 120
+3 STU/LS INEAT INERT FLOM, LB/MIN INERT FLOW, LB PER MIN
"
STA”ILES‘S Figure 43. Rejencrator Weight for Sumple Cycle Fogure 45, Arr Cycle %otating Equipmant weight
‘Sltﬂ.
§ Atuntwn
000 %0
! 1 1
120 140 160 1800 *APpay  0.47 PSIA
« FAN FLOW 5 » INEAT FLOW
. * AQ - 44 BTU/LB INERT
t 1600 ® COLD FLOW = 2.5 = MOT FLOW 40
o HOT INLET - 49 PSIA, 1220F
1400 © COLD INLET - 15.7 PSIA, 389F '
& Pugr = 0.2 PSIA
o 1200 ® APcotp - 0.2 PSIA / < w0
S s €cop = 0.95 / -
v— - | i A 5 -
g ‘oo ¥ ! g ) 2 TuRBOFAW
MITH PRECOUALA 2 STAINLESS STEEL g v
) * 49 PIIA, 190°F % 800 N SN Py} S
8 STU/LB INEAT .
;
400 —d
ALUMINUM /
400 7‘ B 0 v
&
L 00 ] s | Ve T WaTE S CORLESCE #/SEPANATOR
steee 1 B - —
o i ! R -t |
0o 20 40 a0 80 100 120 4 23 0 &0 80 100 120
IMERT FLOV, LB/niN INERT FLOW LE PEA Win
Fiqure 44. fegenerator Weight for Bootstrap Cycle Fraure & Turtcfan and Water Separator weight
FALumINgn —
120 140 100
L-t18a
r Vaight

6l/62

e e s




3. Reliability

The reliebibitity data given in Table 9 for each concept only consider the
major cooling and moisture removal components. A more detailed analysis would
indicate that most of the inerting system failures are attributable to the
ancillary components, such as valves, controls, etc. The data are based on the
component MTBF information shown in Table 12. These MTBF's are indicative of
1970 best practice design. s

TABLE 12

SELECTED COMPONENT RELIABILITY DATA

¢ Operating - Operating -
ompnent hr x 10 " hr Component hr x 10 he
Inert/air precooler 200, 000 H) Freon/fue) condz2nser 100, 000 to
Inert/fuel precooler 100, 000 10 Shaft-driven Freon compressor 20,000 500
Simple cycle ACM 25,000 40 Electric motor-driven Freon 40,000 2%
Two-wheel bootstrap ACM 25,000 40 compressor
Three-wheel bootstrap 7 25,000 40 ::';:'W' Freon rotating 2,000 500
Inert/air heat exchanger 200, 000 s Veter separator 100, 000 10
Inert/fuel heat exchanger 100, 500 1o Turbofan 25,000 40
:::::‘::::;*.:or ':z:gg: zz 7| Turbofan shutoff vaive 25,000 %0
Direct flow sorbent ded 300, 000 3.3
Freon/alr condenser - 30,000 20 Regenerative sorbent beds 20,000 50

Concept Evaluation Matrix

Table |13 presents an evaluation matrix for the candidate concepts, showing
the relative ratings for each concept for each of the five celection criteria.
The total, weighted rating for each concept combines the individual ratings
according to the weighting parameters described previously.

Based on this information, the optimum catalytic reactor inerting concept
for both the TFA and B-1 aircraft consists of a ram air-cooled catalytic reactor
supplying inert flow to a precooler, followed by a simple air cycle using a
regenerator with a recirculation loop. Figure 47 shows a simplified schematic
of the selected concept.
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Figure 47, Selected Inert Gas Generator Simplified Schematic

Effect of Changes in Inerting System Reguirements i

The selected concept retains its weight advantage over a broad range
inflow. quantities since most of the system weight is independent of the inflow
gquantity. And changes in the flow will not affect the rating of this concept
relative to the others for reliability, maintainability, cost, or volume. Also,
minor alterations in the relative emphasis given the various selection criteria’ i
will not alter the concept selection since Concept VIII has a rating several
percent higher than the next highest concept (Concept VI!. Additionally, it
should be noted that the weight of Concept VIII is potentially reduciblie rather
considerably if aluminum, instead of stainless, heat.exchangers- are feasible.
The weight of Concept VI will not be changed much by this possibility. ‘
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SECTION II1 |

BASELINE LIQUID NITROGEM INERTING SYSTEM
PRELIMINARY DESIGN

INTRODUCTION

This section summarizes the performance capabilities of a liquid nitrogen
inerting system designed for the B-{ aircraft. The liquid nitrogen system
design can be used as a baseline for comparison with the inert gas generator
system. Liquid nitrogen inerting systems have undergone flight testing on a
variety of aircraft and are sutficientiy developed to be applied to production .
aircraft without further development,

QUANTITY OF NITROGEN REQUIRED FOR INERTING ..
N
Most of a liquid nitrogen inerting system weight is the liguid nitrogen
itself. Thu.., a reasonably careful analysis of the total quantity of nitrogen
required is essential. This is in contrast to the inert gas generator system
in which almost all of the system weight is attributable to the flow capability
desired of the components.

Tank Pressurization Gas

The data presented in Appendix A show that about 525 b of inert gas are
required for tank pressurization on a representative B-l mission,

Scrubbing Flow

As the aircraft climbs to altitude during a flight, the oxygen saturated
in the fuel at sea level pressure starts to évolve as the ambient pressure is
reduced. Thus, it is necessary to provide a flow of inert gas to the fuel
tanks during this initial climb if the tank ullage space is to be maintained
below ¥ percent oxygen by volume. Figure 48 shows a mathematical mode! of the
tlow balance required during oxygen evolution. Assuming that the oxygen equi-
librium saturation pressure is proportional to the tank pressure, it is possible

“to determine the rate at which inert flow must be input to the fuel tanks.

This is shown in Figure 49 foir an inert 'nflow of pure nitrogen. Integrating
over the climb to 65.000 ft, the data indicate that about 78 Ib of nitrogen are
required per 100,000 1b of fuel carried.

In comparison. an inert gas generator inerting system must provide'a
scrubbing inflow 2.25 times that required with pure nitrogen. assuming that

the IGG system outputs a gas containing 5 percent oxygeniby volume.

Reserve Gas Supply

A reserve margin of 20 percent has been assumed.
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Total Gas:Quantity

Table |4 totals the gas requirements, indicating that almost 900 1b of

nitrogen is required for the baseline system for the B-1. A considerablé -
weight savings can be obtaired, how?ver, if the follownng operating techniques~”
are employed: . 3

] Load the fuel into the tanks through spray manifolds that expose all’

of the fuel to the inert gas in the tank. Test data by WPAFB indi-
cate that this reduces the scrubbing gas requirement by about 85
percent

¢ Provude the tank pressurization gas by maxnng the nitrogen with an
available air source, such as engine bleed air. This would reduce
the pressurization gas quantity by about 43 percent.if the nutroger
flow was diluted to 9 percent oxygéen by volume

Table 14 shows the resultant quantity of nitrogen required with these varia-
tions in the system operation.

TABLE 14
e JNITROGEN QUANTITIES REQUIRED FOR B-1
I'tem Baseline Quantity Variant Quantity
Tank Pressurization 525 1b {100% nitrogen 300 ib (mixed with 225 1b
: 2 bleed air)
Fuel Scrubbing 200 1b (fuel ‘loaded in 30 Ib (fuel loaded by
buik into tanks, spraying into tanks;
Reserve (200 145 1b 66 1b
Total Required 870 Ib : | 396 1b
Nominal Design Value 900 b 400 1b
SYSTEM CONFIGURATION ' :

r"Figuré 50 shows a schematic of the recommended liquid nitrogen inerting
system configuration. Figure 51 shows the details of the storage tank com-
ponent flow arrangement. The system is confiqured:-in such a manner that multi-
ple tanks can be used if dictated by the available aircraft packaging envelope.
Also, the concept can accommodate mixing of the nitrogen with bleed or ambient
aPr using either a jet pump or throttling valve so that the nitrogen quantity
required for tank pressurization is reduced. Liquid is withdrawn from the
cryogenic storage tank and is vaporized in a bleed-air heat source warm-up
heat exchanger. The ambient temperature vapor is then distributed to the fuel
tank upon demand. Although it is possible to design <vstems in which the
liquid nitrogen is input directly to the fuel tanks, i. is recommended .that a
gaseous distribution system be used. Such a system maintains all the d|str»-
bution lines at ambient temperature so that there is no safety hazard to'
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aircraft maintenance personnel, Such a concept also eliminates the possibility
of flooding a fuel tank with liquid n;trogen in the event of a control valve
malfunction. It should be noted that using gaseous distribution with a liquid

. nitrogen inerting system facilitates later conversion to an inert gas generator
system since only the gas source must be changed.

: Cryogenic Tank Design .

The cryogenic tank weight is dependent upon the total guantity of nitrogen
to be stored and upon the time between tank filling and fluid use. This standby
time will size the tank insulation thickness. Nitrogen can accept rather large
heat inputs at liquid temperatures, however o without an excessive fluid expan-
sion or pressure buildup. Therefore, to minimize the tank weight, it is-neces-

sary to delay tank pressurization to the operating pressure until fluid deliveny
is required.

Because of the long standby period, heat leak into the cryogenic tank is
critical. There is a tradeoff between heat leak (implying insulation weight
1 and quantity of gas vented during standby. Figure 52 shows the weight of a
tank designed for 30 days standby as a function of the tank insulation thick-
ness. The data indicate that the tank weight will be lcss than 10 percent of
ghe total quantity of fluid to be delivered to the fyel tanks. This assumes a
tank insulated in the manner used for space vehicle vacuum jacketed tanks.
) Such technology is state-of-the-art and has demonstrated performance potential.
The tank data presented in Figure 52 also assume that the tank maximum
operating pressure is 80 psia. At this pressure, the inner shell thickness
is somewhat above the minimum allowable gage thickness for this size tank,
but the pressure was selected for the following reasons:

4 L4 It provides an optimum insulation thickness of one in --higher pres—'~
3 ' sures would lower this optimum, but test data on low heat leak tanks
' using multiple radiation-shield insulation indicate that there is
noticeable insulation conductivity increase for thicknesses much
below one in. -
_-®, It makes the nitrogen temperature at delivery pressure slightly
above that required for liquefaction of oxygen. thereby eliminating
a potential safety problem .

. It provides a large aressure head for operating a bleed air/nitrogen
jet pump to augment the nitrogen flow if desired

Weight - .

The total liquid nitrogen inerting system weight is tabulated in Table 1%
for systems delivering 900 and 400 tb. These weights exclude the distribution
lines to the fuel tanks and the valving on the fuel tanks. Either system can
: be packaged within a cube circumscribed about the spherical cryogenic tank
E . (exceptinc distribution lines and tank valving,. For the 900-1b system, the
3 tank diameter .is about 3.5 ft. For the 400-1b system, it is about 2.7 ft.
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OF 22{9-T62 ALUMINUM
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MATERIAL SAFETY FACTOR = [.5
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FILL FACTOR = 0.887
DELIVERABLE CONTENTS = 900 LB
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Figure 52, Nitrogen Tank Weight vs Insulation Thickness

TABLE 15

LIQUID NITROGEN INERTING SYSTEM WEIGHT

Item:

Baseline Design
(900 1b deliverable)

Variant Design
(400 1b deliverable)

Deliverable Nitrogen
Tank and Ullage
Bui'uup Heat Exchanger

Plumbing and Valving

JOTAL__

900
66
20
10

996 ib

400

42

20

12

474 1b

/

/
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SECTION IV

INERT GAS GENERATOR INERTING SYSTEM PRELIMINARY DESIGN

INTRODUCTION s

This section presents the preliminary design of the inert gas generator
inerting system selected by the studies presented in Section II. Objectives
of the preliminary design phase are:

L Establish inerting system performance over the envelope of aircraft
: flight operations
b Determine system weight and component specifications
. L4 Establish control concepts and techniques
L Determine packaging configuration ; .
Figuré 53 shows the sequence of steps used to perform the preliminary design
process,
4
e ..
» i el COnPONENT
N PERF ORMANCE
e, AMALYSIS
- SYSTEN
- v tod  WEIGHT
= , AMALYSTS
MTHEMTICAL ) SuTen
7 "
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e
[ ) 1 B o
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' 1
. . i H ™ wvn
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Figure 53. Preliminary Design Logic Diagram
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Organization

The material in this section is arranged as follows:

L4 System Description--system schematic, weight, packaged configuration
o System Operation and Control Techniques--dis:ussion of control
concepts required to ensure adequate syster performance under all
operating conditions

* System Performance Summary--data showing output gas composition as
a function of aircraft operating conditions L

L Component Performance Data--details of the performaﬁéé\ggquirements
for each major system component

SYSTEM SCHEMATIC DESCRIPTION

Figure 54 shows a detailed schematic of the selected inert gas generator
fuel tank inerting system. This system was selected as the best candidate
concept based on the data presented in Section II.

The system uses a ram air cooled catalytic reactor to provide an inert
gas source, An inert/ram air precooter and an inert/fuel precooler are used
to cool the reactor output to temperatures gpproximating room temperature,
Then, the gas is further cooled in the regenerator whose heat sink is the
cooling turbine discharge filow. Finally, the inert passes through the cooling
turbine and the regenerator before being discharged to the fuel tanks.

A dual nozzle turbine is used to provide relatively high turbine efficiency
over a large range of throughflows. To enhance the cooling capability of the
regenerator, and to eliminate-freezing at the turbine discharge line, a portion
of the regenerator discharge flow is mixed with the turbine discharge in a jet
purmp located on the turbine,

Flow Capability

‘As shown in Figure 54, the emergency descent flow of up to 200 1b/min
is obtained by bypassing flows in excess of 67 Ib/min around the catalytic
reactor and air cycle refrigeration unit, via the ACM bypass valve. This
allows almost all of the system to be sized for.a flow of 67 Ib/min. The
nominal inert oxygen content is 2.5 percent (allowing a control band of
+2.5 percent) so that during the emergency descent flow mode, the oxygen con-
tent would climb to about-Z.5_percent nominal.

It is recommended that the system be maintained in operation continuously
throughout flight. This facilitates rapid response to sudden changes in fuel
tank pressure, Consequently, there is a strong incentive to minimize the
minimum system flow rate. A minimum flow capability of 6 1b/min was selected
based on a tradeoff of increased turbine complexity to obtain lower flows vs
the increased moisture content resulting from degradation in low-flow turbine
performance.
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. Meight -

The weight of the system components is tabulated i‘diable 16. The
weight estimate exciudes the weight of the distribution lines and valving
used to route the inert flow frem the inert gas generator to the aircraft fuel
tanks. An additional weight item that should be considered is the weight of
the fuel consumed by the catalytic reactor. Also, the drag penalties asso-
tiated with ram air usage and the engine power penalty for bleed air could !
be included in the table. Analyses indicate that the total equivalent fuel
peralty to generate inert gas (including fuel, ram air, and bleed air usage)
is about 8 Ib fuel/100 Ib of inert gas. The weight estimate assumes that all
heat exchangers are of stainless steel; however, it appears probable that the
regenerator can be made of’alurinum, thus reducing its weight by about
50 percent, !

Packaging

Figure 55 shows a packaged configuration of the inerting system. The
overall size of the unit is about 5.5 by 3.5 by 2.5 ft. Most of the components,
however, are relatively small so that the system packaging arrangement can be
easily #ltered to suit the available envelope onboard the aircraft, In
particular, it might be desirable to locate the catalytic reactor in an engine
nacelde and to locate the other system components in a less stringent environ-
ment, Such a concept would place the reactor in portion of the plane that
is already designed to accommodate the high temperature of the ram air
discharged from the reactor.

TABLE 16

INERT GAS GENERATOR SYSTEM WEIGHT

L7Em WEIGHT, L8 | 1TEM WEIGHT, L8
CATALYTIC REACTOR 8.0 AIR PRESSURE REGULATOR 5.0
PRIMARY HEAT EXCHANGER 212.0 AIR FLOV MASS SENSOR 1.5
INERT/FUEL HEAT EXCHANGER 17.0 STARTUP BYPASS VALVE 3.0
REGENERATOR 259.0 WATER CONTROL VALVE 0.5
AIR CYCLE MWACHINE 2.0 TURBINE WOZZLE VALVES 3.0
E£JECTOR 1.s TURBINE BYPASS VALVE 3.0
RAM DOOR ACTUATOR 5.0 ACH BYPASS VALVE 5.0
RAR SYPASS ACTUATOR 2.0 EXCESS FLOW AELIEF VALVE s
AN REACTOR ACTUATOR " 2.0 INERT FLOV CONTROL SENSOR 2.0
FUEL SHUTOFF VALVE 1.0 ELECTRONIC CONTROLLER 3.0
FUEL PRESSURE REGULATOR 1.5 INERT GAS DUCTING 10.0 |
FUEL FLOV CONTROL VALVE 3.0 RAN AIR DUCT .0
COOLING FUEL CONTROL VALVE 2.0 FIRE PROTECTION INSULATION 5.0
FUEL EXIT VALVE 1.0 AISCELLANEOUS 2.0
AIR SHUTOFF VALVE 5.3 GRAND TOTAL 700.0 8
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SYSTEM OPERATION AND CONTROL TECHNIQUES

The recommended operational and control techniques have been evolved by
the iterative process shown in Figure 53, Initially, it appeared that a
complex electronic controller would be the optimum method of fulfilling the
various control functions, The system performance studies, however, have
shown that it is possible to accomplish many of the control functions by
sensing temperatures at appropriate locations within the system,

Primary Operational Requirements -

The primary inerting system operational requirements are tabuloted in
Table 17, These requirerments formed the basis for the selected system control
techniques.

Primary Control Concepts

Table 18 shows the primary control concepts necessary to fulfill the
requirements of Table !7. These concepts have been established by a trial-
and-error process in which a candidate control technique was implemented in

. the system perforrance piogram and the effects of the control technique were
\ then indicated for all aircraft operating modes. The hardware for implementing
? these control techniques is shown on the detailed system schematic, Figure 54,
and is included in the system weight summary,

Additional Control Requirements ' \

Of lesser importance, but still necessary for satisfactory system opera-
tion, are the additional control requirements shown in Table 19, These
requirements are flow limiting during operation with battle damage, inflow
control to accomplish fuel scrubbing, and display and control of system faults.
They can be implemented either pneumatically or electrically by accomplishing
the analog functions shown in Figure 56,

- Startup/Shutdown Sequencing

In addition to the control functions shown in Figure 56, the inerting
system controller must provide the correct sequencing of valving to accomplish
startup and shutdown. Table 20 shows the sequencing actions that must occur,

SYSTEM PERFORMANCE SUMMARY -

The performance calculations presented in Section 11 were performed by
hand and were adequate to allow selection of the optimum inerting system
concept; however, to more accurately predict system performance and to
establish performance over a large range of operating conditions {over 100 f
different aircraft operating conditions have been considered), a computer ,
program was generated., This program was based on the programming techniques
and subroutines developed at AiResearch to support the design of aircraft
environmental control systems.

i
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, TABLE 17

PRIMARY INERTING SYSTEM OPERATIONAL REQUIREMENTS ‘\‘ ‘

REQUIRENENTS METHOD OF ACCOMPLISHMENT REASONS/BENEFITS  ©
Y
AN
PROVIDE PROPER MASS ® FLOW CONTROL VALVE ON AIR CYCLE ® MAINTAINS FUEL TANK PRESSURESAT SLIGHT
INFLOW TO FUEL TANKS PACK DISCHARGE LINE-USING TANK POSITIVE PRESSURE DIFFERENTIAL RELATIVE
y 5P SENSOR TG CONTROL VALVE POSITION T0 AMBIENCE
£ ® LOCATION ON PACK DISCHARGE MINIMIZES
SENSITIVITY TO SUDDEN BLEEO PRESSUPE _
) CHANGES (OCCURRING ON THROTTLE CHANGE
‘ PROVICE FRIPER INERT GAS |® CONTROL FUEL/ATR" RATIO AT REACTOR ® ESSENTIAL IF TANK ATMOSPMERE IS TO
CYYIEN COMPOSITION INLET BY MEASURING AIR MASS FLOW BE INERT
AND SCHEDULING FUEL VALVE POSITION | o oot o o AN SENSING
. QUTPUT OXYGEN CONTENT
— ]
PROVIDE FFOPEP THERT GAS |® USE AIR CYCLE REFRIGERATION PACK ® AIR CYCLE REFRIGERATION SHOWS DECIDED
MOISTURE COMPOSITION WITH RAM AIR AND FUEL COOLING TO WEIGHT AND PERFORMANCE ADVANTAGES OVER
CONDENSE MOISTURE VAPOR CYCLE REFRIGERATION OR SORBENT
BED MOISTURE REMOVAL CONCEPTS
. TABLE 18
PRIMARY INERTING SYSTEM CONTROL REQUIREMENTS
REQUIREMENTS HETHOD OF ACCOMPLISHMENT REASONS/BENEFITS
N\ CONTROL CATALYTIC ® MODULATE RAM AIR DUCT OPENING MAINTAINS REACTOR HOT ENOUGH TO SUSTAIN
. REACTOR RAM FLOW USING RAM OUTLET TEMPERATURE REACTION AT ALL TIMES
CUTLLT TEMPERATURE :i?:?i;l°q§213§s?§I§§Z°§TT?oooof PREVENTS REACTOR OVERHEATING BY ASSURING
ADEQUATE COOLING FLOW

MINIMIZES RAM FLOW AND HENCE MINIMIZES
DRAG PENALTIES ASSOCIATED WITH SYSTEM

4
I2%PRTL PRIMARY HEAT
IEYonANGER RAM AIR FLOW

® BYPASS PORTION OF RAM FLOW AROUND
PRIMARY USING INERT DISCHARGE
TEMPERATURE SIGNAL TO ORIVE
BYPASS VALVE TO MAINTAIN INERT
CISCHARGE AT 100°F

PREVENTS FREEZING WATER OUT OF INERT
DURING SUBSONIC CRUISE AT ALTITUDE

TROL WATER SPRAYED
NTG #aM FLOW UPSTREAM
{0F DATMARY MEAT
£ »

e e e g e
- 3

r

®  yUSE RAM INLET TEMPERATURE TO
PRIMARY TO SWITCH WATER SPRAY
TO DOWNSTREAM OF PRIMARY WHEN
RAM TEMPERATURE 1S BELOY 80°F

PREVENTS COOLING RAM FLOW TO A POINT AT
WHICH FREEZING COULD OCCUR IN RAM SIDE
OF PRIMARY HEAT EXCHANGER

—

ONTROL FUEL FLOW TO
NEPT/FUEL HEAT EXCHANGER

® USE INERT DISCHARGE TEMPERATURE
FROM PRIMARY HEAT EXCHANGER TO
TURN ON COOLING FUEL FLOW WHEN
TEMPERATURE EXCEEDS 120°F

ALLOWS MOISTURE REMOVAL TO BE ACCOMPLISHED
DURING HIGH SPEED SUPERSONIC CRUISE WHEN
RAM TEMPERATURES ARE QUITE HIGH

g e s ey

{CONTROL REGENERATOR COLD
SIDE INLET TEMPERATURE

® SENSE MIXED FLOW DOWNSTREAM OF
EJECTOR AND BYPASS PORTION OF
FLOW AROUND TURBINE

MAINTAINS REGENERATOR COLDO SIDE ABOVE
35%F SO THAT FREEZING WILL NOT OCCUR

-,
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‘TABLE 19

ADDITIONAL INéRTlNG SYSTEM CONTROL REQUIREMENTS

REQUIREMENTS

METHOD OF ACCOMPLISHMENT

REASONS /BENEFITS

LINIT MAXIMUM INFLOW
WHEN NOT IN EMERGENCY
DESCENT

®  SENSE AMBIENT PRESSURE AND RATE OF
PRESSURE CHANGE COMPARED WlTH

ATRCRAFT NORMAL DESCENT CAPABILITY,

USE TO OVERRIDE INERT FLOW CONTROL
SENSOR

PREVENTS EXTENDED OPERATION AT
200 LB/MIN FLOVW

AVO1DS MIGH FLOW WITH BATTLE
DAMAGE IN TANKS ¢

PROVIDE SCRUBSBING FLOW
DURING INITIAL AIRCRAFT
CLING

® SENSE AMBIENT PRESSURE AND RATE OF
PRESSURE CHANGE, COMPARE REQUIRED
FLOW wliH THAT FOR SCRUBBING, USE

MAINTAINS TANK ATMOSPHERE AT
LESS TMAN 9 PERCENT OXYGEN OURING
CLINB WHEN ORYGEN EVOLVES FAOM

TO OVERRIDE INERT FLOW CONTROL FUEL
SENSOR
[>%
DISPLAY AND CONTROL ® SENSE FUEL TANK DIFFERENTIAL ®  SIGNALS FACILITATE FAULT ISOLATION
SYSTEM FAULTS PRESSURE )

®  SIGNALS SHUTDOWN SYSTEM BEFORE

® SENSE REGENERATOR COLD PASS EXTENSIVE DAMAGE OCCURS Co
O1SCHARGE TEMPERATURE . )
’ ® SENSE REACTOR INERT DISCHARGE : i
‘ TEMPERATURE {
13
3 ATRCRAFT & RESET
AT SWITCH :
SCUAT SWITC Pors h
AMBLENT a
STATIC ]
PRESSURE Pang [ 4] SCRUB
at
: . P -
; = Y '5, . 8% omunn
% & (3 ) by ® T0 INERT FLOW
; - / I . CONTROL SENSOR
: - ang
: TANK AP [\
:~ | |
E REGENERATOR - AP LAMP
3 COLD PASS
~ DISCHARGE
TENPERATURE

o FLIGHT
o REGEN LAMP  § paneL
AND SHUTDOWN | CONTROLS
REACTOR INER
; DISCHARGE )
1 Terperarure N > & REACTOR LAMP
: l/ AND SHUTDOWN J

STARTUP l SEQUENCE .
COMMAND AR AND ~
FUEL

SHUTDOWN L VALVING SEQUENCE
comand, [N AIR AND

! FUEL
Saacmps l// VALVING

© e e g . -

— Figure 56. Analog Function for Flow Override and Fault Display/Shutdown
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The performance predictions calculated by the program were used as the
basis for selecting the recommended system operating procedures., In fact,
withaut the insight provided by the program, many of the control requirements
might not have-been adequately developed,

Data Input tc Program ’ hﬂ

&
H

v

. The program has three different classes of data inputs:

.pressure and temperature, and desired.system flow rate

-

£

>

WOrkigg Fluid Properties:-data on the specific heat, saturation
moisture level, enthalpy, specific heat ratio, etc., were input for
air, fuel, and the inert gas constituents (carbon dioxide, argon,
nitrogen, oxygen, and water) ‘

System Component. Performance Data--information on the pefformance

parameters of the individual system components (discussed later in
this section), allowances for ducting and valving pressure drops,

regulator control settings, etc.

“Aircraft Opérational Performance Data--aircraft altitude, ambient

temperature and moisture, airspeed, fuél. temperature, bleed air

k
‘

Data Qutput by Program

Once

® -

* @ . . s o X3 .o LR ]

the selected control system had been establ:shedh the inputs for = .

the working fluid properties and the system component performance data were
the same for all cases considered. Thus, the only variables for each case
became the aircraft operational performance data. For each set of pgrformance

available

It should

data, the program provides the following output information; .
b Summary listing of ‘working flpid and ssystem component parameters
- ”
° Listing of componenf performance for catalytic reactor, inert/ram
air precooler, inert/fuel precooler, regenerator, cool|ng\turb|ne,
and jet pump ) .-
« N ., 0 .
o State points (pressire, temperature,and moisture) and the inlet and
outlet of each sys.em component for the inert flow, the ram airflow,
and the coéling fuel flow
B .’
4 Summary of the output inert gas compos:tnOn, |nclud|ng moisture
’content ) .
. * - N A - - 1
Assumed Engine Bleed Air Data . o \\
The bleed air pressures used for the performance calculatvons are
shown in Table'2l. Figure 57 shows a comparison of the bleed air pressure

“from two different exostung high-bypass engines. The data show

that the bleed pressures used in the performange calculations are conservative. .

be nnted that the air pressure regulator is set at 100 psia so that

higher bleed pressures are not actually used in the uner&:ng system,

- \ 1

.

]
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BLEEJD Al¥ PRESSURE, PSIA

.

TABLE 20

INERTING SYSTEM START UP/SHUTDOWN SEQULNCING

17Em SEQUENCE ACTION
1 OPEM STARTUP BYPASS VALVE ALLOWING REACTOR OUTPUT T0 FLOw OVERBOARD
TLINE SIZED TO ALLOW ABOUT 67 LB/MIN THROUGHFLOW
2 OPEN AlR SHUTOFF VALVE
( 3 MONITOR AEACTOR OQUTPLY TEMPERATURE, HOLD 15 SEC ASTER |° REACHES «uC7 f
4 OPEN FUEL SMUTCFF YALYE
; B
STARTUP | 5 OPFN FUEL FLOW CONTROL VALVE TO _ 67 LB MIN NOMINAL INFLOW 0F . &
L8/ Mih TF AlP >
i 4 HON%‘D& REACTOR QUTPLT TEMPERATURE. wOLD FOR 4 SET AFTER T REACHFS
‘ ‘ 800" F  EXTESS FLOW RELIEF VALYE 1S OPEN
:
! 7 ictoaf START P BYPASS VALVE SO FLOW PASSES IO TURBINE  AND OUT EXCESS
! \ !fLOu RELIEF VALVE AND OVERRIDF INERT FLOW CONTROL SENSOR S1GNAL
oo 8 . | SJITCH OVER TO GPEKATLONAL- CONTROL LOGIC AIR FLOW STARTS DECREASING
E T 6 LB MIN, FLEL FLOW DECRFASES YO ABOUT G 36 LB/MIN
' ! ORIVE EXCESS FLOW RELIEF VALVE FULL OPEN
SHUTDCEY | 2 CLOSE TUEL SMUTGFF v/LJE, AND ORIVE FUEL FLOw (ONTROL vALVE T9
! MINIMUM FLOW POSITION
| 3 | CLOSE AIR SWUTOFF VALVE ’
' | It _ _
T
. 5 - N
) —~
'1
TABLE 21
. . DC-10 SERIES 10,

N nlGH BYPASS ENGINE

HIGH PERFORMANCE
MILITARY AIRCRAFT

ENGINE BLEED AIR PRESSURES
ASSUMED FOR PERFORMANCE ANALYSIS -

HIGM BYPASS ENGINE

-
—
GROUND “ S
.’ ‘\\\\\§--:-.
M 19 20 X 40
N ALTITUDE., THOUSAKDS FT :
{

Fiéure S5/,

MACH ALTITULE, ¢
sumBer 5,000 J25.c00 f4o.coc fo0.c0c
c.s  Jioc - - -
4se
-
254 0.715 oo 148 e s
e
0.90 f1% 170 ] rse 14t
1.5 - i30* 130 1300
2.0 - 1 30% 9 3¢
GROUND IDLE 3% PSIA

Typical High Bypass
Engine Bleed Data

SREGULATCR SETTING 100 PS1A
#aCESCENT CONDITION

©
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Summary of Inerting System Performance

The primary objectives of the performance studies were to establish the

_correct control concepts and to determine the moisture content that would be

present in the inert flow to the fuel tanks. Early in the study, it had been
established that the design goals should be a moisture content of jess than
80 grains water/lb inert at all times and an integrated mission average of
less than 25 grains/lb, These Jevels are set by the moisture that might be
input to aircraft having unpressurized tanks vented to ambience.

To estabtish moisture content throughout the possible rangé of aircraft
operations, the performance program was’ used to assess performance at the
conditions summarized in Table 22, Approximately 100 different sets of
operating conditions are considered. ,These sets are selected to allow
generation of performarice graphs applicable to the operating continuum,

Since the system performance will improve somewhat as the ambient temperature
and humidity are loGered{pon!y the worst-case conditions have been considered.
These conditions are based on MIL~-STD-2108. '

TABLE 22

RANGE OF AIRCRAFT OPERATING CONDITIONS USED FOR PERFORMANCE ANALYSES

1

: Low Altitude | High Altitude _—}-
Operational Parameter |Ground Operation] Flight Cruise
Inert flow, Ib/rin 6 to 18 6 to 67 ‘6 to I5
Aircraft altitude, ft 0 5000 ;25,000 to 60,000
Aircraft speed, Mach No. 0 0.5nto 0.85 ‘0,75 to 2.0
Bleed pressure, psia 35 See Table 21 See Téble 21
Ambient temperature, °F 59 to 103 59 to 83.7 #*
Ambient humidity, gr/lb 60 to 182 60 to 182 10
Number of cases analyzed i8 57 f 22

#*Ambient temperature depends on altitude, standard day

84
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!, Ground Performance

Figure 58 shows the outlet moisture content of the inert gas as a function
of the system flow rate while the aircraft is parked on the ground. The data
are applicable to a large range of ambient atmosphere conditions since the
system controls minimize the effect of changes in ram air temperature and
moisture content.

The peculiar shape of the curve is a result of the interaction between
the turbine efficiency and the regenerator effectiveness. At very low flows,
the regenerator has a high effectiveness and the turbine pressure is quite low
since the nozzles are sized for a considerably larger flow. As the flow is
increased, the regenerator effectiveness decreases; (this is a result both
of the increased flow and of the change in the performance of the jet pump
that provides flow to the cold-side of the regenerator), so that the outlet
moisture content increases. Then, as the flow is further increased, the tur-
bine pressure ratio starts increasing so that the refrigeration provided by
the inert expanding across the turbine is increased; this enhances the
moisture removal capability resulting in a low outlet moisture content,

If the high moisture contents obtained at very low system flows prove
_excessive, it is possible to design the system in such a manner that the
minimum flow rate on the ground is I5 Ib/min. At this flow rate, the outlet
moisture content is.quite low; however, little flow will be input to the fuel
tanks while the.aircraft is on the ground so thit the recommended concept
does not include Spec»al flow controls for groud operation.

2. Low Altitude Flight Performance

\

N\

The maximum normal iherting flows will olcur during the final phases of
descent when the ambient pressure is changing at a high rate. An altitude
of 5000 ft was selected as bewng representative of the point at which the
aircraft starts fairing from its-descent profile to its Tanding approach
pattern, Figure 59 shows the outlet ‘moisture .content vs inert flow raté for
various aircraft Mach numbers. Ambient humndity\has little effect on the -
outlet moisture content for a 0.7 Mach number,as\shown by Figure 60,
Figure 61 shows the outlet moisture content vs aircraft Mach number for various
combinations of ambient temperatures and humidities. \The data assume that the
inerting system input pressure at Mach 0.7 and 0.85 is 100 psia (a cruise
condition) and that at Mach 0.5 is 45 psia (a descent rase) If the aircraft
is assumed to be in descent at Mach 0.7, then the ou’ noisture content is
increased to values approximating those shown for th - 0.5 condition.

3. High Altitude Cruise Performance

At high altitudes, the ambient temperature and humidity show little
variation between the cold, standard, and hot days. Therefore, the standard
day values have been used to determine the high altitude performance data
shown in Figure 62. The data indicate that the outlet moisture content at ~ -~ 777
altitudes above 40,000 ft is nearly independent of the flight speed, being
about 4 grains water/lb inert,
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4, Typical Integrated Mission Performance

\‘ I
Table 23 shows the moisture content in the inert flow for each portion of

a typical flight, The data indicate that the average moisture condent of the
inert gas is about 5.3 grains water/lb inert. The total inert input to the
fuel tanks, however, is much less than that generated by the inerting system
(which operates over much of the flight at its minimum flow rate), and the
inert entering the tanks occurs during those portions of the flight when the
moisture content is higher than the average value, Thus, the average moisture
content of the inert entering the fi.| tanks is 8 to IZ)grains water/lb.

/
5. Typical Inerting System State Points /

Table 24 (presented at end of Volume I1 because of classification shows the
state points at each location in the inerting system for four flight conditions:

L Low altitude descent at maximum normal flow
o High altitude cruise at minimum flow
b tow altitude subsonic dash -

b High altitude sup= s~nic dash

The aircraft Mach number anc¢ altitude for each case are those specified in
Appendix A, paragraph 4.8.

- COMPONENT FcRFORMANCE DATA

Figures 63 through 68 show performance maps for the major system components.
These maps were used by the system performance program to predict the outlet
temperature, moisture, and pressure. All of the heat exchangers were :sized
specifically for the inerting system using performance techniques standardly
used for aircraft heat exchangers. The turbine performance map is that of an
existing aircraft environmental control system turbine. The fan map is a
scaled version of an existing aircraft ECS fan.
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TABLE 23
TYPICAL INTEGRATED MISSION MOISTURE CONTENT ’
MO1S TURE INERT MO1STURE
FLOW RATE | CONTENT, DURATION, INPUT, INPUT,
ITEM LB/MIN GR/LB HR LB L8
SCRUBBING DURING INITIAL CLIMB 20 8 0.1 120 nogrs
SUBSONIC CRUISE AT ALTITUDE 6 4 5.0 1800 1,030
LOW ALTITUDE SUBSONIC DASH 6 27 0.5 180 0.69%
\
SUBSONIC CRUJISE AT ALTITUDE 6 4 5.0 1800 1.03C
CLIMB TO HIGH ALTITUDE 15 4 0.3 270 0.154
HIGH ALTITUDE SUPERSONIC CRUISE 10 4 1.0 600 0.340
DESCENT TO HOLODING PATTERN 10 (] 0.2 120 0.137
DESCENT TO LANDING FIELD 10 16 0.2 120 0.274
12.3 HR 5010 L8 | 3.797 8
AVERAGE INFLOW MOISTURE CONTENT = 5.33 GR/LB $-61062
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SECTION V

CATALYST AND CATALYTIC REACTOR TESTING

INTRODUCTION

This section presents the results of the testing performed to select the
optimum catalyst for the catalytic reactor and to determine the necessary heat
transfer data for reactor design. It summarizes the previous work that has
been done and explains the need for the testing performed during this program.
The section also documents the test equipment and procedures used to acquire
the data.

Objectives

. With the exception of the catalytic reactor, the preferred inerting
System components are state-of-the-art designs that have been extensively used
in aircraft environmental control systems. Therefore, to improve confidence
in the overall system concept. it is necessary to accumulate data that would
form a basis for design of the catalytic reactor. These data can be classified
as follows: ~
) Catalyst performance data
- reaction efficiency
- minimum reactior ligntoff temperature

- inert gas composition (efficiency is an indication of composition)

o Heat transfer design data - heat dissipation along the reactor
tubes as a function of -

- inert/cooling airflow ratio
- inert throughflow
- inert pressure

Background
A previous study (described in AFAPL-TR-69-68) by American Cyanamid

- Company has established that catalytic reaction of air and fuel is-a feasible

method of obtaining inert gas. That study also determined that one catalyst,
designated American Cyanamid Code A. shows good potential for an inerting
system application., The available data, however, were generated in a diluted
atmosphere (oxygen concentrations much less than in air) with a test bed con-
figuration unrepresentative of flight-type heat transifer equipment. Thus, it
was necessary to determine catalyst performance in a test configuration closely
resembling flight-type heat exchangers, operated with air rather than nitrogen

97




diluted with oxygen. Additionally, it was important to obtain gas analyses
and to measure the exhaust water acidity so that the overall catalyst perfor-
mance. particularly its conversion efficiency, could be assessed,

The American Cyanamid study revealed two problems with using the Code A
catalyst. The first was that the minimum reaction light-off temperature for
Code A was betweer 500 and 600°F (usually near the upper end of this band).
This temperature exceeds the temperature at which engine bleed air is avail-
able cutside the engine nacelle, the bleed temperature is usuaily limited to
about 450°F to reduce fire hazards--and under certain operating conditions
bleed temperatures of 200°F are not uncommqp). The second problem is that
Code A catalyst develops hot spots which randomly traverse the catalyst bed
during operation. Both these findings have been confirmed by the testing con-
ducted during this/%tudy.

Thus, if the American Cyanamid Code A catalyst is used, it will be neces-
sary to provide some method of obtaining the required lightoff temperature and
to provide a means of reducing the hot spots {otherwise excessive cooling air-
flows that would quench the reaction elsewhere in the bed would be required,.
Thus, the testing in this study has built upon the starting basis provided by
the American Cyanamid study and has been directed towards solutions to these
two problems and to obtaining heat transfer data (which was not an wbjective
of the American Cyanamid study,.

“Approach to Solution of Catalyst Problems

In an attempt to eliminate the startup problem with the Code A catalyst,
several different methods of raising the bleed temperature at the reactor
inlet wére investigated. Three such concepts are shown in Figure 69. Figures
70 and 7f show the performance of the concepts of Figures 69A and 69B at the
assumed inerting system design point described in Section [I. These figures
snow that ‘one of the concepts (Figure 69A) requires more bleed pressure than
is available, and that the other (Figure 69B) requires a la additional bleed
airflow., The third concept, a combustor used only‘during/éizitup, appears to
be feasible and is the best of these temperature augmentation concepts. An
alternate approach, however, is to @valuate other catalysts in an attempt to
obtain a catalyst (or combination of catalysts) having both a lower lightoff
temperature and more even reaction distribution within the catalyst bed. It
is this approach that has been pursued during this study.

v

TEST EQUIPMENT

Equipmert Description

°  rhe test equipment designed for the catalyst and catalytic reactor test-
ing uses a parallel arrangement of 10 tubes (304SS, 0.25 in. 0D, 0.010 in.
wall, 20 in. long; in which the catalyst is packed. Figure 72 shows a sche-
matic of :he tube bundle, indicating the portion of the tubing that is packed
with catalyst. Figure 73 is a photograph of the assembled tube bundle. The
fuel/air mixture is distributed to the tubes by an inlet manifold and the
inert products of reaction are collected from the tubes by an exit manifold.

~
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Figure 69. Possible Methods Which May be Employed for Catalyst Light-Off
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4 The arrangement allows cooling air to be distributed along the catalyst-packed
; f portion of each tube. This facilitates determination of heat transfer data

) since the arrangement simuﬁates the design configurations used by many flight-
E i type heat exchangers. Alfernatively. the cooling air flow can be discontinued

| and the tubes exposed to jambient {(as shown in the photograph’ to,make the test-
3 ¥ N .

a

ing visually accessible./ In this mode, some tube cooling is vided by radia-
tion, however. at high t| roughflows, it is necessary to supplly cooling air or
reduce the fuel/air ratlo if the tubing temperatures are to pemain acceptable.
Figure 73 shows the thermocouples that are spaced along the length of the first
twe tubes. In later- teitong, only the first tube was instrumented along its

entire length; however, ' .8 single thermocouple was placed on each tube to indi-
cate if reaction was occurrung

g K D
Rl i

Figure 74 shows a schematic of the entire test configuration, indicating
\ instrumentation and flow paths. Figure 75 is a photograph of the test setup.
The reactor inlet air flpw rate is measured by a calibrated orifice and the
air is then preheated to\thp desired temperature. The JP-4 referee fuel is
meter d as a liquid into'the air stream, vaporized, and mixed with air in a
heated mix chamber before passing into the reactor inlet manitold.

A Lapp
Pulsafeeder pump is used to vary the fuel flow rate and insure the desired
fuel/air ratio is maintained.

‘Initial attempts to use a needle valve to
meter the fuel were unsuccessful since the very low flow rate could not be

accurately maintained.) The reactor combustion products are cooled in a water
cooler and analyzed as required. Additional analyses in detail have been made
by collecting gas samples and analyzing them in a laboratory. A valve on the

reactor discharge line can be used to simulate reactor operation under pres-
sure greater than atmospheric.

CATALYST STUDIES
Surmmary

The catalytic reactor test equipment was used to evaluate the performance
potential of the 38 different catalysts listed in Table 25. Only-a few of the
catalysts cause reaction of the fuel/air mixture. No single catalyst is com-
pleteiy satisfactory for the fuel tank inerting applications; however. there
are two combinations of catalysts that are acceptable. Either the American
Cyanamid Code A catalyst combined with platinum, or the Grace 908 catalyst
used in conjunction with platinum would be acceptable for this application.
Further work with the preferred catalyst combination, the Code A/platinum

mixture, will be required to improve stability, pressure drop characteristics.
and life expectancy.

All three are thought to be obtainable by changing the
catalyst carrier,

Precious Metal Catalysts

Palladium (ESPI PGC 305) and platinum (ESPI PGC 315) both 0.5 percent on

1/8 in. alumina pellets, were initially found to provide the lowest light-off
temperature and the highest degree of reliability. The platinum catalyst

{ESPI PGC 315} was arbitrarily selected as a qualitative reference. Platinum
" caused fuel/air reaction at inlet temperatures as low as 400°F and it could be
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Catalytic Reactor Test Equipment Photograph

Figure 75.
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TABLE 25

OXIDATION CATALYSTS TESTED IN CATALYTIC REACTOR TEST UNIT

Type

Remarks

HOUDRY

8

Type K

Type 541CX1-XI
Type 133CP2-3XI
Type |120JX1-1X]I

Experimental nickel

ENGELHARD
i

Platinum (0.55 on Alumina-Sulfided -
£5506)

]
Rhthenium (0.57 on Alumina)

\
\

GIRDLER
—-——-1——

Ti366 (Copper Oxi“e on Kieselguhr)

T-{1065 (Palladium and Chromia on Alumina)

G-?A (Chromium Promoted Iron Oxide)

G-67RS (Reduced and Stabilized Cobalt)

G-61RS (Cobalt on Kieselguhr)

s
HARSHAW

Cul JOOT (79% Copper Oxide;
'Cu0402T (Copper Chromite)
Mn-QZOIT (Manganese
Ag-d|07£ (sitver)

Ni-OBOAT (Nickel)

Yy

ﬂGRACE (?avison Chemical Co.

903-08-5X~1949 (Grade 903)

{ SMR-2-3277 (Grade 908-Cu0,
\Mno,itrace Pd)

i
\sna 1-1744 (104 Cu0-0.04x Pd)

t

Slight activity

No ignition

Pellent disintegrated in tube
No ignition

Ignited with Pt igniter;quick
burnout

Good ignition and stability
(comparable to ESPI P6C3IS)

No ignition

Some activity

Active but tended to decay
No ignition

Ignited - slow burnoat

Ignited - slow burnout

No ignition -
No ignition
Ignited with Pt
Ignited with Pt

Should be
reinvestigated

Hard to light - slow burnout.

No ignition
No ignition
Ignited with Pt - tended to ®

burn out but could be reactivated.
Additional tests.
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/ \ TABLE 25 (Continued,

Type

. Remarks

AMERICAN CYANAMID .

Code A \

l
UNIVERSAL OIL PRODUCTS . \

Arbitrary

0, A (1/16-in. Pellents)
designation

o, B (3/32-in. Pellets)

ELECTRONIC SPACE PRODUCTS (ESPI)
- - - H w

_ —

PGC 305 (Palladium, 0.5% on Alumina)
PGC 315 {(Platinum, 0.5% on Alumina)
K2893C (Iridium Oxide Powder)
K4550B (Rhodium Sesquioxide Powder)
K-1136J (Cerium Oxide 'Powder, 95%)

o

MISCELLANEQUS - T

NOTE:

Rare Earths (Mixtures of Oxides of
Cerium, Neodymium, Praseodidymium
and Terbium)

Silver Oxide (MCB Reégent Powder )
Copper Chromate (Alfa, Catalyst Grade)
Copper Chromite (Powder) ‘
Cobalt Oxide (00304-Spinel)

Nickel Ferrite (NiFean-Spinel

Ferric Oxide (Fe2 03)
Cobalt Shot ,
Nickel Shot as Metals
Copper (granulars)

Powders were tested on
Carborundum Catalyst
Carrier MMT (1/8 in. Mullite

to remove excess powder.

Cylinders) by rolling and screening

!
' ‘
i
\
\

High pressure drop - Ignites
with Pt but catalyst carrier
deteriorates - additional tests

I ,
High presshre drop - igniter

Low ignition temp - possible
burnout. (Above should be
reinvestjg%ted)

Good ignition - satisfactory

Good ignition - primary standard

No ignitijon ‘/

No ignitfion
No ighiJion

~—

No ignition

Slight activity

No ignition /

No ignition
No ignition
No ignition
No ignition
No ignition
No ignition

No ignition
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re-ignited repeatedly with a high degree of reliability; however, it did not
cause complete reaction to take place. The degree of reaction or the amount

of oxygen left in the exhaust gas, appeared to be a function of the equilibrium
temperature at which the catalyst was operated. This could be controlled by
the method used for cooling the tubes, i.e., depth and type of insulation,
radiation, ram air flow, etc. It is probable that some coking takes place

over the platinum cagplyst and the carbon in the JP-4 is not completely reacted
with the oxygen in the air. ‘

Other platinum catalysts that have been found to be active/are the Engel-
hard (0.5 percent on alumina, sulfided) and the Universal 0il Products (OXA
and 0XB) catalysts. (The UOP catalysts are coded 0X! and 0X2 by UOP but were
‘not properly defined when shipped, so arbitrary letters were assigned.) OXA
(1.16 in. pellets) could not be properly evaluated because the pellet stze
caused excessive pressure drop and very little flow could be obtained. ‘

Except for platinum and palladium, no other precious metal catalysts
(i.e., rhodium, ruthenium, or iridium) were found to provide catalytic activity
under the'.conditions employed. Girdler T-1065 (palladium and chromia) was
active but its activity tended to decay with time. Reduced cobalt (Girdler
G-67RS and Girdler G-blRS» and nicke! (Houdry experimental nickel) catalysts
were active only for brief periods and then burhed out, probably by oxidation
of the cobalt or nickel to an inactive oxide state.

S

o

Metal Oxide Cgfalysts

Catalysts having manganesé, copper, or silver oxides or compounds appeared
to be active although such activity was often erratic. For Code A (American
Cyanamid) catalyst, analyzed as' a copper compound, ignition took place in dif-
ferent tubes at different locations and,.within a given tube, at different
times. The result was a series of hot spots for which it was necessary to
supply ram air for cooling. This caused the remainder of the tubes to be
reduced in temperature below theipoint t which ignition could occur, Fallure
to cool the hot spot§ caused some catalyst carrier pellents (molecular sieves)
to sinter and,ﬁuseft%gether, plugging tée tube and necessitating removal. Tem-
perature rise could be very rapid with the maximum temperature’ exceeding 2000°F
in one instance before ram air cooling could bring the reaction under contro!l.
Figure 76 shows the vhriation in tube tlemperatures at various times for a tube

. packed with American Cyanamid Code A cétalyst.

I. Actifé Catalysts
7

In addition to the American Cyanamid Code A catalyst, the Grace G;sﬂe 908
(a mixturé of Cu0 and Mn02), and Harshaw Catalysts Mn-020IT and Ag-0l107E were
also active if platinum was used as an igniter. Note that the above oxides
(copper, silver, manganese) are those used in Hopcalite, a catalyst used in gas
masks for the low temperature oxidation of carbon monoxide. This group of
active catalysts, all having related chemical compositions, indicates that a
combination of platinym with such oxides as copper, silver and/or manganese
would probably provide the desired combination of properties.
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2. Grace Grade 908 Catalyst Tests -

Snme additional work was undertaken with Grade 908 (Giace . This cata-
lvst would ignite, then burn out, but could be re-ignited by briefly blowing
air over the catalyst bef o again introducing the fuel/air mixture, It
appears .tnat the catalyst converts to an inactive state as catalysis occurs
bot thot this state can be reactivated by subsequent oxidation in an ajr
streas. Irtne test a tube containing Grade 908 was stabilized with a plati-
net peliel at 2-in. intervals and performance was highly satisfactory for a
peiitod ot sume hours., Unfortunctely this test could not be repeated when a
series of tubes cer~ 5o treated. Tests with Grade 908 with only platinum as
ar igniter also were not satisfactury since the catalyst would burn out Ieavnng
oniy ?heyplatnnqm porticn igniter. Modification of Grade 908 ‘might result in

a satisfactery final catalyst.

<Code A {American Cyanariid and platinum mixtures have been tested to
ascertain if the erratic behavior of Code A can be corrected. It appears that
the chief fault with Code A is its carrier., The catalyst composition appears

to be suitable, it augmented with platinum! to provide a final catalyst that
would incorporate the desired propertnes

LA

3. Anerican Cyanamid Code A Catalyst Tests

The Code A catalyst has apparently been applied to a porous molecular
sieve structure. It is possible this porosity is a necessary requirement for
prooer func;non¢ng but data indicate catalytic activity apparently occurs even

atter this porostty has been reduced or eliminated by prolonged operation at
temperatures in excess of 1500°F. Thus applying the catalyst to a different
cariier, i.e.. }/8-in. alumina.pellets, should n~t be detrimental. At present
tne catalyst is highly concentrated on small pellets providing a high pressure
£~ o and & large surface area for rapid reaction'in a reduced volume, i.e. all

r¢ requirements for a hot spot to develop. Dtlutnon of the catalyst is
.tvgjiired if the heat of reaction is to be spread out over a sufficient surface

tor controlled removai. By using a 1- e catalyst carrier wit" less catalytic

s 1tace area per unit volume, such dilucion is automatic and all of the tube

fergth is employed. 1In"any event the possibility of plugging of the tubes by
“~Lrurkage and sinterjng such as presently occurs wuth the mo!ecular sieve type

«t atalyst carrier, is avoided. ‘ S

. various mixtures of Code A with platinum have bee¢n tested. Initially .
Lapes employing a 4-in, bed of platinum pellets shead of an 8-in. bed of ‘Code
i were used. The plaf?num supplied partial reaction, A-hot spot would develop
al the platinum-Lode A interface that- would move through the Code A bed to the
end of the-tube and then the Code A catalyst would go out and usually cease
tolsupnly any further combustion. Occasionally the catalyst would re-ignite
and repeat the process (as shown in Figure 76 for an all-Code A packed tube’.-
Cude A was ‘similarly tested with only one or two platinum peliets to supply
initial ‘gnnt«on but essentially the same results were obtained, i.e., ignition
would occlir but a hot _spot woulq move down the bed and even;ua|!¥ the tube
~would cease to support reaction. In a third test platinum pellets were used

at coproximately 2-in. intervals through the Code A bed. I'n this test. a stable,

. - . ¢ -
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arrangement was obtained. With this arrangement it was possible to get all tubes
to ignite and burn in approximately the.upper 4-in. uf the catalyst bed. The hot
zone was relatively stable and reaction appeared fairly complete. When the hot
. zone was cooled by external sources, however, the zone would start to move down
the tube and eventualiy the tube would go out. Apparently radiation from sur-
rounding tubes was effective in maintaining stable operation since the end tubes
were the least stable and would usually quit first. It was necessary to supply
some insulation to avoid exposure to ambient air., The hot zone temperatures
were usually in excess of 1700%°F, with the bulk of the heat apparently being
removed by radiation; however, several hours of operation could be obtained.
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Inert Gas Composition

I. Gas Analyses . :

1 . Tables 26, 27, 28, and 29 present the findings of gas analyses con- ’
ducted by an independent testing laboratory on gas samples of two types:
2 samples in which the catalyst was platfpum "Tables 26 and 27 and two
samples irn whicn the catalyst was Code A Tables 28 and 29;. The data
irdicate tnat the fuel-air reaction with platinum as the catalyst is
ircomplete with a conversion efficiency of about 70 percent. With Code A,
. . essentially 100 percent’ conversion to inert is obtained. Thus, the inert
- gas composition with Code A catalvst is almost identical tc.that obtained
by theory--such as displayed in Figure 77. .

v

2, Condensate Acidity
T

The acidity of the condensate formed in the reqenerator of the proposed®

inerting system will deternine what materials are required in the regenerator. "
Additionally,’the acidity will provide an indication of the probable effect
{ of .introducing tre inert gas which will still contain some water wvapor

and some sulphur dioxide, “nto the fuel tarks.

Acidity was measured by condensing the catalytic reactor exhaust gas
moisture at two different temperatures. The first condensate was obtained
at a temperature of about 60°F using water as the heat sink. The exhaust
flow was then passed through a liquid nitrogen trap that removed all the
remaining roisture from the gas flow. When the first condenser was made
vl copper, the moisture obtained from both the high and low temperature
3 traps had a pH of about 5-6, equivalent to that of distilled water. However,-
" the color of the condensate bluish-green' indicated that the sulphur dioxide
vies orobabfty reacting with the copper condenser to form copper sulphate.
when the condenser and all exhaust line materials were replaced with stain-
less ‘steel components, the exhaust gas condensate from both the high and -
low temperature trays had a pH of about 3. Therefore, it can be concluded
that the inerting system regenerator and all gas lines must be made of
stainless steel. Additionally, it appears that some acidity will be intro-
duced into the fuel tanks unless some special scrubbing provisions are
provided for removal of the sulphur dioxide.

Although the test fuel used in the catalytic reactor test bed had a
. righ sulphur content 0.15 percent:, the lower content normally obtained .
will.not greatly alter the acidity of the condensate.

Catalyst Bed Pressure Drop -
* - >

The catelyst bed pressure drop will have an influence on the overall
- ’inerting system performance since this pressure drop reduces the pressure
head available for expansion through the cooling.turbine. Catalyst bed
pressure'drop‘has been determined by weasuring the pressure drop through
a 12 in. length of catalyst  cylindrical alumina pellets, 0.125 in. diameter
by 0.125 in. long) packed in a typical reactor tube “stainless steel,
\ -
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£ . .
PLATINUM CATALYST EXHAUST GAS ANALYSIS: SAMPLE |
? . DATE  T-24+70 F/A RATIO 0.058 7
: . CATALYST:  Platinue €5P1 PGC 315 4
E e ',,
) -
Analysis N .
. 3
Mot Percent :‘7:‘“““ Parcent
. Constituent wet Dry Ratio React ion . Remaris ) \
Argon ‘ 0.92 ; Theoretical "Dry’ analysis 13 84,05
3 A . | {rert o 7o . D.0%20 551 percent for 100 percent resction
3 Nitrogen 40.57 Anslysis 18 clnsistent with high
g
residual 0; content,
*
Gayyen 9 90 9 93 " 0.0365 63 | Theoretical of 3 2 percent. 0; meter
. indicated ¢ 2 percent during run
Carvon {ioa.de . w7 49 Theoretical of 12 7 percent  Analysis
3/ [k 0 0375 (11 'S consestent with high residual 0,
. Carhon Rosuuide ! 44 content
water . 328 2 00 - - water vapor should more rearly
approximate 2 6 percent f saturated
sulfur Diomide J o 0o - - .
‘ N.troe Cxide 87 PPR - -
) Hydrovart uns 0 2t MCL percent hydrocdrton corresponds
4 Tas Buteresm w 56 10 10 0 40 wt percent M k. of exhaust gas -
4 29.719 of a residual F £ ratio of 0.004
Hyodrocarbons indicating 7 percent unburned and
43 Butane-M « 58.12 uncondensec hydrocarbons «n the exhaust
Mechane MW 1004 -
- trrane Mo 30.07 -
) Totat 99 99 : .
. v
.
PLATINUM CATALYST EX!;(AUST GAS ANALYSIS: SAMPLE S
E i
E CATE (124470 F A RATIO O SC
; . CATALYST  Platnur ESPI PLC 315
Analysis
. faursalent
MOL Percent F A Percent
Const itiert met ory Ratio Reaction Reraras
nraan . I ‘ 0 9 Theoret i al v enslviis 1% 83 3 percert
- trert a1 % 0 03% 70 for 120 cent redction  Anal.ses 3
nitrogen l l 80 87 consistent}for migh ressdual G, corten.
¥, qe" 13,97 16 59 0.0345 &9 Theoretrcal of 5 B percent 0; reter
i~dicated 9 5 percert during *he ru~
rerven Lroxide 705 Theoret <ot of 10 9 percent Anal.sis
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Figure 77, Variation in Composition of Dry Exhaust
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0.25 in. 0D, 0.010 in. wall). Figure 78 shows the corrected pressure loss

as a function of the flow through the tube. From these data, the Z factor

for the tube is about 1000 psi per ' 1b/min)}2, where Z is equal to corrected
pressure drop (cAP) divided by the square of the flow rate.

40,0
I 1
e 12 IN, LENGTH OF 0,125 DIAMETER
0.125 IN. LONG ALUMINA PELLETS
® TUBE DIAMETER = 0,250 IN. 0.D.
BY 0,010 IN. WALL
30.0

.

20.0

c AP, PSI
N\

10.0

o._-/

0 0.05 0.0 0.15 0.20
. INERT FLOW, LB/MIN $-61512

Figure 78, Catalyst Pressure Drop Data

Conclusions \

b

The catalyst studies have resulted in the following conclusions:

o Ignition can be obtained with inlet tempefatures between 400 to
450°F using a platinum catalyst as an igniter

e The low reaction efficiency obtained with platinum necessitates
that it be combined with another catalyst to obtain satisfactory
performance
/‘,
/

/
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L] A mixture of American Cyanamid Code A catalyst and platinum
appears satisfactory for the inerting system application,
particularly if the Code A catalyst is coated onto alumina
pellets instead of molecular sieve

HEAT TRANSFER STUDIES , B

Initial Studies

Prior to selection of the recommended Code A/platinum catalyst mixture,
heat transfer studies with tubes filled only with Code A catalyst and tubes
filled only with platinum were performed. Table 30 summarizes these tests
and Figure 79 shows typical steady-state temperature distributions along
the reactor tubing for a tube packed with platinum catalyst. The data

|soor T
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Figure 79. Catalytic Reactor Tube Temperature Profiles —
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consistently indicate that the maximum tube temperature occurs in the
initial tubing portion. Thus, the bulk of the reaction is isolated to a
small fraction of the catalyst bed only. There are a number of possible

. explanations for this; however, the most likely is that once reaction is
initiated and the ‘temperature exceeds the fuel autoignition temperature,
the reaction continues to complet’on. That is, at a sufficiently high
temperature, the catalyst is no longer promoting the reaction; it is self-
sustaining. The autoignition temperature for JP=4 is in the vicinity of
750°F and the measured temperatures at the point of maximum heat release’
always exceed fh's temperature.

The bulk of the testing. ‘tabulated in Tabie 26 was performed with the
catalyst bed exhausting at ambient pressure. Under this condition the
reaction showed marked instability with a tendency to move within the
catalyst bed. Increasing the reactor operating pressure provides smoother
catalysis and'a leSsened bed pressure drop. In the intended application,
the catalyst bed will operate at pressures in excess of 2 atm, where
catalysis is relatively stable.

It becomes apparent that some means of lowering the catalyst activity
$o that the reaction is more evenly distributed over the entire bed is
essential. Consequently, the later studies were oriented towards investi-
gation of catalyst mixtures thet would still provide a high efficiercy,
but that would also evenly distribute the reaction.

Recommended Catalyst Studies
» b ]
The recommended catalyst concept 'is American Cyanamid Code A catalyst *

coated on 0.125 in. alumina'pellets with either uncoated pellets or pellets
coated with platinum intersperced in the Code A pellets. Additionally,
2or3 platlnum catalyst pelletsi should be located in the initial portion
of "the catalyst-bed to insure ignition. Figure 80 shows the variation.

' of tube temperature along the tube length for such a catalyst bed. The
data were obtained without using any cooling airflow across the tubes since

such a flow caused ignition instabilities, particularly in the leading tubes
‘which received the cooling flow at the lowest temperatures and had the

smallest -amount of radiation from the remaining tubés) and the trailing
tubes ‘which had only a small amount of radiation). Thus, it appears that
the reactor should be desngned so that the tube portaon in which the
reaction ‘is occyrring is cooled with relatively warm air, such as would
occur in a3 parallel counterflaow heat exchanger.

K Examination of the cdtalyst after several hours of testing indicated
considerable shrinkage of the molecular sieve carrier. Measurement of
individual pellets indicated a reduction in diameter of about 20 percert.
Measurement of the overall bed showed up to 30 percent reduction in bed
length. Tests with other catalysts on alumina pellets showed no shrinkage;
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Figure 80. Recommended Catalyst Heat Transfer Data
& i

tﬁereforé, the Code A catalyst should be coated -on alumina pellets for improved

~ performance. Durcng the testing, the shr:nkage and resultant packing.of the

molecular sievé caused a significant'increase in the bed pressure drop. The
uneven rate of deterioration in the individual tubes led ‘to large flow vari-
ations between the tubes and hence to loss of ignition over a period of time.
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